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ABSTRACT
Steel catenary risers (SCRs) are pipelines widely used for transporting offshore
oil and gas from subsea fields to hosting production vessels. The long-term
fatigue life assessment of SCRs, especially at the section close to the touchdown
zone (TDZ), where complex soil-fluid-structure interaction occurs, remains a
significant challenge for designers. A key question that is currently causing
considerable debate is the evolution of the cyclic stiffness of the soil for pipesoil interaction in the plane of the SCR and the associated competing effects of
remoulding with those of consolidation.
The stiffness is critical for fatigue assessment over the SCR operational life. Its
assessment may be further complicated by the complex soil stress histories and
changes in soil loading patterns. Seabed in regions, such as offshore West Africa
and the North West Shelf of Australia, may exhibit lightly to heavily
overconsolidated states, with dilatant soil properties resulting from aging
processes, previous glaciers loading and submarine slide events, or crust layer
due to long-term biological perturbations. Furthermore, the SCR at the TDZ are
constantly in motion due to environmental loading perturbations, and the cyclic
displacement amplitude may change, by orders of magnitude, between
interspersed daily operational and storm periods.
A research gap exists for the long-term evaluation of soil stiffness, which this
thesis aims to address. This thesis presents series of long-term centrifuge model
tests, including both penetrometer (T-bar and piezoball) tests for soil
characterisation and model pipe tests simulating a segment of SCR in field.
These tests were undertaken either in uniform soil sample with different
overconsolidation ratios (OCRs) or in a clay sample with a surficial crust layer
to investigate the influence of soil stress history under load control method,
iii

displacement control method or a hybrid control of both methods. These tests
were performed for different loading patterns, different loading magnitudes,
different cyclic displacement amplitudes, and included continuous tests,
episodic tests interspersed with rest periods and eventually ‘whole-life’
simulation tests.
Results confirm that increasing OCRs tend to enhance soil remoulding and
hinder reconsolidation induced soil hardening. The long-term evolution of pipesoil stiffness showed a steady increase after an initial remoulding stage in
contractile soils (normally consolidated and lightly overconsolidated), but a
steady reduction in the heavily overconsolidated, more dilatant soils. The
increasing amplitude of cyclic loading displacement results in less soil stiffness
regain when a steady soil state is reached after reconsolidation, with full
dissipation of generated excess pore pressure from the intial remoulding. The
magnitude of the change in pipe-soil stiffness (during both remoulding and
reconsolidation) is governed by the OCR of the soil and the amplitude of the
cyclic displacements. Furthermore, test results indicate that the soil stiffness
recovers significantly due to soil reconsolidation during rest periods, but this
recovery is less than that for a continuous cyclic test with the same elapsed test
time. Whole-life test indicates that the soil stiffness recovers rapidly after the
initial remoulding in both pre-storm and post-storm fatigue motions due to soil
reconsolidation, despite the heavy disturbance resulting from the storm motion.
This may suggest that the reconsolidated soil stiffness needs to be considered
for SCR design.
This study provides insights on the relevant evolution of soil cyclic stiffness for
pipe-soil interaction in overconsolidated sediments, for example where a strong
crust exists or the geological history has led to high shear strengths at shallow
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depth, which typically occurs in offshore West Africa, Gulf of Mexico and the
North West Shelf of Australia.
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1
1.1

INTRODUCTION

Motivations

With the offshore industry now active in deep water regions, steel catenary risers (SCRs)
are pipelines widely adopted for transporting the subsea oil and gas from subsea fields to
floating vessels. In the touch down zone (TDZ) where SCR interacts with the seabed, the
combined soil-pipe-water adds complexity into SCR design. The changing soil strength
and stiffness during pipe-soil interaction leads to uncertainty in many aspects, including
the as-laid pipeline embedment, lateral break-out resistance, axial pipe-soil resistance and
the long-term fatigue evaluation, where geotechnical considerations must be accounted
for. A brief summary of recent studies is presented in Table 1-1 and will be detailed in
the following subsections.
1.1.1

Soil remoulding and reconsolidation

A key question causing considerable debate recently is the evolution of cyclic soil
strength and stiffness during pipe-soil interaction, considering the competing effects of
soil remoulding versus reconsolidation. Soil remoulding refers to the degradation of soil
strength and stiffness from the intact state due to cyclic accumulated strains and positive
excess pore pressure generated in short-term cyclic loading under undrained conditions.
With sustained cyclic loading for extended periods, the soil strength and stiffness may
recover, due to gradual dissipation of positive excess pore pressure generated (soil
reconsolidation).
Previous research has shown contradictory results on the evolution of soil strength and
stiffness after the initial soil remoulding. For continuous model pipe centrifuge tests in
normally or lightly overconsolidated kaolin, the long-term soil stiffness reached a steady
stiffness recovery 2 or 2.5 times the initial values (Hodder et al., 2009; Yuan et al., 2017).
Episodic cyclic T-bar penetrometer tests in both normally consolidated kaolin clay and
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carbonate silt (Cocjin et al., 2014; Zhou et al., 2020), carried out in centrifuge, also
showed a steady increase of ~3 times the initial soil strength after alternate cyclic loading
and rest periods. In reconstituted normally consolidated Gulf of Mexico (GoM) soil at
single gravity (1g), episodic T-bar tests showed ~20% steady increase of the initial
remoulded soil strength (Sahdi et al., 2021) after five episodes of cyclic loading
interspersed with rest periods. Analytical frameworks based on effective stress methods
were also developed to predict the long-term soil strength increase due to soil
reconsolidation (Hodder et al., 2013; Zhou et al., 2019).
In contrast, other model pipe tests at 1g in heavily overconsolidated GoM soil, which was
fully swelled after application of pre-consolidation stresses between 85 to 89 kPa, showed
soil strength increase at a relatively low level after overnight consolidation (Clukey et al.,
2005; Clukey et al., 2008), and the recovery degraded quickly after subsequent cyclic
loading. Some results, from episodic test with interspersed a rest period of 17 days, have
indicated initial stiffness values in each episode changed from little difference to greater
than the initial cycle value, for test with different number of loading cycles (Aubeny et
al., 2015). A recent episodic tests in reconstituted GoM soil (Al-Janabi et al., 2019) at 1g
also showed the limited increase of soil resistance due to reconsolidation after hours of
rest period, which was softened rapidly by the subsequent cyclic loading. Subsequently,
numerical frameworks based on large deformation finite element analysis have been
developed to predict soil remoulding and the associated recommended soil stiffness for
SCR fatigue design (Chen et al., 2019a; Chen et al., 2019b).
1.1.2

Initial soil stress state

This varying trends of long-term reconsolidation effects on the soil strength increase or
decrease may be linked with the initial soil stress state, where either positive or negative
pore pressures are induced upon cyclic shearing.
1-2
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In some oil and gas development areas such as the Gulf of Mexico and the North Sea, soil
in the top seabed exhibits overconsolidated properties from lightly to heavily
overconsolidated soil. The associated dilatant properties, may result from the deep sea
soil aging process (Quirós & Little 2003; Colliat et al. 2011), previous glaciers loading
events (Kjekstad, Lunne, & Clausen, 1978) offshore landslide events (Al-Khafaji et al.,
2003; Vithana et al., 2012). In the Gulf of Guinea and the North West Shelf of Australia,
a surficial crust layer exists at the upper 1 to 2 meters of the seabed due to historical
biological perturbations (Randolph, 2016). Previous results of the interface direct shear
tests revealed that the surficial crust layer shows similar dilatant properties to
overconsolidated soils (Kuo & Bolton, 2014). The dilatant properties of the crust are
particularly relevant for pipe-soil interaction, due to the shallow embedment of pipe and
the associated low stress level of soil.
1.1.3

Complex loading regimes

The motion of SCRs at the TDZ is further complicated by the combined influence of the
host vessel response, metocean conditions, operational loading and also different soil
properties. Environmental loading of subsea infrastructure, alternate between calm sea
and storm sea conditions together with the operational loading involving interspersed
start-up and shut-down events, results in varying magnitudes of cyclic loads and
displacements (Gaudin & White, 2009). The soil response to different cyclic
displacement

amplitude

during initial

short-term

remoulding

and

long-term

reconsolidation therefore needs to be evaluated. The actual daily motions during pipe-soil
interaction, rather than being represented by purely static rest periods, may be simulated
through small-strain cyclic loading under the influence of waves, currents and the vessel
motions (Lahey et al. 2013; Kim & Kim 2015). In contrast, the pipe may undergo high
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displacement amplitude motion and severe water entrainment during storm events which
may result in pipe-soil separation (Bridge & Howells, 2007).
As such, a knowledge gap remains over the effects of cyclic displacement amplitudes on
the long-term evolution of stiffness and strength following reconsolidation. The episodic
nature and also the varying cyclic amplitude of the SCR movement have to be understood
for SCR design (Randolph et al., 2011).
1.2

Research aims

There are three major objectives in this thesis as summarised in Figure 1-1, which are
elaborated in the following. The work to achieve the research aim are described in
Chapters 2 to 6.
1.2.1

Aim 1: Investigate the influence of different initial soil stress states on the
long-term soil strength and stiffness evolution

In order to achieve the first aim, two series of centrifuge tests were carried out in soil
sample with different properties in this study. One of the soil samples was prepared with
a specific stress histories, to create a superficial stronger crust overlying soft normally
consolidated, by first loading under a servo-hydraulic press at 1g and then spinning in the
centrifuge at 20g. Other soil samples were prepared by changing centrifuge acceleration
between sample preparation and model testing, achieving uniform soil OCRs of 1, 2, 10
and 200.
Model pipe tests simulating an element of SCR and penetrometer tests (including T-bar,
piezocone and piezoball) characterising the soil properties (but also working as a pipe
surrogate in the case of the T-bar), were carried out in all soil samples. The long-term
evolution of soil strength and stiffness were interpreted, to reveal and quantify the
influence of initial stress states of soil with different OCRs.
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1.2.2

Aim 2: Explore the effect of different loading regimes on the long-term soil
strength and stiffness evolution

The second aim of this study is to explore the influence of different loading regimes,
representing the SCR overall motion and the associated complex pipe-soil-water
interaction at the TDZ.
The first aspect of loading regimes comprised the change of cyclic displacement
amplitude in centrifuge tests, from a value of 0.01 to a high value of around 0.1 times the
pipe diameter. A series of penetrometer tests were also carried out to quantify the
evolution of soil strength and stiffness, and to provide bounded values for soil strength
changes in both pipe and penetrometer tests.
The second aspect of loading regimes consisted of different control methods of the model
pipe tests, accounting for both long-term and episodic nature of pipe movement. The
loading regimes included continuous long-term cyclic tests, episodic short-term cyclic
tests with intermittent rest periods, whole-life simulation tests (i.e. initial long-term
fatigue motion directly after installation, followed by alternate storm motion and poststorm fatigue motion), to represent the relevant behaviour of field pipe-soil interaction
and to reveal the quantitative influence of the long-term soil remoulding and
reconsolidation.
1.2.3

Aim 3: Develop an analytical framework to capture the evolution of soil
strength and stiffness due to change of effective stresses

The third aim of this study is to provide theoretical support to the interpretation of the test
results, considering soil OCR and cyclic amplitude, with effective stress paths followed
by an element of soil in the vicinity of the pipe. A qualitative framework based on critical
state soil mechanics was used to identify and quantify the changes in soil effective stress
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paths under long-term cyclic loading. This provides recommended equations enabling
quick assessment of long-term evolution of pipe-soil strength and stiffness.
1.3

Thesis outline

The thesis is assembled in five independent papers that are either published or to be
submitted. Figure 1-2 presents the thesis outline that links each Chapter to the related
publications and the relevant contributions to the research aims. A brief summary of
Chapters 2 to 6 is provided below.


Chapter 2 describes two sets of centrifuge model tests series, carried out using a
model pipe to represent an element of a prototype steel catenary riser, in clay with
an overconsolidated crust layer overlying a soft normally consolidated soil layer.
Potential punch-through penetration of the pipe through the crust layer was
explored, by means of two hybrid displacement-load controlled tests comprising
targeted load limits during penetration and displacement limited during extraction.
The test results lead to a proposed conceptual framework for the evolution of longterm soil stiffness, accounting for both soil OCRs and cyclic displacement
amplitudes. This chapter contributes to Aims 1 – 3 as a cornerstone for the
following studies in Chapters 4 – 6 with uniform OCR soil profiles.



Chapter 3 describes four long-term episodic tests carried out in clay soil with an
overconsolidated surficial crust. The model pipe, during intermittent rest periods,
were controlled by either maintaining constant load or constant displacement. The
influence of loading regimes during rest periods and soil OCR effects was
characterised. The evolution of long-term soil stiffness was compared to quantify
the influence of loading regimes on soil reconsolidation. This chapter contributes
to Aims 1 and 2.
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Chapter 4 presents the influence of uniform OCRs and cyclic displacement
amplitude on the evolution of soil strength and stiffness, through a series of longterm displacement-controlled cyclic tests in the centrifuge, using full-flow T-bar
and piezoball penetrometers. The objective of the study was to evaluate the (i)
change of long-term soil strength with the advantage of faster consolidation due
to the small size of the penetrometers, and (ii) trends from the penetrometer tests
as a surrogate to assess the behaviour of offshore infrastructure such as steel
catenary risers under operational motions within the touchdown zone. This
chapter contributes to Aims 1 and 2.



Chapter 5 provides insights into the soil behaviour under long-term cyclic
shearing events from a series of different cyclic displacement amplitude in heavily
overconsolidated soil. The influence of high OCRs on the drainage and
reconsolidation effects was investigated by twitch and episodic tests respectively.
Moreover, the influence of different cyclic displacement amplitudes on the
evolution of soil stiffness evolution was investigated through a series of cyclic
tests. This chapter mainly contributes to Aim 2 and feeds into Aim 1 with soil
response in initial heavily overconsolidated state.



Chapter 6 presents the whole-life evolution of soil stiffness in soil with varying
loading regimes in different uniform OCRs. Three whole-life model pipe tests
were carried out, focusing on the evolution of soil stiffness (i) due to different
loading regimes including post-installation initial fatigue motion 1, storm motion
2 and post-storm fatigue motion 3, and (ii) due to the effects of OCR in soil sample
with uniform OCRs of 1, 2 and 10.
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Figure 1-1. Illustrations of the research aims addressed in the thesis
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Figure 1-2 Thesis organisation chart and corresponding research aims
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Table 1-1 Model pipe tests for pipe-soil interaction
Pipe-soil interaction tests

Soil Type

Initial soil state

NGI-BP

Clukey et al. (2005)

Kaolin

H.OC.

Test Prototype
type diameter
(m)
1g
0.152

Test type

Loading
regimes

Long-term evolution of
stiffness

Segment

Ep.

Slight increase

GEMS

Clukey et al. (2008)

GoM

Apparent NC.

1g

0.025

Ep.

Slight increase

C-CORE

Clukey et al. (2011)

GoM

H.OC. (crust)

45g

0.508

Sectional

Sea-state

Continuous decrease

NGI-TAMU

Aubeny et al. (2015)

West Africa

H.OC.

1g

0.174

Segment

Ep.

Increase beyond initial value

SHELL-TAMU

Al-Janabi et al. (2019) GoM

Apparent NC.

1g

0.051

Cont./Ep.

50g

1

Cont.

NC.

50g

1

Cont.

Continuous decrease / Slight
increase
Two and half initial value
increase
Twice initial value increase

COFS at UWA

Hodder et al. (2009)

Kaolin

L.OC.

Yuan et al. (2017)

Kaolin

Sahdi et al. (2021)

GoM

NC. & OC.

1g

0.005

Ep.

Slight increase

This study

Kaolin

Crust & NC. &
uniform OC.

20g

0.5

Cont./Ep./
Whole-life

Either increase or decrease
due to combined effects of
initial soil state and loading
regimes

Note: 1. NC. and OC. represent normally consolidated and overconsolidated soil; L.OC. and H.OC. refer to lightly and heavily overconsolidated soil;
apparent NC. means the soil was mixed at targeted water content and self-weight consolidated, representing a normally consolidated soil strength profile.
2. Ep. is the abbreviation of episodic test including packets of cyclic loading intermittent with result periods (allowing consolidation); sea-state
means the simulation of heave and surge motions at the section end of the model pipe; Cont. refers to continuous cyclic loading tests; whole-life means
simulation of daily fatigue motions intermittent with storm motion for the model pipe.
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Abstract
Seabed in regions, such as the Gulf of Guinea and North West Shelf of Australia, may
exhibit a crust layer where the undrained shear strength can be an order of magnitude
higher than that of the immediately underlying sediment. This can complicate design of
steel catenary risers, where fatigue depends on the cyclic vertical stiffness of the pipe-soil
interaction. Potential punch-through of the riser into the underlying soft soil may
invalidate design assumptions based on the pipe-soil stiffness within the crust layer. The
long-term evolution of pipe-soil stiffness within the crust layer, which exhibits similar
properties to an overconsolidated soil, is also poorly understood. This paper describes
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centrifuge model tests undertaken in a clay sample with a crust layer, simulating the
punch-through process of a pipe under load control and investigating the pipe-soil
stiffness during long-term cyclic loading tests under displacement control. Results
confirm that the potential for punching-through the crust layer depends strongly on the
relative ratio of pipe diameter to crust layer thickness. The long-term evolution of pipesoil stiffness showed a steady increase after an initial remoulding stage in contractile soils
(normally consolidated and lightly overconsolidated), but a steady reduction in the
heavily overconsolidated, more dilatant, crust. The magnitude of pipe-soil stiffness
changes (during both remoulding and reconsolidation) is governed by the
overconsolidation ratio of the soil and the amplitude of the cyclic displacements. This
study provides insights on the relevant cyclic stiffness to consider when assessing SCR
fatigue life in overconsolidated soils and soils exhibiting a superficial crust layer.

2.1

Introduction

Steel catenary risers (SCRs) form an integral part of deep water oil and gas extraction,
enabling hydrocarbon products from flowlines in the seabed to be transported to floating
production systems. The contact area between pipelines and the seabed, called the
touchdown zone, is an area of complex soil-structure-fluid interaction, which governs the
fatigue life of the SCR. Previous research on the long-term in-plane pipe-soil stiffness has
generally focused on the long-term cyclic evolution in normally consolidated or lightly
overconsolidated, so contractile, soils (Hodder et al., 2009; Yuan et al., 2017). In these
previous studies, the pipe-soil stiffness initially decreased due to soil remoulding (which
can be exacerbated by water entrainment). However, during reconsolidation over the time
associated with large numbers of cycles, the excess pore pressure generated during soil
remoulding dissipated, with the pipe-soil stiffness increasing and in some cases exceeding
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the initial value. Based on centrifuge test results, an analytical effective stress framework,
linking soil hardening to excess pore pressure dissipation, was proposed to predict the
evolution of pipe-soil stiffness (Zhou et al., 2020a).
In some oil and gas development areas such as the Gulf of Guinea and North West Shelf
of Australia, a surficial soil crust layer with a thickness of 1-2 m, formed through
bioturbation processes, is often encountered (Ehlers et al., 2005; Dejong et al., 2013; Kuo
& Bolton, 2013; Randolph, 2016). CPTu and T-bar test data suggest that the crust
undrained shear strength is up to one order of magnitude higher than that of the
immediately underlying soil (Dejong et al., 2013). Interface direct shear tests indicate that
the stress-strain behaviour of this soil crust is similar to that of overconsolidated clays
(Kuo & Bolton, 2014), although limited experimental studies have been carried out to
understand the influence of such apparently overconsolidated crust layer on the fatigue
life of SCRs.
This paper extends previous studies, reporting results of a series of cyclic in-plane pipesoil centrifuge tests in a soil sample with a surficial crust layer exhibiting
overconsolidated characteristics. The potential for pipe penetration through the crust
layer, either monotonically or during cyclic perturbations, was explored using a combined
displacement-load controlled test regime. In addition, cyclic displacement-controlled
tests were also conducted at different amplitudes after initial pipe penetration at various
soil depths in order to investigate the long-term evolution of pipe-soil stiffness within
typical SCR embedment below the mudline (Bridge & Howells, 2007).
2.2
2.2.1

Experimental programme
Centrifuge facilities

The centrifuge tests were performed in the 10 m diameter 240 g-tonne beam centrifuge
(Gaudin et al., 2018) at the Centre for Offshore Foundation Systems (COFS) at the
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University of Western Australia (UWA). The sample cylindrical strongbox used in this
test programme has diameter of 895 mm and height of 700 mm. An acceleration of 20g
was adopted for both sample consolidation and subsequent pipe tests. The 2-dimensional
actuator and PACS2 system developed at UWA were used to provide controlled vertical
motions of the model pipe in the tests. All test data were obtained using the in-house
LabView based software, DigiDaq (Gaudin et al., 2009).
2.2.2

Model pipe

A model pipe, as shown in Figure 2-1, was used in the centrifuge tests. The model pipe
has outer diameter (D) of 25 mm and length (L) of 150 mm. At a centrifuge test
acceleration of 20g, this represents an ‘element’ of an SCR with an outer diameter of 0.5
m at the touchdown zone. Five pore pressure transducers (PPTs) were installed within the
pipe (see Figure 2-1a to Figure 2-1c), distributed along the pipe length. As indicated in
Figure 2-1d, the PPTs were covered with porous filters, flush with the pipe surface, to
prevent ingress of soil particles. A load cell on the connecting shaft above the pipe was
used to measure the vertical pipe resistance during tests as shown in Figure 2-1e.
2.2.3

Soil sample preparation

Commercial kaolin slurry was mixed thoroughly at a targeted water content of 120% and
was then de-aired for 2 days in a mechanical vacuum mixer. The de-aired slurry was then
poured into the strongbox in five successive layers, underlain by a fully saturated sand
layer, 215 mm thick, as the drainage layer. The kaolin and sand layers were separated
using a geotextile layer. Each successive layer was loaded at decreasing vertical stresses,
ranging from ~22.2 kPa (bottom layer) to ~5.6 kPa (top layer), using a servo-hydraulic
press, until primary consolidation was achieved. The stresses were chosen to match the
final effective stress to be experienced by the soil when spun at the intended centrifuge
acceleration level, hence recreating a normally consolidated state.
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After full consolidation of the five layers, the sample was finally pressed again with a
larger load of ~57.1 kPa. The duration of the final load applied was strictly controlled
based on one-dimensional consolidation theory (Terzaghi & Fröhlich, 1936), allowing for
only partial dissipation of excess pore pressure down to a certain soil depth below the
mudline, in order to create a crust of approximately 50 mm thick (1 m at prototype scale
at 20g).
The soil sample was then spun at 20g in the centrifuge until primary consolidation was
achieved, as ascertained by monitoring pore pressure at the sample mid-height position.
The final total height of the clay layer was 235 mm and the free water table was
maintained at 50 mm above the soil surface.
Further details of the soil stress histories and settlement data during sample preparation
process are presented in Figure 2-A1 and Table 2-A1 respectively in the Appendix.
2.2.4

Testing programme

The centrifuge test programme consisted of seven model pipe tests divided into two
groups. The tests involved cycles of penetration and extraction of the model pipe with
varying initial penetration depths, loading patterns, and cyclic amplitudes, as illustrated
in Figure 2-2 and detailed in Table 2-1 and Table 2-2.
Two model pipe tests in Group 1 (see Table 2-1) were conducted to investigate potential
pipe penetration through the crust layer. Each test involved 400 cycles, conducted through
a hybrid load and displacement control to a target load limit qt and a displacement limited
pipe extraction to a target depth of w/D = -0.2 (w – pipe invert depth below mudline)
above the mudline (see qt and w/D limits in Table 2-1). The target loads for Test 1 and
Test 2 were respectively set to ~70% (~12 kPa) and ~87% (~14.7 kPa) of the measured
monotonic pipe resistance (qt-mon) of 16.9 kPa at the target depth of w/D = 1 (prototype
depth of 0.5 m). In these two tests, the pipe displacement rate was maintained at v = 2.5
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mm/s, which is equivalent to a non-dimensional velocity vD/ch ~347 – 568 (ch is the
horizontal coefficient of consolidation equal to 0.11 – 0.18 mm2/s as detailed later) in
order to ensure undrained soil response (House et al., 2001).
Five model pipe tests in Group 2 were aimed at simulating long-term pipe-soil interaction
effects via displacement controlled tests (see Table 2-2). In the Group 2 tests, the pipe
was initially penetrated to the desired depths, wini/D (see Table 2-2), which were chosen
to correspond broadly to depth ranges observed in the Group 1 tests and typical field
values (Bridge & Howells, 2007). After the initial penetration process, long-term vertical
cyclic tests at varying amplitudes were carried out to explore whether the magnitude of
cyclic amplitude influences the long-term evolution of pipe-soil resistance. Amplitudes
of ±0.01D and ±0.1D were chosen, which are typical for day-to-day SCR in-plane
motions at the touchdown zone (Westgate et al., 2010). A cyclic frequency of 0.1 Hz was
maintained during the tests, resulting in non-dimensional velocity vD/ch in the range 14
– 219, ensuring undrained conditions for each cycle. After the centrifuge tests were
completed, soil sample cores were extracted immediately. Cores were extracted from both
the pipe test footprints and the undisturbed sample area to compare changes of water
content resulting from long-term pipe tests.
2.3

Sample undrained shear strength

A T-bar penetrometer (Stewart & Randolph, 1994), 5 mm in diameter (0.1 m prototype)
and 20 mm long, was used to infer the undrained shear strength of the sample. The
penetration rate for the T-bar penetrometer was set at 1 mm/s to ensure undrained
conditions, with non-dimensional velocity vd/ch (d is T-bar diameter) in the range 28 –
45 (Randolph & Hope, 2004). The undrained shear strength profiles from two T-bar tests
are shown in Figure 2-3a, based on a bearing factor (NT-bar) of 10.5, but including
corrections for soil buoyancy and shallow penetration effects (White et al., 2010).
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In can be seen in Figure 2-3a that the soil undrained shear strength reaches a peak of ~2.5
kPa at a prototype depth of ~0.25 m, and reduces to ~ 1.5 kPa at a depth of around 1 m,
followed by a linear increase with depth at a gradient of ~ 1.5 kPa/m. As intended, the
strength profile exhibits the characteristics of a normally consolidated soil overlaid by a
superficial stronger crust.
As seen in Figure 2-3a, the measured undrained soil shear strength profiles are captured
well by (Wroth, 1984):
′
′
𝑠u /𝜎v0
= (𝑠u /𝜎v0
)nc OCRΛ

(2-1)

′
′
where 𝜎v0
is the in-situ vertical effective stress, (𝑠u /𝜎v0
)nc and Λ are the normally

consolidated strength ratio and plastic volumetric ratio, respectively and OCR is the
overconsolidation ratio. The OCR profile shown in Figure 2-3b was calculated as the ratio
of the previous sample vertical stress (from the sample preparation at unit gravity) to the
′
current 𝜎v0
, based on an average soil unit effective weight γ′ = 6 kN/m3 inferred from the

water content profile (down to ~1.6 m prototype depth covering the test area) in the
undisturbed soil presented in Figure 2-3c. The calculation is further detailed in Figure
′
2- and Table 2-4 of the Appendix. The best fit values of (𝑠u /𝜎v0
)nc and Λ parameters,

which are consistent with typical values for overconsolidated kaolin clay in centrifuge
(Zhang et al., 2011), are given in Table 2-3.
2.4

Pipe resistance interpretation

The total resistance measured by the load cell, Ft comprises soil (Fbs) and water (Fbw)
buoyancy, the geotechnical resistance of the soil (Fs) as well as the changing weight of
the pipe as it moves radially within the centrifuge gravitational field (Fr). Accordingly,
the resistance arising from the soil strength is calculated as:
Fs = Ft - fb × Fbs - Fbw - Fr

(2-2)
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To account for enhanced buoyancy due to soil heave at shallow pipe embedment, Fbs is
augmented by a factor fb. This was taken as 1.5 at the mudline, decreasing linearly to 1.0
when a deep (full-flow) soil failure mechanism occurs at pipe invert depth of ~2.4D
(Merifield et al., 2009; White et al., 2010).
2.5

Pipe punch through

Figure 2-4a and 2-4b present the evolution of the measured pipe resistance (qt), calculated
as qt = Ft /DL (see Equation 2-2), versus normalised pipe invert depth (w/D), for Tests 1
and 2 (see Table 2-2). The pipe qt-mon profile measured from monotonic pipe penetration
(obtained from Test 6, which was chronologically the first test conducted) is included
here for reference. Figure 2-4c and 2-4d correspond to the interpreted average pipe
resistance arising from the soil resistance only (qs), calculated as Fs/DL (see Equation 22). The corresponding monotonic qs-mon profiles are also shown in Figure 2-4c and 2-4d.
The increase in w/D with cycle number is shown in Figure 2-5a. It is evident here that
larger applied load results in larger w/D for all cycles, with Test 1 (~70% qt-mon) reaching
a final embedment of w/D ~2.7, while Test 2 (~87% qt-mon) reaches ~3.2. For comparison,
cyclic pipe test data reported by Yuan et al. (2017) are also included in Figure 2-5a. Their
pipe test was conducted in normally consolidated kaolin with a target qt limit of 10 kPa
(~60% qt-mon) and a target extraction limit w/D of 1 above mudline (from the pipe invert).
The rate of w/D change with increasing pipe cycles may be expressed as the ratio of the
change in pipe embedment per cycle to the maximum change in pipe embedment:
Δ𝑟norm =

|𝑤cyc−N −𝑤cyc−1 |

(2-3)

|𝑤max −𝑤cyc−1 |

where wcyc-N refers to the pipe invert depth in the Nth cycle, wcyc-1 is the pipe penetration
in the 1st cycle and wmax is the maximum pipe invert depth in the whole test. The evolution
of Δrnorm with increasing pipe cycles is depicted in Figure 2-5b. It can be seen here that
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the Δrnorm trends for the current tests are broadly similar to that of Yuan et al. (2017) in
the first 200 cycles. This suggests that even with the existence of a crust close to the
mudline (as evident from the su profile shown in Figure 2-3a), a punch-through
phenomenon (which may be implied by a sudden rapid change in Δrnorm) is not observed.
This is attributed to two potential aspects of the specific case investigated here. First, the
larger pipe diameter to crust thickness ratio, as compared to the T-bar, mobilises the
weaker soil below the crust even at quite shallow penetration, balancing the highest su in
the crust. Second, the relatively small strength ratio between crust layer and the
underlying soft clay layer, results in only a small difference in bearing resistance as the
pipe mobilises the underlying soil. After ~200 cycles, Δrnorm results in Tests 1 and 2 reach
a steady value of unity while the Δrnorm of Yuan et al. (2017) begins to decrease,
indicating a reducing penetration depth at the target load likely from consolidation effects,
as discussed further below.
2.6

Influence of OCR on pipe-soil stiffness

qs-w/D profiles for the Group 2 tests, aiming at investigating the evolution of pipe-soil
stiffness within the depth and OCR ranges of the Group 1 tests, are shown in Figure 2-6,
where the qs profiles at cycle numbers 1, 200 and 1200 are highlighted for clarity. Figure
2-6 indicates that the evolution of qs varies with cyclic displacement amplitude and test
depth, noting that the OCR values range from 21.4 down to 1 for the three depths (see
Figure 2-3b). The effect of OCR is explored here while the test amplitude effects will be
discussed in the subsequent section.
The change in qs between any two normalised depths, w/D during the unloading or the
ensuing reloading phase for a particular cycle N can be quantified using the pipe-soil
secant stiffness ksec defined as:
𝑘sec =

Δ𝑞s

(2-4)

Δ𝑤/𝐷
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where Δqs and ∆w/D are as indicated in Figure 2-7.
Following (Aubeny et al., 2008), ksec can be further normalized by the pipe resistance
(during the first penetration phase) at the initial load reversal point, qs0 (see Figure 2-7),
giving
Ksec =

𝑘sec

(2-5)

𝑞s0

Figure 2-8a and 2-8b present the unloading and reloading Ksec, respectively, obtained from
Tests 3, 5 and 7 with the same cyclic amplitude of ±0.1D. For clarity, only Ksec (Equation
2-5) calculated from the 1st, 200th, and 1200th cycles are presented from the qs profiles
highlighted in Figure 2-6. For comparison, the unloading Ksec for the 1st and 400th cycles
from Tests 1 and 2 is also shown in Figure 2-8a.
Ksec for the first unloading phase may be captured analytically as (Aubeny et al., 2008):
Ksec = f+K

fK max

max

(2-6)

Δw/D

Fitting parameters Kmax and f of 280 and 1.32, respectively (which are within the typical
range reported by (Clukey et al., 2017)), provide a good fit to the first cycle unloading
Ksec data for Tests 3, 5 and 7 as well as those for the Group 1 tests, as shown in Figure
2-8a. This figure demonstrates that the different pipe test control mechanisms
(displacement control in Tests 3, 5 and 7 and combined load and displacement control in
the Group 1 tests) have no effect on the 1st cycle unloading Ksec. However, in subsequent
cycles, the unloading Ksec for the tests with different control mechanisms differ (see
Figure 2-8a). This may be attributed to the more severe accumulated strains in the
displacement control tests (Tests 3, 5 and 7) as the pipe continues to remould the same
soil over a fixed test depth range. In the Group 1 tests (Tests 1 and 2), the load control
mechanism during each penetration causes the pipe to embed further into relatively more
intact soil, resulting in less degradation of the unloading Ksec. Figure 2-8 further shows
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that for any ∆w/D, Ksec decreases continuously between cycles 1, 200 and 1200 in Test 3.
In contrast, Tests 5 and 7 show minimum profiles of Ksec after 200 cycles, after which
Ksec increases.
Figure 2-9a and 2-9b show the complete evolution of the unloading Ksec for ∆w/D = 0.2
(peak-to-peak Ksec) with cycle number and dimensionless time, T (where T = cht/D2) along
with the respective OCR (at pipe invert depth) for each test. Here, the operative
coefficient of consolidation (ch) was calculated as (Lehane et al., 2009):
𝑐h =

𝑘h0 (1+𝑒0 )𝜎h′

(2-7)

𝛾w √𝜆𝜅

where γw is the unit weight of water, λ and κ are, respectively, the slopes of the soil normal
compression line and unloading-reloading line, e0 is in-situ void ratio and 𝜎h′ is the in-situ
′

horizontal effective stress, calculated as 𝜎h′ = (1 − sin𝛷′ )OCRsin𝛷 𝜎v′ (Mayne &
Kulhawy, 1982), where Φ′ is the internal friction angle. kh0 is the horizontal permeability
and can be expressed as a function of e0 (Al-Tabbaa & Wood, 1987) and is fitted
exponentially as kh0 = 8.6×10-10exp(2.08×e0) m/s (Sahdi et al., 2014). Table 2-3 presents
the λ, κ and Φ′ used in estimating ch. The back-calculated OCR values are 21.4, 5.2 and
1 for Tests 3, 5, and 7 respectively whereas, ch values are 0.11, 0.13, 0.18 mm2/s,
respectively.
For all the three tests, Ksec decreases rapidly within the first ~200 cycles. This is related
to the soil strength degradation due to remoulding during cyclic loading. The ratios of
Ksec between the first and the 200th cycles for Tests 3, 5 and 7 are ~ 2.5 – 2.9 (see Figure
2-8a), which compare closely with the soil sensitivity 2.6 – 2.7 as inferred from the cyclic
T-bar tests (not reported in this paper for brevity).
Beyond the ~ 200th cycle, the evolution of Ksec with cycles (Figure 2-9a) and with T
(Figure 2-9b) reveal that there is a decreasing tendency for soil hardening as the OCR
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increases from 1 (Test 7) to 5.2 (Test 5). In Test 3 (OCR = 21.4), Ksec decreases even
below that inferred from the soil sensitivity (Ksec ~ 3). This is a consistent trend, showing
little recovery of stiffness during reconsolidation, with single gravity tests in preconsolidated sample (Clukey et al., 2005; Aubeny et al., 2015), where the OCR is high.
Figure 2-9c presents the rate of change of Ksec per cycle (∆Ksec), for Tests 3, 5, 7 beyond
500th cycle, where the Ksec evolution appears to be linear. It can be seen here that the OCR
has an obvious negative effect of the Ksec evolution and the change in Ksec under longterm pipe cycles. This aspect will be explored further in a later section.
2.7

Effects of cyclic amplitude

Figure 2-10a and 2-10b present the evolution of unloading stiffness Ksec (representing the
initial extraction stage within cycles) with normalised pipe embedment for initial pipe
penetration of 2.4D (Figure 2-10a) and 1D (Figure 2-10b). The figures provide insight
into the effect of cycle amplitude on the soil stiffness for varying OCR. For clarity, only
Ksec for cycle numbers 1, 100, 350 and 1500 are presented. As expected, the 1st cycle
unloading Ksec for all the tests have broadly similar magnitudes. However, with increasing
cycles, Figure 2-10 indicates that for Δw/D less than 0.02, Ksec is larger in the pipe tests
conducted at a lower cyclic amplitude.
These general findings are extended quantitatively in Figure 2-11, which illustrates the
evolution of Ksec corresponding to Δw/D = 0.02 with continuously increasing cycles. As
shown previously in Figure 2-10, for a given pipe test cyclic amplitude, there is a
decreasing tendency for Ksec to increase with cycle number in higher OCR soil. However,
for a given OCR, the pipe tests conducted with lower cyclic amplitude show a higher
minimum Ksec and higher rate of Ksec increase with increasing cycles. For Test 6, the
minimum Ksec and the rate of Ksec increase thereafter are, respectively, ~1.2 and 2.3 times
higher than in Test 7. Similar trends are observed in Figure 2-11b, albeit with a lower rate
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of increase of Ksec compared to the corresponding tests shown in Figure 2-11a due to the
higher OCR (~5.2) in the soil layer where Test 4 and Test 5 were conducted.
The dependency of the evolution of Ksec on the cyclic amplitude may be related to the
higher cumulative strains and longer drainage paths that are generated in the vicinity of
the pipe for larger amplitude displacements. Firstly, higher displacements lead to greater
degradation of the soil strength so lower Ksec values during remoulding. Secondly, during
the reconsolidation stage, larger cyclic amplitudes tend to delay dissipation of excess pore
pressures, because of the longer drainage path. These aspects are discussed further in a
later section following consideration of the post-pipe test water content data.
2.8

Water content changes

Figure 2-12a and 2-12b present the profiles of the changes in water content (Δwc) at the
pipe test footprints relative to the profile in undisturbed soil for tests at initial pipe
penetration of 1D (Figure 2-12a) and 2.4D (Figure 2-12b). Positive Δwc indicates an
increase in water content with respect to the initial value.
Three observations can be made from Figure 2-12:


The magnitude of water content reduction is lower for the pipe tests conducted in
higher OCR soil, which suggests that as the soil potential for dilation increases
(with increasing OCR), soil hardening is increasingly inhibited during
reconsolidation.



Slightly greater reduction of Δwc occurs for tests with higher cyclic amplitude,
and also at a lower depth beneath the pipe, as shown in both Figure 2-12a and
2-12b. This likely results from further soil densification during the long-term
reconsolidation stage as a consequence of greater shear strains for the higher
cyclic amplitude. This balances the longer drainage path generated by the higher
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cyclic amplitude, such that, while a slower rate of increase of Ksec is observed at
higher amplitude, the final soil state is denser.


For tests at 2.4D embedment, an increase in water content is evident in the top 1
m (where soil has collapsed after removing the pipe), most likely resulting from
water entrainment associated with the first episode of penetration.

2.9

Discussions

In the previous sections, we have shown that the long-term pipe-soil stiffness is
influenced by both the soil overconsolidation ratio (OCR) and the pipe cyclic amplitude.
In order to understand how these affect the evolution of pipe-soil stiffness, a critical state
framework is used to investigate the variation of soil sample specific volume, v (reflecting
soil density changes) with effective vertical stress, σ'v.
2.9.1

Limiting stress state

Figure 2-13a presents the v-σ'v plot calculated from the water content data obtained from
the undisturbed sample site (see Figure 2-3c). At a sample depth below ~ 2D, where σ'v ~
6 kPa, v changes linearly with lnσ'v, reflecting normal consolidation conditions. This is
consistent with the calculated OCR profile shown earlier in Figure 2-3b. The normal
consolidation line (NCL) can be described using the conventional expression:
𝑣 = 𝑁NCL – 𝜆ln𝜎v′

(2-8)

where 𝜆 is the best fit slope for the NCL and NNCL is the intercept of the NCL at 𝜎v′ =
1 kPa (see Table 2-3). Figure 2-13a also shows that at sample depths less than ~2D, the
v-σ'v data deviates from the NCL due to the increasing OCR (see Figure 2-3b). To reflect
the soil failure conditions under different strain conditions, the plots includes the critical
state line (CSL), representing monotonic soil failure and a fully remoulded state line
(RSL) – adopting the terminology of Zhou et al. (2019). The CSL can be described as:
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𝑣 = 𝑁CSL – 𝜆ln𝜎v′

(2-9)

Analogously, NCSL ‘anchors’ the CSL in v-σ'v space, with
𝑁CSL = 𝑁NCL − (𝜆 − 𝜅)ln𝑅CSL

(2-10)

where κ is the slope of the unload-reload line (URL) and RCSL is the OCR taken as the
ratio of the pre-consolidation pressure to the vertical effective stress at the URL-CSL
intersection (see Figure 2-13a). RCSL depends on the shape of the soil yield surface, with
RCSL = 2 for Modified Cam Clay and simple one dimensional vertical stress conditions.
In Figure 2-13a, it can be seen that the v-σ'v state at a sample depth corresponding to Test
3 plots to the left of the RSL. The v-σ'v states of Tests 4 and 5 plot between the RSL and
CSL, whereas Tests 6 and 7 plot to the right of the CSL. We hypothesise that the
decreasing tendency for Ksec to increase with cycle number, as shown earlier in Figure
2-9 and Figure 2-11, can be linked to the increasingly dilatant behaviour of the soil sample
on account of the high OCR close to the mudline (see Figure 2-3b). Conventional critical
state theory indicates that the soil will be dilatant if the OCR > RCSL (left of the CSL as
shown in Figure 2-13a). However, as seen from Tests 4 and 5, which sit between the CSL
and the RSL and where Ksec increased slightly with time and number of cycles, it appears
that only v-σ'v states located to the left of the RSL (as is the case for Test 3), exhibit an
evident dilatant response characterised by a reduction of Ksec with time and number of
cycles. By contrast with contractile soils (σ'v increasing during reconsolidation), for these
tests σ'v around the pipe decreases during reconsolidation since water is drawn into the
soil pores during dissipation of the negative excess pore pressures generated by cyclic
shear strains. As such, it is important to distinguish the limiting stress state above and
below which the soil behaves in a contractile or dilatant manner. Here, we use the symbol
RRSL to represent this limiting stress state, which is the equivalent of RCSL but at the URLRSL intersection (see Figure 2-13a).
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The parameter NRSL, which ‘anchors’ the RSL position in v-σ'v space, is:
𝑁RSL = 𝑁NCL − (𝜆 − 𝜅)ln𝑅RSL = 𝑁CSL − 𝜆ln𝑆t

(2-11)

where St is the soil sensitivity as measured from T-bar cyclic tests (Sahdi et al., 2017). By
substituting Equation 2-10 into Equation 2-11, RRSL can be derived as:
1⁄
𝛬

𝑅RSL = 𝑅CSL 𝑆t

(2-12)

where 𝛬 is the plastic volumetric strain ratio, equal to 1 – κ/λ. If RCSL = 2 (as in Modified
Cam Clay theory), RRSL can be rewritten as:
1⁄
Λ

𝑅RSL = 2𝑆t

(2-13)

In insensitive soils (St = 1), Equation 2-13 reverts to the conventional Modified Cam Clay
theory, where RRSL = RCSL = 2.
2.9.2

Conceptual stress path

A series of conceptual stress paths in 𝑣-σʹv space, representing the evolution of soil stress
states around the pipe, are shown in Figure 2-13b. These hypothetical stress paths are
consistent with the previous critical state theory based framework reported by White and
Hodder (2010), Hodder et al. (2013), Sahdi et al. (2017), Zhou et al. (2019), which was
developed for contractile soils. Following Equation 2-13, it may be possible to extend this
framework to both contractile and dilatant soils. In general, for OCR > RRSL (left of RSL),
the soil dilates during reconsolidation, whereas for RCSL < OCR < RRSL (between CSL and
RSL), the soil is moderately contractile with reconsolidation, and for OCR < RCSL (right
of CSL), the soil contracts upon reconsolidation.
As shown in Figure 2-13b, the effective stress path for Type A soils (OCR < RCSL), where
the pipe cyclic strain is large (as in Test 7), the soil state first evolves from A0, through
A1, representing initial soil failure on the CSL, to A2, where the soil is fully remoulded.
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With continued cycles, the net positive excess pore pressure dissipates and the soil σʹv
increases, ultimately reaching a steady-state σʹv equal to the initial in-situ σʹv but with a
lower specific volume, resulting in a higher Ksec (soil state A3 as indicated in Figure
2-13b). In low amplitude pipe cyclic tests (e.g. Test 6 in this paper), the stress path (A 0A1-A2L-A3L) is generally similar to that for the higher amplitude pipe cyclic tests.
However, the soil state will reach a less ‘remoulded’ state (stress path A0-A1-A2L) due to
the lower accumulated cyclic strains. The zone of soil disturbance may also be smaller
(Einav & Randolph, 2005), which may reduce the drainage path length during
reconsolidation. These two aspects may cause a higher minimum pipe-soil Ksec and a more
rapid Ksec increase than for higher amplitude pipe cyclic tests, as observed in Figure 2-11.
Eventually, the steady state σʹv (hence Ksec measured at the same ∆w/D) will be similar
(stress path A2L-A3L) to that in the larger amplitude pipe test (Test 7). The amplitude
effects described here for contractile soils are consistent with previous studies
(O’Loughlin et al., 2019; Zhou et al., 2019; Zhou et al., 2020b).
For Type B stress states with RCSL < OCR < RRSL, as in Tests 4 and 5, the overall soil
response will be contractile as in Type A soils. However, in the initial pipe cycles,
negative excess pore pressures will be generated initially, causing the soil stress state to
migrate to the CSL. With continued cycles, σʹv will decrease towards the RSL, ‘erasing’
the initial negative excess pore pressure with an averaged net positive excess pore
pressure around the pipe. With reconsolidation, σʹv will increase, causing Ksec to rise
beyond the decreased Ksec associated with the initial cyclic stage. Overall, dissipation of
net positive excess pore pressure dominates the response. The soil σʹv will increase
continuously with further cycles until a steady state σʹv is reached. Contrary to Type A
soils, this steady state σʹv will be lower than σʹv at the CSL. This implies that the steady
state Ksec will be higher than the ‘remoulded’ state, but lower than that corresponding to
the stress state at the CSL. The long-term stress path for Type B soils will generally be
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similar to Type A soils – with lower amplitude cycles, as in Test 4 (opposed to Test 5)
resulting in a higher ‘remoulded’ Ksec due to the reduced accumulated shear strains and
more rapid Ksec increase with time during reconsolidation on account of the smaller zone
of soil affected by the pipe cycles.
In Type C soils, as in Test 3 where OCR > RRSL, we hypothesise that the soil state, initially
at C0, first migrates to the CSL at C1, generating negative excess pore pressure. With
further cyclic shear strains, the soil state moves towards the RSL at C2, associated with
residual net negative excess pore pressure. Upon reconsolidation, the negative excess
pore pressure dissipates, causing the soil to increase in volume. This process is repeated
during continued cycles, ultimately leading to a steady state σʹv at C3 (see Figure 2-13b),
with a higher specific volume and Ksec lower than the remoulded Ksec under purely
undrained cyclic conditions.
The general framework describing the changes in soil effective stress under long-term
pipe cycles is broadly consistent with the test data reported in this paper. However, we
acknowledge that additional test data are required, in particular to ascertain the validity
of Equation 2-12 and also to confirm if the combined effects of OCR and the pipe cyclic
displacement amplitude leads ultimately to different steady state pipe-soil Ksec.
2.10 Conclusions
This paper has investigated pipe-soil interaction in clay with an overconsolidated crust
layer overlying a soft normally consolidated soil layer, with the undrained soil strength
in the crust layer some 50% greater than that at the top of the normally consolidated layer.
Two sets of centrifuge model tests series carried out using a model pipe to represent an
element of a prototype steel catenary riser. The first test series focused on the potential
punch-through penetration of the pipe through the crust layer, by means of two hybrid
displacement-load controlled tests comprising targeted load limits during penetration and
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displacement limited extraction. In the second test series, the effects of soil stress state
and the magnitude of cyclic amplitude on the pipe-soil stiffness were explored in five
displacement controlled tests spanning the pipe penetration depth range from the first test
series.
Key findings from the experimental results are as follows.


When the model pipe is penetrated through the crust layer, no evident punchthrough failure was observed, due to the combined effect of the relatively large
ratio of the model pipe diameter to the crust layer thickness and small strength
ratio between the crust layer and the underlying soft clay layer.



From results of long-term cyclic loading tests in displacement control, soil
reconsolidation rates are dominated by the initial OCR of the soil, with higher
OCR leading to lower reconsolidation rates. A criterion based on the OCR is
proposed to distinguish between different time-dependent responses of the pipesoil stiffness during unload-reload cycles. Fully contractile soil (low OCR) was
found to exhibit marked soil stiffness recovery as a result of reconsolidation
during many cycles. This was verified by a decrease of water content of the soil
within the test zone and explained through hypothetical stress paths. Moderately
contractile soil (OCR ~ 5) gave similar overall response to fully contractile soil,
but with less marked recovery of soil stiffness. By contrast, dilatant soil with high
OCR resulted in continuous reduction in soil stiffness, hypothesised as resulting
from gradually increasing water content during reconsolidation.



The magnitude of cyclic displacement amplitude was found to influence the rate
of soil reconsolidation during long-term cyclic tests. Higher cyclic amplitudes
resulted in further remoulding of the soil, associated with longer drainage paths
and thus slower reconsolidation rates.
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The study has quantified the effect of overconsolidation on the pipe-soil cyclic response
through model tests for a soil profile with an overconsolidated crust. The study has led to
a proposed framework for the evolution of pipe-soil stiffness during long-term cyclic
tests, covering both the initial stiffness reduction due to remoulding and the subsequent
changes resulting from reconsolidation. The study has provided support for fatigue design
of large-diameter pipelines on seabeds with a crust layer, such as those found in offshore
West Africa, the Gulf of Mexico and the North West Shelf of Australia.
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2.12 Appendix. Soil sample preparation
A specific soil reconstitution procedure was developed to achieve a normally
consolidated soil sample overlaid by a surficial crust layer (Bassett et al., 1981; Davies
& Parry, 1985). This was achieved by varying the soil stress history throughout the
sample depth in three stages, as presented in Figure 2- and Table 2-A1.
In stage 1, five layers of kaolin slurry were consolidated successively under decreasing
consolidation pressure (see Table 2-A1), with two-way drainage allowed through the top
sample surface and bottom drainage valve.
In stage 2, the consolidation pressure was elevated from ~ 5.6 kPa to ~ 57.1 kPa (leading
to initial excess pore pressure u0 = 51.5 kPa), whilst only one-way drainage to the top

2-20

2. Centrifuge modelling of pipe-soil interaction in clay with crust layer

sample surface (bottom drainage valve closed) was allowed. The consolidation time was
strictly controlled to achieve a degree of consolidation of ~ 6%). The remaining excess
pore pressure after partial dissipation was estimated as (Terzaghi & Fröhlich, 1936):
𝑢e = ∑

∞
𝑛=1

2𝑢

{( 𝑛𝜋0 ) (1 − cos𝑛𝜋) sin

𝑛𝜋ℎ
2𝐻

−𝑛2 𝜋2 𝑇

exp (

4

)}

(2-14)

with T = cvt/H2, H the height of the sample after stage 1, measured at ~ 250 mm, cv = 0.12
mm2/s as inferred from sample settlement data in stage 1, t = 1500 seconds is the partial
consolidation time, and h is the model scale sample depth. The vertical effective stress
profile (Δσʹv = u0 - ue) is shown as stage 2 in Figure 2-(a).
In stage 3, the soil sample was spun in the centrifuge at 20g under two-way drainage until
primary consolidation was achieved, as ascertained by monitoring the pore pressure
dissipation at the sample mid-height position. The resulting effective vertical stress
profile is plotted in Figure 2-(a).
Figure 2-(b) plots the sample overconsolidation ratio calculated as the ratio of the
maximum overburden stresses induced during the three consolidation stages to the current
soil effective vertical stress conditions after sample consolidation in the centrifuge during
stage 3. Since the sample undrained strength is a function of the soil effective vertical
stress and overconsolidation ratio, an undrained strength profile typical for soils with
near-seabed crust was created (see Figure 2-3a).
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2.14 Notations
g

Gravitational acceleration level near Earth surface

w

Unit weight of water

t&T

Testing time & Dimensionless time factor
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ch

Horizontal coefficient of consolidation

wc

Water content

v & v0

Vertical effective stress & Initial vertical effective stress

h

Horizontal effective stress

su

Soil undrained shear strength

NT-bar

Bearing factor of T-bar

d

T-bar diameter

𝛬

Plastic volumetric ratio

OCR

Overconsolidation ratio

(su/σ'v0)nc

Normally consolidated undrained strength ratio

e & e0

Void ratio & In-situ void ratio

kh

Horizontal permeability

𝛷′

Friction angle

PPT

Pore pressure transducer

D&L

Model pipe diameter and length

St

Soil sensitivity

w

Pipe invert depth in soil sample during tests

wcyc-N

Pipe invert depth at cycle N in soil sample during tests

Δ𝑟norm

Rate of w/D change with increasing pipe cycles

wini

Initial penetration depth of pipe in soil sample
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ksec, Ksec

Secant stiffness and normalised secant stiffness

f, Kmax

Fitting parameters for unloading secant stiffness value

qt & qt-mon

Total soil resistance pressure measured by load cell & monotonic total soil
resistance pressure

qs & qs-mon

Pipe-soil resistance pressure from soil strength & Monotonic pipe-soil
resistance pressure

Fs

Pipe-soil resistance

Fbs

Soil buoyancy resistance

Fbw

Water buoyancy resistance

Fr

Force from changing centrifuge gravitational field

fb

Heave effects correction factor

κ

Unload-reload line slope

λ

Slope of the normal consolidation line or the critical state line

v

Specific volume

URL

Unloading and reloading line (swelling line)

NCL

Normal compression line

CSL

Critical state line

RSL

Remoulded state line

O.C.

Overconsolidated

N.C.

Normally consolidated
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𝑅CSL

Pressure ratio on any URL between NCL and CSL

𝑅RSL

Pressure ratio on any URL between NCL and RSL

H

Height of the sample soil after stage 1 consolidation

h

Sample depth in model scale

cv

Vertical coefficient of consolidation

u0

Initial excess pore pressure

ue

Remaining excess pore pressure after partial dissipation
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Figure 2-1 (a) Schematic front view of model pipe (b) side view (c) top view (d) actual
layout of PPTs (pore pressure transducers) (e) assembly of model pipe in centrifuge
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Figure 2-2 Profiles of loading patterns for tests (a) in Group 1 (b) in Group 2

Figure 2-3 Profiles for (a) undrained shear strength (bearing factor NT-bar = 10.5) (b)
OCR in the soil sample (c) water content data in undisturbed soil sample area
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Figure 2-4 (a) Cyclic total pipe resistance (qt) of Test 1 (b) cyclic total pipe resistance (qt)
of Test 2 (c) cyclic pipe-soil resistance (qs) of Test 1 (d) cyclic pipe-soil resistance (qs) of
Test 2

2-32

2. Centrifuge modelling of pipe-soil interaction in clay with crust layer

Figure 2-5 Cyclic evolution of (a) normalised pipe invert depth w/D (b) normalised
pipe invert depth change ratio Δrnorm
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Figure 2-6 Profiles for pipe-soil resistance (qs) versus normalised pipe invert depth (w/D)
profiles (a) for Test 3 (0.5D ± 0.1D) (b) for Test 4 (1D ± 0.01D) (c) for Test 5 (1D ±
0.1D) (d) for Test 6 (2.4D ± 0.01D) (e) for Test 7 (2.4D ± 0.1D)
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Figure 2-7 Illustration for soil secant stiffness calculation
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Figure 2-8 (a) Unloading Ksec values for Tests 3, 5 and 7 with reference Tests 1 and 2
(b) Reloading Ksec values for Tests 3, 5 and 7
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Figure 2-9 (a) Evolution of unloading Ksec (at Δw/D = 0.2) with varying OCR values of
tests versus cycles (b) evolution of unloading Ksec (at Δw/D = 0.2) with varying OCR
values of tests versus dimensionless time T (c) summary of increase of ΔKsec per cycle
with varying OCR values
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Figure 2-10 Cyclic evolution of unloading Ksec values (a) Test 6 (cyclic amplitude
±0.01D) and Test 7 (cyclic amplitude ±0.1D) with soil OCR = 1 (b) Test 4 (cyclic
amplitude ±0.01D) and Test 5 (cyclic amplitude ±0.1D) with soil OCR = 5.2
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Figure 2-11 Cyclic evolution of unloading Ksec values at Δw/D = 0.02 (a) for Test 6 (cyclic
amplitude ±0.01D) and Test 7 (cyclic amplitude ±0.1D) (b) for Test 4 (cyclic amplitude
±0.01D) and Test 5 (cyclic amplitude ±0.1D)
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Figure 2-12 Post-measurement of change in water content data (Δwc) with normalised
pipe invert depth in testing area (a) for Test 4 and 5 with initial pipe penetration depth
of 1D (b) for Test 6 and 7 with initial pipe penetration depth of 2.4D
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Figure 2-13 Evolution profiles of soil stress states during tests in v-σ'v space (a) for initial
soil stress states (b) for conceptual stress path
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Figure 2-A1 Stress history of soil sample preparation (a) vertical effective stress (σ'v) (b)
overconsolidation ratio (OCR)
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Table 2-1 Group-1 test information

Group-1
Penetration limit: qt (kPa)
(load control)
Extraction limit: w/D
(displacement control)
Cycles

Test 1

Test 2

12

14.7

-0.2

-0.2

400

400

Table 2-2 Group-2 test information

Group-2

Test 3

Test 4

Test 5

Test 6

Test 7

Initial penetration: wini/D

0.5

1

1

2.4

2.4

±0.1

±0.01

±0.1

±0.01

±0.1

Cycles

1500

2000

1500

1500

2000

Frequency (Hz)

0.1

0.1

0.1

0.1

0.1

Time: t (hrs)

4.2

5.6

4.2

4.2

5.6

Cyclic amplitude: Δw/D
(displacement control)
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Table 2-3 Properties of kaolin clay
Description
Specific gravity
Liquid limit
Plastic limit
Internal friction angle: degrees
Normally consolidation strength ratio
Plastic volumetric strain ratio
Specific volume intercept with NCL
Slope of normal compression line
Slope of swelling line

Parameter
Gs
LL
PL
Φ'
(su/σ'v0)nc
Λ
NNCL
λ
κ = λ(1- Λ)

Value
2.6
61
27
23°
0.25
0.61
3.15
0.267
0.104

Reference

Stewart (1992)

T-bar results

Soil sample wc data

Table 2-A1 Stress histories of the sample preparation

Consolidation stages

Stage 1
(1g full consolidation)

Consolidation Initial

Final

Time Degree of

pressure

height

sample

(hrs) consolidation

(kPa)

(mm)

(mm)

Layer 1

22.2

65.2

42.8

~100 > 99

Layer 2

16.7

94.5

58.6

~110 > 99

Layer 3

11.1

78.2

47.3

~130 > 99

Layer 4

5.6

79

53.7

~135 > 99

Layer 5

5.6

77.9

50.7

~220 > 99

57.1

253.1

244.5

0.42

~6

nγ′h

244.5

235

~96

> 99

Sample
layer

Stage 2

Whole

(1g partial consolidation)

sample

Stage 3

Whole

(20g in centrifuge)

sample

(%)

(where γ′ is the soil unit effective weight adopted as ~ 6 kN/m3 (Yuan et al., 2017) and
further verified by average post-measurement water content data in the test area up to
sample depth of ~ 80 mm, n is the centrifuge acceleration level and h is the soil sample
depth)
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Abstract
Steel catenary risers (SCRs) are pipelines widely used for transporting hydrocarbons from
subsea fields to floating structures. The long-term fatigue life assessment of SCRs,
especially at the section close to the touchdown zone, where complex soil-fluid-structure
interaction occurs, remains a significant challenge for designers. A key question that is
currently causing considerable design uncertainty is the evolution of the cyclic stiffness
for pipe-soil interaction in the plane of the SCR and the associated competing effects of
remoulding with those of consolidation. The stiffness is critical for fatigue assessment
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over the SCR operational life. This paper provides insights into soil hardening through
reconsolidation during intermittent rest periods after prior cyclic soil remoulding
episodes. This was achieved through a centrifuge test programme that included a series
of episodic cyclic loading with intermittent rest periods in a clay sample with a surficial
crust layer below which the overconsolidation ratio gradually reduced with depth. The
test program included investigation of the influence of different control methods imposed
during rest periods, where the pipe was either held stationary in place (displacement
control) or a specific pipe static load was maintained (load control). Test results show that
the soil strength recovers significantly due to soil reconsolidation during rest periods, but
this recovery is less than that for a continuous cyclic test with the same elapsed test time.
The initial pipe-soil stiffness increase in each cyclic episode was found to be greater if
the pipe was held under load control during intermittent rest periods. It was demonstrated
that soil strength recovery tends to be less in overconsolidated soil due to dilatancy. These
results provide an improved understanding of deep-water pipe-soil interaction with rest
periods during which consolidation occurs, and the subsequent influence on the long-term
evolution of the cyclic stiffness.

3.1

Introduction

Steel catenary risers (SCRs) form an integral part of deep water oil and gas extraction,
enabling hydrocarbon products from flowlines in the seabed to be transported to floating
production systems. Fatigue life assessment of SCRs has been investigated extensively
accounting for complex pipe-soil interaction within the touchdown zone (TDZ), where
the SCR interacts cyclically with the near mudline soil throughout its operational life
(Randolph & White, 2008; Randolph et al., 2011, Clukey et al., 2017; Clukey & Zakeri,
2017). Under environmental loading on the SCR, the soil within the TDZ may soften
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during the initial remoulding stage. However, under prolonged cyclic SCR-soil
interaction, the soil strength may also recover due to reconsolidation (Hodder et al., 2009;
Yuan et al., 2017; Zhou et al., 2020). This changing nature of the seabed soil strength
throughout the SCR operational life adds to the uncertainty in SCR fatigue assessment.
Previous research involving long-term episodic cyclic tests showed that the extent of soil
strength recovery due to reconsolidation follows differing trends between centrifuge tests
and single gravity tests. In normally or lightly overconsolidated samples of kaolin clay,
centrifuge studies of episodic cyclic perturbations with intervening rest periods showed
the pipe-soil stiffness eventually exceeded the initial value (Hodder et al., 2009). Episodic
cyclic tests in natural Gulf of Mexico (GoM) soil in normally consolidated conditions,
achieved by maintaining constant overburden stress at single gravity during sample
preparation process and test periods , showed around 20% steady increase of remoulded
soil strength in the final episode, compared with that in the initial episode(Sahdi et al.,
2021). By contrast, recent single gravity episodic cyclic tests in reconstituted natural
(GoM) soil presented limited increase of soil resistance due to reconsolidation after hours
of rest period, with rapid softening during subsequent cyclic loading (Al-Janabi et al.,
2019).
The extent of strength and stiffness regain due to consolidation is further complicated by
the presence of surficial crust layers, believed to be formed through bioturbation
processes in some oil and gas development areas such as the Gulf of Guinea and North
West Shelf of Australia (Ehlers et al., 2005; Dejong et al., 2013; Kuo & Bolton, 2013;
Randolph, 2016). Limited experimental studies have been carried out to understand the
influence of such apparently overconsolidated crust layers on the fatigue life of SCRs, in
particular for realistic conditions of long-term and episodic cyclic perturbations.
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This paper addresses the above aspect, presenting results from a series of centrifuge
episodic tests with a model pipe segment (representing an element of an SCR), interacting
with a soil sample prepared with a surficial overconsolidated crust layer. The coupling
effects on the pipe-soil stiffness evolution of repetitive soil remoulding generated by
cyclic loading episodes, and soil reconsolidation arising from rest periods, were
investigated. The influence of different load or displacement control during the rest
periods was also investigated, either allowing the model pipe to settle under maintained
constant vertical load, or where the model pipe position was maintained constant allowing
load relaxation. In addition, episodic tests were also carried out at varying initial pipe
penetration depths in order to investigate the effects of overconsolidation ratio on the
evolution of pipe-soil stiffness.
3.2
3.2.1

Experimental programme
Centrifuge facilities

The centrifuge tests were performed in the 10 m diameter 240 g-tonne beam centrifuge
(Gaudin et al., 2018) at the Centre for Offshore Foundation Systems (COFS) at the
University of Western Australia (UWA). The sample cylindrical strongbox used in this
test programme has a diameter of 895 mm and height of 700 mm. An acceleration of 20g
was adopted for both sample consolidation and subsequent pipe tests. The 2-dimensional
actuator and PACS2 system developed at UWA were used to provide controlled vertical
motions of the model pipe in the tests. All test data were obtained using the in-house
LabView based software, DigiDaq (Gaudin et al., 2009a).
3.2.2

Model pipe

A model pipe, as shown in Figure 3-1a, was used in the centrifuge tests. The model pipe
has outer diameter (D) of 25 mm and length (L) of 150 mm. At a centrifuge test
acceleration of 20g, this represents an ‘element’ of an SCR with an outer diameter of 0.5
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m at the touchdown zone. A load cell on the connecting shaft above the pipe was used to
measure the vertical pipe resistance during tests as shown in Figure 3-1a.
3.2.3

Soil sample preparation

Commercial de-aired kaolin slurry, with water content of 120%, was poured into the
strongbox in five successive layers, above a geotextile layer, underlain by a 215 mm thick
drainage layer of fully saturated sand layer. Each successive kaolin layer was loaded with
a servo-hydraulic press at decreasing vertical stresses until primary consolidation, ranging
from ~22.2 kPa to ~5.6 kPa until primary consolidation was achieved. After full
consolidation of the five layers, the sample was finally pressed again with a larger load
of ~57.1 kPa. The loading duration was strictly controlled allowing for only partial
dissipation of excess pore pressure, in order to create a crust of approximately 50 mm
thick (1 m at prototype scale at 20g). The soil sample was then spun at 20g in the
centrifuge until primary consolidation was achieved, as ascertained by monitoring the
pore pressure evolution at the sample mid-height position. The final total height of the
clay layer was 235 mm and the free water table was maintained at 50 mm above the soil
surface.
Further details of the soil stress histories and settlement data during sample preparation
process were presented in Hou et al. (2021).
3.2.4

Testing programme

The episodic centrifuge test programme, where the test up is illustrated in Figure 3-1b,
consisted of four model pipe tests. Each test included four cyclic loading episodes of 100
cycles respectively, with three intermittent rest periods of 1.5 hrs in the centrifuge
(representing a prototype time of 25 days), as detailed in Table 3-1. A cyclic frequency
of 0.1 Hz was maintained in the tests cyclic loading episodes, ensuring undrained
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conditions during each cycle. Schematic illustrations for these tests are illustrated in
Figure 3-2.
Tests 1 and 2 were performed after an initial pipe penetration depth (wi) of 1D, where the
OCR was about 5.2 (see Table 3-1). Four cyclic loading episodes in Test 1 were
performed with the same peak-to-peak cyclic displacement range of Δwmax/D = 0.02 (i.e.
twice the cyclic displacement amplitude), with the pipe maintained at the same initial
penetration depth of wi/D = 1 during the intermittent rest periods. In comparison, during
the intermittent rest periods of Test 2 a constant loading pressure (qt-m) of ~4 kPa was
maintained, simulating the self-weight of a typical field SCR filled with hydrocarbon.
Cyclic peak-to-peak displacement ranges in four chronological episodes of Test 2 were
increased from 0.02D to 0.2D as detailed in Table 3-1, with the pipe displacement rate
varied within the range v = 0.1 – 1 mm/s. The displacement rate is equivalent to a nondimensional velocity vD/ch range of about 20 – 200, where ch is the horizontal coefficient
of consolidation taken as 0.13 mm2/s at wi/D = 1 (Hou et al., 2021); this range ensures
undrained soil response in the short term (House et al., 2001).
Test 3 and 4 were carried out at the same initial penetration depth of 2.4D, in soil with
OCR = 1, both with increasing cyclic displacement ranges from 0.02D to 0.2D in
chronological cyclic loading episodes. A cyclic frequency of 0.1 Hz was maintained
during the tests, resulting in non-dimensional velocity vD/ch in the range 15 – 140, taking
ch as 0.18 mm2/s at wi/D = 2.4 (Hou et al., 2021), again ensuring undrained conditions.
The model pipe during intermittent rest periods was maintained either at the same depth
as during initial penetration (wi/D = 2.4) or at a constant loading pressure qt-m of ~4 kPa.
After the centrifuge tests were completed, soil core samples were extracted immediately,
to provide water content information from undisturbed areas of the sample.
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3.3

Sample undrained shear strength

A T-bar penetrometer (Stewart & Randolph, 1994), 5 mm in diameter (0.1 m prototype)
and 20 mm long, was used to infer the undrained shear strength of the sample. The
penetration rate for the T-bar penetrometer was set at 1 mm/s to ensure undrained
conditions (Randolph & Hope, 2004). The undrained shear strength profiles based on a
bearing factor (NT-bar) of 10.5 from two T-bar tests, are shown in Figure 3-3a, including
correction of shallow embedment (White et al., 2010).
The soil undrained shear strength reaches a peak of ~2.5 kPa at a prototype depth of ~0.25
m, and reduces to ~ 1.5 kPa at a depth of around 1 m, followed by a linear increase with
depth at a gradient of ~ 1.5 kPa/m. As intended, the strength profile exhibits the
characteristics of a normally consolidated soil overlain by a superficial stronger crust.
Figure 3-3a shows the measured undrained soil shear strength profiles are captured well
by the relationship (Wroth, 1984):
′
′
𝑠u /𝜎v0
= (𝑠u /𝜎v0
)nc OCRΛ

(3-1)

′
′
where 𝜎v0
is the in-situ vertical effective stress, (𝑠u /𝜎v0
)nc , Λ and OCR are the normally

consolidated strength ratio, plastic volumetric ratio and overconsolidation ratio
respectively. The OCR profile shown in Figure 3-3b was calculated as the ratio of the
previous sample vertical stress (from the sample preparation at unit gravity) to the current
′
𝜎v0
, based on an average soil unit effective weight γ′ = 6 kN/m3 inferred from the water

content profiles (see Figure 3-3c) taken at different undisturbed sample locations down
′
to ~2 m prototype depth. The best fit values of (𝑠u /𝜎v0
)nc and 𝛬 parameters, which are

consistent with typical values for overconsolidated kaolin clay (Zhang et al., 2011), are
given in Table 3-2.

3-7

Changing soil strength and stiffness during pipe-soil interaction at the touch down zone

3.4

Pipe resistance interpretation

The total resistance measured by the load cell, Ft comprises soil (Fbs) and water (Fbw)
buoyancy, the geotechnical resistance of the soil (Fs) as well as the changing weight of
the pipe as it moves radially within the centrifuge gravitational field (Fr). Accordingly,
the resistance arising from the soil strength is calculated as:
Fs = Ft - fb × Fbs - Fbw - Fr

(3-2)

To account for enhanced buoyancy due to soil heave at shallow pipe embedment, Fbs is
augmented by a factor fb. This was taken as 1.5 at the mudline, decreasing linearly to 1.0
when a deep (full-flow) soil failure mechanism occurs at pipe invert depth of ~2.4D
(Merifield et al., 2009; White et al., 2010).
3.5

Soil reconsolidation during episodic tests

Figure 3-4a to 3-4d present the interpreted episodic evolution of pipe-soil resistance (qs
calculated as Fs/DL) for Test 1 plotted against normalised pipe depth (w/D). In
comparison, the qs-w/D profile during the first 100 cycles from a previous continuous
pipe cyclic test (Hou et al., 2021) is also plotted in Figure 3-4a, revealing good agreement
of the qs profiles between these two tests. The continuous decreasing magnitude of qs in
each episode from the 1st cycle to the 100th cycle represents the degradation of soil
strength due to remoulding. However, there is an apparent increase in both the repenetration and ‘remoulded’ qs-w/D profiles after each rest period. To demonstrate this
clearly, qs values obtained from the 1st, 10th and (final) 100th cycles for all four episodes
are plotted in Figure 3-5. The increase in both the re-penetration and ‘remoulded’ qs-w/D
profiles may be attributed to soil reconsolidation during the intermittent rest periods.
The change in qs-w/D profiles due to the intermittent rest (consolidation) periods can be
presented as the evolution of secant soil stiffness. The unloading ksec during the pipe
extraction phase in a cycle can be calculated as (illustrated in Figure 3-6):
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𝑘sec =

Δ𝑞s

(3-3)

Δ𝑤/𝐷

where the definitions of ∆w/D (any chosen change in normalised pipe displacement) and
Δqs (corresponding change in pipe soil resistance) are as indicated in Figure 3-6.
Following (Aubeny et al., 2008), ksec can be further normalized by the pipe resistance
(during the first penetration phase) at the initial load reversal point, qs0 (see Figure 3-6),
giving:
Ksec =

𝑘sec

(3-4)

𝑞s0

The unloading Ksec during the 1st cycle and 100th (i.e. last) cycle of Test 1 are shown in
Figure 3-7. Comparing Ksec values within the same cyclic loading episodes, Ksec reduces
significantly by the 100th cycle, indicating a continuous soil remolding process. Although
there is a decrease in Ksec during the 1st cycle in episode 2 compared to that in the first
episode, there is an increasing trend in Ksec during the 1st and 100th cycles in subsequent
episodes and this trend is consistent with the qs-w/D profiles shown in Figure 3-4 and
Figure 3-5. This increase between episodes indicates that the influence of soil
reconsolidation is not completely negated by cyclic loading following rest periods.
Figure 3-8 shows the complete evolution of the unloading Ksec for a normalised unloading
displacement, ∆w/D = 0.015 with dimensionless time T = cht/D2 (where t is the elapsed
model pipe test time), and equivalent cycle number N (since the cyclic frequencies for
both continuous test and each loading packets in episode test were maintained the same).
The ch was inferred as 0.13 mm2/s for both Test 1 (considered here) and the continuous
cyclic test (Hou et al., 2021) because of the same initial soil states (Lehane et al., 2009).
For comparison, the unloading Ksec data from the continuous cyclic test (without rest
periods) reported by Hou et al. (2021) shows an initial decrease of Ksec due to soil
remoulding, which agrees with the results in episode 1 of the current episodic cyclic test
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well. Due to the soil reconsolidation process with gradual dissipation of excess pore
pressure, Ksec increases at a rate of ~7.5 per unit dimensionless time (∆T = 1). In the
current episodic cyclic test (Test 1), soil was remoulded in episode 1 as indicated by Ksec
reducing from 59.5 to 24. The reduction ratio of ~2.5 corresponds to the soil sensitivity
of ~2.6 for kaolin clay (Stewart, 1992; Gaudin & White, 2009b). For subsequent episodes
2 to 4, the initial and remoulded Ksec values in each cyclic episode increase by a factor of
1.2 – 1.3 each time.
Each intermittent rest period represents a dimensionless time interval of ~1.1, which leads
to about 84% dissipation of excess pore pressure based on estimation of consolidation
around pipelines (Gourvenec & White, 2010). The starting Ksec values from episode 2 to
4 are always higher than for the reference continuous cyclic test at the same dimensionless
time. The final remoulded value of Ksec at the end of episode 4 is 39, or about 1.6 times
the initial remoulded value of 24 in episode 1. This represents a rate of increase of ~3.9
per unit dimensionless time, which is about half that for the continuous cyclic test. This
may perhaps be due to the much greater number of cycles for the latter test, resulting in
greater potential for pore pressure generation and dissipation, so a more rapid reduction
in water content in the vicinity of the pipe.
3.6

Influence of loading regime during rest periods

Figure 3-9a and 3-9b present the episodic evolution of cyclic pipe-soil resistance (qs)
against normalised pipe depth (w/D) for Test 3 and Test 4 respectively, both at a depth
where OCR = 1, for which the intermittent rest periods featured either maintained
penetration depth or maintained applied load (see Table 3-1). In each cyclic loading
episode for both tests, qs reduces to a steady remoulded value within 100 cycles. From
episode 1 to 4, the range of qs is affected both by the gradually increasing cyclic
displacement range, and by the combined processes of (periodic) remoulding and
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reconsolidation. The effect of reconsolidation may be quantified by the increase in the
range of remoulded values of Δqs at mid-cycle, which increases from about 2.5 kPa in
episode 1 to 8.2 kPa in episode 4 for Test 3, a factor of 3.3. The corresponding factor for
Test 4 is 3.7.
For Test 4 there is also a small increase in mean depth (0.07D), due to the maintained
load during each rest period (Figure 3-9b). The greater increase in both initial and
remoulded values of qs in Test 4 compared with Test 3 may be attributed to the increase
in depth, hence average underlying shear strength.
To better assess the effects of the intermittent rest periods in Test 3 and Test 4 (both with
OCR = 1), Figure 3-10a presents the evolution of the unloading Ksec corresponding to
Δw/D = 0.015 with dimensionless time T for all episodes in both tests. The effect of pipe
settlement in Test 4 is minimised since the secant stiffness, ksec is normalised by the
monotonic resistance, qs0 associated with the pipe depth immediately preceding the
current unloading stage within each episode. The general evolution of Ksec in Tests 3 and
4 is similar to that in Test 1 (see Figure 3-8), with cyclic remoulding within each episode
and increases of both initial and remoulded values from episode 1 to 4. It is noteworthy
that within episode 4, for both Tests 3 and 4, Ksec reaches a minimum before starting to
recover due to soil reconsolidation.
Figure 3-10b shows the episodic degradation ratios Ksec-ini/Ksec-rem from episode 1 to 4 of
Tests 3 and 4. The ratios for the first episode are similar for both tests but during the
following episodes 2 to 4, degradation ratios for the load-maintained Test 4 tend to lie
slightly above the soil sensitivity St while those for the depth-maintained Test 3 lie slightly
below St.
Figure 3-10c presents the ratios of initial stiffness Ksec-ini-n in episodes n = 2 to 4 relative
to the remoulded Ksec-rem-(n-1) at the end of the previous episode, as a result of
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reconsolidation during the intervening rest period. Figure 3-10d and 3-10e present,
respectively, ratios of initial and remoulded stiffness in a given episode relative to the
corresponding values for episode 1. Each rest period corresponds to the same
dimensionless time interval of ~1.5, which represents ~90% dissipation of excess pore
pressure (Gourvenec & White, 2010). The ratios of initial stiffness are typically 30% to
70% greater for the load-maintained test compared with the depth-maintained test, but
the ratios of remoulded stiffness follow a similar trend to both tests, increasing by a factor
of about 1.6 to 1.7 by episode 4, so very similar to the increase noted for Test 1 in
overconsolidated soil. However, because of consolidation during the latter stage of the
episode 4 cycles, the final ‘remoulded’ stiffness (see Ksec-end-4 in Figure 3-10a) for Tests
3 and 4 are 1.8 to 1.9 times greater than for the first remoulding episode.
3.7

Influence of soil OCR

Figure 3-11 presents the episodic evolution of cyclic pipe-soil resistance (qs) against
normalised pipe depth (w/D) for Test 2, where the soil overconsolidation ratio (OCR) at
the initial penetration depth (wi/D = 1) is 5.2 and intermittent rest periods were under
constant load (see Table 3-1). The pipe settled ~0.08D below the initial mid cycle depth
of wi/D = 1 from episode 1 to 4, due to the maintained load conditions. The settlement is
slightly larger than for Test 4 (see Figure 3-9b) as a result of the decreasing soil strength
profiles below wi/D = 1 within the crust layer compared with the increasing strength
profile in the normally consolidated zone.
Figure 3-12a presents a direct comparison of normalised unloading stiffness for a
displacement range of Δw/D = 0.015 between load-maintained Tests 2 (OCR = 5.2) and
4 (OCR = 1, data presented previously in Figure 3-10). The trends in normalised
remoulded stiffness in Figure 3-12a are very similar, apart from in episode 4 where the
values for OCR = 5.2 show minimal increase (Ksec-end-4) following the initial minimum
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value (Ksec-rem-4). This may be attributed to the greater dilatant tendency for the high OCR
soil, leading to lower excess pore pressures from remoulding and hence reduced effect of
reconsolidation (Hou et al., 2021).
The trends for degradation ratio (Figure 3-12b), stiffness increase after each
reconsolidation period (Figure 3-12c), and the overall ratios of initial stiffness (Figure
3-12d) and remoulded stiffness (Figure 3-12e) for successive episodes are similar for the
two tests, but with results from Test 2 (OCR = 5.2) always lying below those for Test 4
(OCR = 1). Perhaps the most relevant of these from the perspective of fatigue assessment
for SCRs are the trends for the remoulded stiffness ratio (Figure 3-12e) with increasing
episodes of remoulding cycles and reconsolidation. Comparing Ksec-end-4 values at the end
of the final episode with the corresponding remoulded Ksec-rem-1 values in the initial cyclic
episode, the overconsolidated soil shows a factor of 1.4 increase while that for normally
consolidated soil is 1.9.
3.8

Conclusions

This paper has presented data from centrifuge model tests simulating pipe-soil interaction
for a segment of a steel catenary riser (SCR), providing insights into the effects of
episodic remoulding of the soil as a result of cyclic perturbations followed by
reconsolidation. The tests were carried out in a soil sample with an overconsolidated
crust layer overlying soft normally consolidated soil. Four long-term episodic tests were
carried out at mean depths reflecting overconsolidation ratios of 5.2 and 1. The
intermittent reconsolidation periods between cyclic episodes, were conducted at either a
fixed depth (allowing load relaxation) or constant maintained load (leading to additional
penetration).
The main findings from the model pipe tests are as follows.
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The rate of remoulded soil stiffness recovery because of reconsolidation during
the episodic tests was approximately half that from a continuous cyclic loading
test (Hou et al., 2021), under the same dimensionless time scale.



Reconsolidation under load-maintained conditions led to a higher increment of
soil stiffness at the beginning of each episode directly after the rest periods,
compared with that for depth-maintained rest periods.



Higher soil OCR led to reduced effects of reconsolidation during episodic tests,
with final value of initial and remoulded stiffness at the end of all four episodes
being lower for the more dilatant, high OCR, soil.

The study has provided insight into factors that affect the pipe-soil cyclic response during
episodic or continuous cyclic loading, in particular exploring the effect of an
overconsolidated crust. The results are directly relevant for fatigue design of SCRs on
seabeds with a crust layer, such as are encountered on offshore West Africa, Gulf of
Mexico and North West Shelf of Australia.
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3.11 Notations
g

Gravitational acceleration level near Earth surface

t&T

Testing time & Dimensionless time factor

ch

Operational coefficient of consolidation

v &v0

Vertical effective stress and in-situ vertical effective stress

su

Soil undrained shear strength
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NT-bar

Bearing factor of T-bar

𝛬

Plastic volumetric ratio

OCR

Overconsolidation ratio

(su/σ'v0)nc

Normally consolidated undrained strength ratio

D&L

Model pipe diameter and length

St

Soil sensitivity

w & wi

Pipe invert depth and initial penetration depth in soil sample during tests

ksec, Ksec

Secant stiffness and normalised secant stiffness

qt

Total soil resistance pressure measured by load cell

qs

Pipe-soil resistance pressure from soil strength

Fs

Pipe-soil resistance

Fbs & Fbw

Soil buoyancy resistance and water buoyancy resistance respectively

Fr

Force from changing centrifuge gravitational field

fb

Heave effects correction factor
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Figure 3-1 Illustration for (a) model pipe (b) and test set up in centrifuge

Figure 3-2 Test programme illustration
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Figure 3-3 Profiles for (a) undrained shear strength (b) OCR in the soil sample (c) post
measurement of water content in undisturbed soil sample area (after Hou et al., 2021)
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Figure 3-4 Cyclic pipe resistance of Test 1 (OCR = 5.2) (a) episode 1 and initial 100
cycles in continuous cyclic test (both with OCR = 5.2) (b) episode 2 (c) episode 3 (d)
episode 4
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Figure 3-5 Cyclic pipe resistance of Test 1 (OCR = 5.2) at (a) 1st cycle (b) 10th cycle (c)
100th cycle
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Figure 3-6 Illustration for soil secant stiffness calculation (after Hou et al., 2021)
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Figure 3-7 Evolution of unloading Ksec values in four episodes for Test 1 (OCR = 5.2)
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Figure 3-8 Unloading Ksec values at unloading displacement Δw/D = 0.015 for Test 1 and
continuous cyclic test (both with OCR = 5.2)
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Figure 3-9 Cyclic pipe resistance evolution of episodic tests (a) Test 3 (b) Test 4 (both
with OCR = 1)
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Figure 3-10 (a) Comparison of unloading Ksec evolution at Δw/D = 0.015 between
displacement maintained method (Test 3) and load maintained method (Test 4) in rest
periods (b) stiffness degradation, Ksec-ini/Ksec-rem, in each episode (c) Ksec-ini-n/Ksec-rem-(n-1)
increase (n = 2 to 4) after rest periods from episode 2 – 4 (d) Ksec-ini-1, 2, 3, 4/Ksec-ini-1 increase
in each episode (e) Ksec-rem-1, 2, 3, 4/Ksec-rem1 increase in each episode
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Figure 3-11 Cyclic pipe resistance evolution of episodic tests of Test 2 (OCR = 5.2)
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Figure 3-12 Comparison of unloading Ksec evolution at Δw/D = 0.015 between soil OCR
= 5.2 (Test 2) soil OCR = 1 (Test 4) (a) absolute values of Ksec (b) stiffness degradation,
Ksec-ini/Ksec-rem, in each episode (c) Ksec-ini-2, 3, 4/Ksec-rem-1, 2, 3 increase after rest periods from
episodes 2 – 4 (d) Ksec-ini-1, 2, 3, 4/Ksec-ini-1 increase in each episode (e) Ksec-rem-1, 2, 3, 4/Ksecrem1

increase in each episode
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Table 3-1 Centrifuge testing programme
Initial
depth
wi/D (-)

OCR
(-)

Episode Peak-to-peak Cycles
number cyclic range N (-)
(-)
Δwmax/D (-)

Rest period remarks

Test
1

1

5.2

1

5.2

Test
3

2.4

1

0.02
0.02
0.02
0.02
0.02
0.04
0.08
0.2
0.02
0.04

100
100
100
100
100
100
100
300
100
100

wi/D = 1 maintained for
1.5 hrs
T = 1.1

Test
2

1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4

0.08
0.2
0.02
0.04
0.08
0.2

100
300
100
100
100
300

Test
4

2.4

1

qt-m = 4 kPa maintained
for 1.5 hrs
T = 1.1
wi/D = 2.4 maintained for
1.5 hrs
T = 1.5

qt-m = 4 kPa maintained
for 1.5 hrs
T = 1.5

Table 3-2 Properties of kaolin clay
Description
Specific gravity
Liquid limit
Plastic limit
Internal friction angle: degrees
Plastic volumetric strain ratio
Normally consolidation strength ratio

Parameter
Gs
LL
PL
Φ'
Λ
(su/σ'v0)nc
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2.6
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27
23°
0.61
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Abstract
Evolution of soil strength upon cyclic loading is critical for offshore foundations design
which can be characterised through full-flow penetrometer tests. Previous studies have
shown that the soil strength may undergo initial degradation with cyclic loading on
account of soil remoulding, followed by soil strength recovery due to reconsolidation with
extended cycles and test time. The magnitude of long-term soil strength evolution is
poorly understood with respect to the influence of both soil overconsolidation ratio, which
is important for natural offshore sediments, and cyclic displacement amplitude, which
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may vary by orders of magnitude due to environmental loading of subsea infrastructure.
This paper describes centrifuge penetrometer tests (including T-bar and piezoball) with a
range of cyclic displacement amplitudes in clay samples with different uniform
overconsolidation ratios, under long-term displacement controlled cycles. Results
confirm that increasing overconsolidation ratios tend to enhance soil remoulding and
hinder the long-term soil reconsolidation. Increasing magnitude of cyclic loading
displacement amplitude results in reduced soil stiffness regain after reconsolidation. This
study provides insights on the assessment of cyclic soil strength evolution with
remoulding and reconsolidation when evaluating subsea infrastructure-soil interaction.

4.1

Introduction

Full-flow penetrometers, including T-bar and ball penetrometers, are used extensively
both in laboratory tests and offshore site investigations, in order to characterise the intact
and remoulded soil strength properties (Stewart & Randolph, 1991, 1994; Randolph et
al., 1998; Chung & Randolph, 2004; Low et al., 2010). The measured resistances through
penetrometer tests are transformed to soil strength by adopting suitable bearing factors,
confirmed by analytical solutions, experimental calibrations and numerical verifications
(Randolph & Houlsby, 1984; House et al., 2001; Martin & Randolph, 2006; Zhou &
Randolph, 2009). The remoulded soil strength profiles after cyclic loading are useful for
offshore geotechnical infrastructure design, as the basis to evaluate the degree of seabed
softening due to cycles of environmental and operational loading (DNV GL AS, 2017).
Such information supplements practical design charts for the effects of cyclic loading
derived from cyclic triaxial and simple shear tests (Andersen et al., 1980; Andersen,
2004). Other more severe soil remoulding, which often occurs in offshore geosystems,
such as during pipe laying (Westgate et al., 2012), can be directly ‘scaled’ using cyclic
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T-bar or ball penetrometer tests (Randolph, 2012). Although short term cyclic shearing
of clays occurs under undrained conditions, studies with cyclic loading sustained for
extended periods reveal soil strength recovery, due to gradual dissipation of excess pore
pressure generated in the initial soil remoulding process, namely soil reconsolidation
(Hodder et al., 2009; Sahdi, 2013; Yuan et al., 2017; O’Loughlin et al., 2019; Hou et al.,
2021a; Sahdi et al., 2021). Numerical frameworks based on effective stress methods were
also developed to predict the long-term soil strength increase due to soil reconsolidation
(Hodder et al., 2013; Zhou et al., 2019; Zhou et al., 2020a). These studies have indicated
the importance of soil strength evolution due to the coupled effects of soil remoulding
and reconsolidation, and also suggested potential approaches for application in subsea
infrastructure design.
Previous research on cyclic loading with reconsolidation effects focused on normally
consolidated or slightly overconsolidated soil samples. In practice, subsea sediments
often show a significant degree of overconsolidation in the upper metre of so of the seabed
(Kjekstad et al., 1978; Quirós & Little, 2003; Colliat et al., 2011). As such, a gap in
understanding remains over the effects of overconsolidation on the long-term gain in
stiffness and strength following reconsolidation. Operational environmental loading of
subsea infrastructure will give rise to varying magnitudes of cyclic loads or displacements
(White & Cathie, 2011). The soil response to different cyclic displacement amplitudes
during initial (short-term) remoulding and long-term reconsolidation therefore needs to
be evaluated (Bridge & Howells, 2007; Lahey et al., 2013; Kim & Kim, 2015).
This paper addresses these issues through a series of cyclic in-plane centrifuge
penetrometer tests that encompass a range of cyclic displacement amplitudes in soil
samples with differing, but uniform, overconsolidation ratios (OCR). The long-term
cyclic loading tests include both T-bar and piezoball full-flow penetrometer tests with the
cyclic perturbations continued until steady state reconsolidated conditions were achieved.
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The objective of the study was to evaluate the change of long-term soil strength with the
advantage of faster consolidation due to the small penetrometer diameter (hence, reduced
drainage path length), as a surrogate for the behaviour of infrastructure such as steel
catenary risers under operational motion within the touchdown zone.
4.2
4.2.1

Experimental programme
Centrifuge facilities

The centrifuge tests were performed in the 3.6 m diameter 40 g-tonne beam centrifuge
(Randolph et al., 1991) at the Centre for Offshore Foundation Systems (COFS) at the
University of Western Australia (UWA). The 2-dimensional actuator and PACS2 system
developed at UWA were used to provide controlled vertical motions of the penetrometers
in the tests. All test data were obtained using the in-house LabView based software,
DigiDaq (Gaudin et al., 2009a).
4.2.2

Test instrumentation

A T-bar penetrometer (Stewart & Randolph, 1994), 5 mm in diameter and 20 mm long,
was used to infer the long-term undrained shear strength evolution of the sample (Figure
4-1a). The load cell of the T-bar is located immediately above the bar, minimising the
effect of shaft friction. A piezoball penetrometer, with a diameter of 20 mm as shown in
Figure 4-1b, was used in the centrifuge tests with the penetration resistance measured by
a load cell within the shaft above the ball. The cyclic evolution of excess pore pressure
can be evaluated by the pore pressure transducers (PPT) at the midface and equator
positions. A piezocone (CPTu) penetrometer, 10 mm in diameter (Figure 4-1c), was also
used to evaluate the coefficient of consolidation of the soil from dissipation tests at
different depths (Teh & Houlsby, 1991), measuring the pore pressure at the shoulder (u2
position). As is customary, the resulting coefficient of consolidation is referred to as ch in
view of the nominally horizontal (radial) pore fluid flow in such a test.
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4.2.3

Soil sample preparation

Commercial kaolin slurry was mixed thoroughly at a targeted water content of 120%
(around twice the liquid limit) in a mechanical mixer. The slurry was then poured into the
strongbox, with a length, width and height of 625 mm, 390 mm and 325 mm respectively,
above a 15 mm thick drainage layer of fully saturated coarse sand. The kaolin slurry and
sand layer were separated using a geotextile layer. The slurry sample was then
consolidated at a centrifuge acceleration of 20g for 7 days to create a normally
consolidated soil sample (OCR = 1), as ascertained by monitoring the undrained soil
strength evolution through T-bar tests). After completion of the first series of
penetrometer tests, the acceleration level was raised to 40g for 4 days, ensuring full soil
consolidation, and then reduced to the testing acceleration level of 20g again for 3 days;
this allowed full swelling of the soil sample to a uniform OCR = 2, before penetrometer
tests were carried out. The same procedure was repeated for consolidation at an
acceleration level of 200g, again allowing complete swelling at 20g to create soil with
OCR = 10, before further penetrometer tests. All the tests were performed at the same
acceleration level of 20g to ensure the same centrifuge scaling ratio for result comparison
in different soil OCR.
4.2.4

Penetrometer test programme

Soil characterisation tests were carried out, including short-term cyclic T-bar tests to
measure the soil strength properties, and CPTu tests to measure the horizontal coefficients
of consolidation in soil.
Long-term T-bar and piezoball cyclic tests were performed to determine the responses for
different cyclic displacement amplitudes and the influence of the soil OCR. Summary
information is detailed in Table 4-1 and illustrated in Figure 4-2.
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For clarity, the penetrometer test is labelled in the form Xi-jD in Table 4-1, where X is
either T referring to a T-bar test or B referring to a piezoball test; i is the chronological
test number with suffix of either a or b implying the test stage (see Figure 4-2a); jD
representing the ratio of cyclic displacement range (peak-to-peak, i.e. twice the cyclic
displacement amplitude) versus penetrometer diameter (D for either T-bar or piezoball).
For example, T1a-0.05D signifies stage a of the first long-term T-bar cyclic test with
displacement range of Δzmax/D = 0.05.
In order to quantify the effect of cyclic displacement range on the long-term evolution of
soil stiffness, the peak-to-peak cyclic ranges adopted in the long-term cyclic tests were
0.05DT and 4DT for T-bar tests and 0.02DB and 1DB for piezoball tests. The same
parameters of T-bar cyclic tests were repeated at each OCR of 1, 2 and 10. Due to limited
space, piezoball tests were carried out only in soil of OCR 1 and 10. The long-term cyclic
tests were targeted at achieving a steady cyclic soil resistance.
Long-term cyclic T-bar tests were performed at the same velocity v of 1 mm/s, and
piezoball tests were carried out at 0.2 mm/s to 3 mm/s separately; these give nondimensional velocities V= vD/ch ranging between 10 to 305, ensuring undrained loading
conditions (Randolph, 2016), where ch is the nominally horizontal coefficient of
consolidation (as detailed later) at the given test depth. The depth gap between two
successive testing stages was maintained at 10 – 12DT for T-bar tests, and 3DB for
piezoball tests, limiting any overlapping influence for two-stage tests (Zhou & Randolph,
2009; Zhou et al., 2020b).
In order to provide reference penetration resistance profiles for partially drained
conditions, T-bar twitch tests were carried out, where the T-bar penetration rate varies in
steps for several orders of magnitude. Subsequently at each soil OCR, soil resistance
change due to different drainage conditions can be compared with the soil response during
4-6

4. Long-term cyclic penetrometer tests with different displacement amplitudes in uniform overconsolidated soil

long-term cyclic penetrometer tests, where excess pore pressure generation and
dissipation occur during soil remoulding and reconsolidation process. After the centrifuge
tests were completed, soil core samples were extracted immediately from the undisturbed
soil area, to provide water content data for soil OCR = 10.
4.3

Sample undrained shear strength

The undrained shear strength (su) of the soil sample at OCR = 1, 2 and 10 was measured
through T-bar tests, where the penetration rate for the T-bar penetrometer was set at 3
mm/s to ensure undrained conditions (Randolph & Hope, 2004). Figure 4-3a presents the
su profiles from six T-bar tests (2 tests in each soil OCR, before and after the main test
programme), based on a bearing factor NT-bar of 10.5 (Stewart & Randolph, 1994).
In Figure 4-3a, the monotonic su profiles exhibit proportional increases with depth. This
deduced su profiles are captured well by Wroth (1984), with gradients that increase from
~0.95, 2 to 8.2 kPa/m for soil with uniform OCR of 1, 2 and 10, respectively:
′
𝑠u = (𝑠u /𝜎v0
)nc OCRΛ 𝛾 ′ 𝑧

(4-1)

′
where 𝛾 ′ is the unit effective weight of soil, z is the prototype depth, (𝑠u /𝜎v0
)nc and 𝛬

are the normally consolidated strength ratio and plastic volumetric ratio respectively. The
average 𝛾 ′ over the sample depth for OCR = 1 and 10 respectively was derived as ~6
kN/m3 (Hou et al., 2021a) and ~7 kN/m3, back-calculated from the water content data
obtained from extracted core samples after the tests. Afterwards the average 𝛾 ′ for OCR
= 2 was theoretically estimated as 6.3 kN/m3 through logarithmic interpolation between
OCR values, based on the relation of varying void ratios with OCRs at the same effective
vertical stress according to the Modified Cam Clay model. The best fit values for
′
(𝑠u /𝜎v0
)nc and Λ, which are consistent with typical values for kaolin clay (Lehane et al.,

2009), are given in Table 4-2.
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Figure 4-3b and 4-3c present changes of su at a prototype depth of 1.3 m (mid-range of
the cyclic T-bar test), in terms of absolute values and normalized degradation ratios,
respectively. Overlapping exponential degradation trends were evident at all OCRs, due
to accumulated cyclic strains for undrained conditions (Einav & Randolph, 2005). The
soil sensitivity (St) for all OCRs, defined as the ratio of intact to fully remoulded
undrained shear strength, reached ~2.3 to 2.5 at the 16th cycle, which is broadly consistent
with values reported previously (Stewart, 1992; Gaudin & White, 2009b; Sahdi et al.,
2014).
4.4

Characteristic coefficient of consolidation

The sample coefficient of consolidation ch was estimated from the miniature piezocone
(CPTu) dissipation tests. The tests were performed at different prototype depths (z = 0.5,
1 and ~1.6 m respectively) covering the pipe test depth range (see Figure 4-2) in soil with
uniform OCR of 1, 2 and 10. Figure 4-4 presents the variation of normalised excess pore
(Δu2/Δu2i) at the shoulder position with modified time factor, T*. The initial excess pore
pressure Δu2i was back-extrapolated by the method proposed by Sully et al. (1999),
which accounts for the occurrence of an initial rise in excess pore pressure at the start of
tests in overconsolidated soil.
The modified time factor, T*, is given by (Teh & Houlsby, 1991):
𝑇∗ =

𝑐h 𝑡

(4-2)

𝑅 2 √𝐼r

where t is time, R is the piezocone radius, and Ir is the soil rigidity index defined as Ir =
G/su. The undrained shear strength su was taken from the T-bar results and the elastic
shear modulus G was estimated from the modified Cam Clay constitutive model as
(Zytynski et al., 1978):
𝐺=

3(1−2𝑣) 𝑝′ (1+𝑒)
2(1+𝑣)

(4-3)

𝜅
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where v is the Poisson ratio, e is the void ratio, κ is the swelling line slope and p' is the
mean effective stress defined as:
𝑝′ =

(1+2𝐾0 )
2

𝜎v′

(4-4)

where K0 is the coefficient of earth pressure at rest, calculated in terms of soil friction
′

angle 𝛷′ as (1 − sin𝛷′ )OCRsin𝛷 (Mayne & Kulhawy, 1982).
The average Ir values for soil with OCR = 1, 2 and 10 were 118, 68 and 25, respectively.
The decreasing Ir values with increasing OCR are consistent with the trend reported by
Mayne (2001) and Krage et al. (2014).
Values of ch from each dissipation test were further derived by adjusting the ch so that T50
(time factor at 50% dissipation of the Δu2i) for each dissipation curves agrees with
theoretical prediction (Teh & Houlsby, 1991). The corresponding values versus prototype
depth are summarised in Figure 4-5, as a function of the vertical effective stress, 𝜎v′ . The
vertical coefficient of consolidation, cv, measured from Rowe cell tests on the same
Kaolin (Richardson et al., 2009), is also plotted in Figure 4-5 and expressed as:
𝑐v = 0.31(𝜎v′ )0.5

(4-5)

The resulting ch/cv ratio at OCR = 1, is equal to ~5.5, which agrees well with previous
data (Chow et al., 2014; Cocjin et al., 2014; Schneider et al., 2019) For soil with OCR =
2 and 10, the average ch/cv ratios are 10.5 and 17.2 respectively. The increased ch/cv ratios
may be associated with the combined effects of the increase in average mean effective
stress and the change in soil compressibility as the OCR increases (Mahmoodzadeh et al.,
2014; Wood, 2014). The lower ch values compared to the estimated values from the ch/cv
ratio at shallowest embedment depth of ~2.5 times piezocone diameter, may be attributed
to soil low stress levels (Schneider et al., 2020).
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4.5

Penetrometer resistance interpretation

Due to the relatively small volume of the T-bar penetrometer, the buoyancy contribution
of resistance measured by the T-bar load cell is negligible (Stewart & Randolph, 1994),
while for the piezoball penetrometer the measured resistance requires correction. The
total resistance measured by the load cell, Ft comprises soil (Fbs) and water (Fbw)
buoyancy due to slight variations in acceleration levels with penetration depth, the
geotechnical resistance of the soil (Fs) as well as the changing weight of the piezoball as
it moves radially within the centrifuge gravitational field (Fr). Accordingly, the resistance
arising from the soil strength is calculated as:
Fs = Ft - fb × Fbs - Fbw - Fr

(4-6)

To account for enhanced buoyancy due to soil heave at shallow embedment, Fbs is
augmented by a factor fb. This was taken as 1.5 at the mudline, decreasing linearly to 1.0
when a deep (full-flow) soil failure mechanism is generated, which was estimated to occur
at ball invert depths of 1.9D, 2.3D and 5.6D for soil OCR values of 1, 2 and 10
respectively (Merifield et al., 2009; White et al., 2010). The interpreted geotechnical soil
resistance for T-bar and piezoball are further taken as qT-bar = Fs/(LTDT) and qPball =
4Fs/π𝐷B2 respectively in the paper unless otherwise stated.
4.6

Twitch test results

Results of the nominal shear strength qT-bar/NT-bar versus prototype depth z for T-bar twitch
tests for each OCR value of 1, 2 and 10 are shown in Figure 4-6a, 6b and 6c respectively.
The penetration rate spanned three orders of magnitude changes ranging from v = 3 mm/s
(V ~ 146 – 375 for OCR 1 – 10) to v = 0.003 mm/s (V ~ 0.03 – 0.1 for OCR 1 – 10). These
span undrained to drained conditions based on the outcomes from previous studies (House
et al., 2001; Randolph & Hope, 2004; Randolph, 2016; Chow et al., 2019). For the twitch
tests, the T-bar was first penetrated to a depth of 3DT under undrained conditions, after
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which three successive decreases in v were applied, each followed by further penetration
of 3DT, which was considered sufficient to reach steady penetration conditions (Randolph
& Hope, 2004). After these stages, v reverted to the undrained value (3 mm/s) in order to
assess the post-twitch break-through resistance. This was followed by 15 cycles to fully
remould the soil before final extraction. The cyclic test also helps to assess any correction
of the load cell due to thermal or electrical drift (Randolph et al., 2007). The undrained
cyclic T-bar tests (as shown in Figure 4-3) are also shown in Figure 4-6, where the profile
of the undrained shear strength matches that measured during the undrained penetration
phases of the T-bar twitch tests. For all three OCR values, minimum resistances appeared
at v = 0.3 mm/s (V ~ 6.5 – 18.8 for OCR 1 – 10), and there was also a decreasing trend
with increasing OCR for the post-twitch break-through resistance, relative to the
monotonic penetration resistance, which is discussed later.
Figure 4-7 presents the normalised penetration resistance gradient kq/kq-un versus
normalised velocity v/vun, where kq is the best fit gradient of the resistance with depth in
the last 1DT for each successive penetration depth stage ensuring steady response and kqun

and vun the reference undrained resistance gradient for undrained conditions with vun =

3 mm/s (see Figure 4-3a). In all tests kq/kq-un increases as v/vun decreases from drained to
undrained conditions. The minimum kq/kq-un occurs at v/vun = 0.1, which suggests close to
undrained conditions but slightly reduced viscous effects, compared with penetration at
v/vun= 1.
The results also indicate that higher soil OCR values lead to a decrease in the drained
resistance ratio, which reduces from around 5 for OCR = 1 to ~3.6 and 1.9 for OCR values
of 2 and 10, respectively. This is linked with the enhanced dilatant properties of clay with
increasing OCR (Lehane et al., 2009; Suzuki, 2015). The same observation applies to the
post-twitch breakthrough ratios qbr/qun, which decreases from 1.7 and 2.9 for increasing
OCR 2 and 10 in contrast with that for OCR of 1.
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4.7

Long-term cyclic test results

Figure 4-8a, 8b and 8c present the nominal shear strength qT-bar/NT-bar versus prototype
depth z for the long-term cyclic T-bar tests in soil with OCRs of 1, 2 and 10 (see Table
4-1 and Figure 4-2b). Each test included two cyclic stages with two different displacement
ranges. Figures 9a and 9b present the nominal shear strength qPball/NPball - z profiles for
the long-term cyclic piezoball tests (see Table 4-1 and Figure 4-2) in soil with OCR of 1
(two cyclic stages in one test) and 10 (two tests each with on cyclic stage). The undrained
resistance profiles for each OCR value during monotonic penetration are included as a
reference in Figure 4-8 and Figure 4-9.
For both T-bar and piezoball tests with two cyclic stages, the post-cyclic resistance
profiles after stage a reverts to the reference monotonic penetration profiles within a
further penetration of ~3DT (or 3DB) in OCR =1 soil, after an initial higher breakthrough
resistance. By contrast the influence depth in OCR = 10 soil was ~6DT (Figure 4-8b).
These distances confirm that the separation depths between cyclic stages were large
enough to avoid any overlapping cyclic influence between them. For clarity, selected
cycles (ranging from the initial cycle to the final cycle) are highlighted within each longterm cyclic test. The evolution of soil cyclic resistance for different values of OCR and
cyclic displacement range are discussed below.
Figure 4-10 further shows values of break-through resistance ratio qbr/qun (marked out in
Figure 4-8 and Figure 4-9) during post-cyclic penetration in comparison with
corresponding ratios from post-twitch T-bar tests (see Figure 4-7) for all OCRs. The
break-through ratios for post-cyclic penetration shows a clear decreasing trend with
increasing OCR, just as for the twitch tests, but the post-cyclic ratios are all slightly larger
than the post-twitch ratios. This suggests that long-term cyclic tests result in a larger
influence zone (of re-consolidated partially remoulded soil) below the penetrometer
invert compared to twitch tests.
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The resistance change qs for any change in normalised depths z/D during ‘unloading’
(extraction - see Figure 4-11) or the ensuing ‘reloading’ (penetration) phase for a
particular cycle N can be quantified using the secant stiffness ksec, defined as:
𝑘sec =

Δ𝑞s

(4-7)

Δ𝑧/𝐷

where Δqs and ∆z/D are as indicated in Figure 4-11.
Following Aubeny et al. (2008), ksec can be non-dimensionalised by the pipe resistance
(during the first penetration phase) at the initial load reversal point, qs0 (see Figure 4-11),
giving:
Ksec =

𝑘sec

(4-8)

𝑞s0

Figure 4-12a, 12b and 12c present the unloading Ksec values for the cyclic T-bar tests in
soil with uniform OCR values of 1, 2 and 10, respectively. Corresponding trends for Ksec
for the cyclic piezoball tests are shown in Figure 4-13a and 13b for OCR values of 1 and
10, respectively. For clarity, only Ksec values calculated from the 1st, 10th, 100th and final
cycles are presented from the qs profiles highlighted in Figure 4-8 and Figure 4-9. Figure
4-12 and Figure 4-13 show that, for any displacement range ∆z/D, Ksec values are lowest
at 100 cycles due to soil remoulding, after which the values increase because of the effects
of reconsolidation. Although the general trends are similar for each OCR, the magnitude
of Ksec increase reduces slightly as OCR increases from 1 to 10.
4.7.1

OCR effects

The complete evolution of the unloading Ksec at displacement ∆z/D = 0.02 is shown as a
function of cycle number in Figure 4-14 for peak-to-peak ∆zmax/DT ranges of 0.05 (T-bar,
Figure 4-14a) and ∆zmax/DB of 0.02 (piezoball, Figure 4-14b). For cyclic tests with a
greater overall range of ∆z/D, Ksec was evaluated within the cycle at the relevant
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displacement range. The trends of Ksec are evidently affected by the soil overconsolidation
ratio, with OCR values of 1, 2 and 10 from the tests considered here, together with data
for OCR = 200 (Hou et al., 2021b).
Values of Ksec from the T-bar and piezoball tests show similar patterns of reduction during
remoulding up to around 100 cycles. After that, Ksec starts to increase (apart from for OCR
= 200) due to reconsolidation, with the magnitude of increase being more pronounced the
lower the OCR. Steady state values of Ksec were reached for OCR = 2 and 10, but not for
OCR = 1 due to limited cycling time. These findings are consistent with previous results
observed both in 1g tests (Clukey et al., 2005; Aubeny et al., 2015) and centrifuge tests
with complex soil OCR profiles (Hou et al., 2021a). Furthermore, the unloading Ksec
values for the piezoball tests, where the displacement range ∆z/D was smaller, are
generally ~2 to 3 times larger than for the T-bar tests. This may be attributed partly due
to the difference in ∆z/D and partly due to differences in the strain fields around each
penetrometer (Zhou & Randolph, 2009).
A normalised version of Figure 4-14 is shown in Figure 4-15. The secant unloading
stiffness is normalised as Ksec/Ksec0, with Ksec0 the value for the first cycle, and the cycle
number is replaced by the normalised elapsed time T (where T = cht/D2). The coefficients
of consolidation (ch), from the previous CPTu results were taken as ~0.06, 0.14 and 0.19
mm2/s (2, 4.4 and 5.9 m2/yr) for tests in soil with OCR of 1, 2 and 10, respectively. The
ch for OCR of 200 at 1g was taken as 0.08 mm2/s (2.6 m2/yr) at the test depth (Hou et al.,
2021b).
The initial degradation trends for OCR = 1 and 2 overlay each other, and all the tests show
similar minima with the secant stiffness reducing to about 40% of the initial value,
consistent with the soil sensitivity of ~2.4 – 2.5 for lightly overconsolidated conditions.
By contrast, the curves diverge during reconsolidation, with final normalised
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reconsolidated Ksec ratios for the T-bar tests (Figure 4-15a) ranging from 2 or more (still
rising when the test was terminated) for OCR = 1 down to steady values of 1.7, 0.6 and
0.3 as the soil OCR increases from 2 to 200. Corresponding final values for the piezoball
tests (Figure 4-15b) were 2.4, and 0.8 for OCR values of 1 and 10.
4.7.2

Analogy of OCR effects on cyclic reconsolidation with soil drained behaviour

Figure 4-16 shows a summary of steady (when achieved) reconsolidation ratios as a
function of OCR, with reconsolidated values of resistance and unloading stiffness
normalised by the corresponding minimum ‘remoulded’ values, i.e. qcons/qrem and Kseccons/Ksec-rem.

The trends are clear, with increasing OCR tending to reduce the increase in

reconsolidation ratio, consistent with the decreasing potential for volumetric compression
for soil on the dry side of the critical state. Values of qdr/qun (where qdr and qun are drained
and undrained penetration resistance, respectively) from twitch tests reported by Lehane
et al. (2009) are also shown and are consistent with the current data. Similarly values of
Ksec-cons/Ksec-rem from pipe segment tests (Hou et al. 2021c) show reasonable consistency
although fall slightly below the current penetrometer test data for low OCR, possibly due
to the effects of water entrainment in the tests.
Considering the change in vertical effective stress from initial to failure conditions, and
allowing for the soil sensitivity (St), a simple theoretical equation based on Original Cam
Clay (OCC) for estimating reconsolidation ratios may be derived as (e/OCR)Λ over initial
state and St(e/OCR)Λ over remoulded state, with e the natural exponential and Λ the
plastic volume ratio (see Table 4-2). The theoretical curve appears to fit reasonably the
experimental data for low OCR, although giving progressively underestimation for OCR
greater than about 3.
The range of Ksec-cons/Ksec-rem and qcons/qrem values for different OCR in Figure 4-16 are
approximately within the range of kq-dr/kq-un and qdr/qun from T-bar twitch tests, where kq4-15
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dr

and kq-un are presented in Figure 4-7, qun is the reference undrained resistance at vun = 3

mm/s and qdr is the drained resistance extracted at the end of the twitch test at vdr = 0.003
mm/s (see Figure 4-6). This shows the potential analogy between ratios of drained limit
over undrained limit measured from T-bar twitch tests for any given OCR and ratios of
the reconsolidated soil resistance to the remoulded soil resistance in sustained cyclic
penetrometer tests.
4.7.3

Cyclic displacement amplitude effects

Evolution of the unloading Ksec normalised with the initial stiffness, Ksec0 (truncated at an
unloading displacement ∆z/D = 0.02) versus dimensionless time T are presented in Figure
4-17 for T-bar and piezoball tests, each covering two different cyclic peak-to-peak
displacement ranges (0.05DT and 4DT (for the T-bar), and 0.02DB and 1DB (for the ball)).
Comparison of the small and large amplitude cyclic tests shows consistent trends of
delayed reconsolidation for the high amplitude tests, even after allowing for the higher
coefficient of consolidation in the latter (deeper) tests (see Figure 4-5). This may be
attributed to the large zone of remoulded soil, and hence long drainage path, associated
with the larger displacement amplitude cyclic tests. This slows the dissipation of excess
pore pressure in the soil around the penetrometer for the large displacement amplitude
cyclic test. The final steady increase of normalised unloading Ksec-cons/Ksec0 shows a
decreasing tendency for soil hardening as the peak-to-peak cyclic displacement range
increases from 0.05DT to 4DT for the T-bar tests and 0.02DB to 1DB for the piezoball tests.
Figure 4-18 further shows the summary of final increase ratios of steady reconsolidated
Ksec-cons relative to the initial Ksec0 for both cyclic T-bar and piezoball tests for the various
OCR conditions, as a function of the cyclic displacement range. It is evident that the
normalised reconsolidated secant stiffness values decrease steadily with increasing cyclic
displacement range. Largely independent of the OCR, the final increasing ratios for a
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cyclic displacement range of 4D are about 60 to 70% of those for cyclic displacement
ranges less than 0.05D.
This may result from the larger failure mechanism for the high amplitude cycles, with soil
tending to flow around the penetrometer (Randolph & Houlsby, 1984; Randolph et al.,
1998), compared with much lower shear strain levels for low amplitude cycles. The extent
of compaction beneath the penetrometer tip at the extremes of each low amplitude cycle
may also contribute to the higher long-term stiffness. This mechanism may be similar to
that observed in soil element testing, where previous studies of the microscopic
characteristics of soft marine clay fabric deformation during cyclic loading, based on
scanning electron microscopy (SEM), have indicated compaction of void spaces at low
cyclic stress ratios (Lei et al., 2020).
4.8

Conclusions

The influence of different uniform overconsolidation ratios (OCRs) and cyclic
displacement amplitudes on the evolution of soil strength and stiffness have been
investigated through a series of long-term displacement-controlled cyclic tests in a
centrifuge, using full-flow T-bar and piezoball penetrometers. The objective of the study
was to understand soil behaviour and evaluate soil strength and stiffness evolution from
penetrometer tests as a surrogate for the behaviour of subsea infrastructure such as steel
catenary risers.
Key findings from the experimental results are as follows.


Tests in soil with different OCRs reveal that higher OCR leads to lower long-term
reconsolidated stiffness values. The set of tests in kaolin clay gave reconsolidated
steady-state Ksec values that were 2.4 to 0.3 times the initial Ksec, for OCR ranging
from 1 down to 10.
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A simplified equation based on critical state theory and results from T-bar twitch
tests can provide reasonable prediction of soil stiffness increase due to
reconsolidation after sustained cyclic penetrometer tests as a function of the soil
OCR.



Increasing peak to peak range of cyclic displacement, from 2% of the
penetrometer diameter up to four times the diameter, tended to delay
reconsolidation of the soil. This is attributed to longer drainage paths to intact soil.
The magnitudes of remoulded soil stiffness and long-term steady reconsolidated
soil stiffness were also reduced for tests with large cyclic amplitude compared to
those with smaller amplitude.

These findings reveal the influence of the OCR and cyclic displacement amplitude on the
long-term soil strength and stiffness, which needs to be considered in practical assessment
of design parameters for seabed sediments supporting subsea infrastructures. This study
provides suggested ranges of reconsolidated soil stiffness, for the particular model soil
(kaolin), and gives useful guidance on the effects of different cyclic amplitudes on
seabeds that show different OCRs with depth due to the presence of a crust, such as
sediments offshore West Africa in the Gulf of Guinea, Gulf of Mexico and on the North
West Shelf of Australia. It presents a rigorous testing method that may be used for natural
soils (using T-bar tests on box core samples for instance) to evaluate change in soil
strength and stiffness for design.
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4.11 Notation
g

Gravitational acceleration level near Earth surface

w & '

Unit weight of water and unit effective weight of soil

t, T & T*

Testing time, dimensionless time factor and modified time factor

cv and ch

Vertical and horizontal coefficient of consolidation

v & vo

Vertical effective stress & Initial vertical effective stress

su

Soil undrained shear strength

NT-bar

Bearing factor of T-bar

𝛬

Plastic volumetric ratio

OCR

Overconsolidation ratio

(su/σ'v0)nc

Normally consolidated undrained strength ratio

e & e0

Void ratio & In-situ void ratio

G

Shear Modulus

K0

Coefficient of earth pressure at rest

𝛷′

Friction angle

p

Mean effective stress
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Ir

Rigidity index

PPT

Pore pressure transducer

D&L

Model penetrometer diameter and length

R

Piezocone radius

St

Soil sensitivity

z

Prototype depth

ksec, Ksec

Secant stiffness and normalised secant stiffness

f, Kmax

Fitting parameters for unloading secant stiffness value

qT-bar

Soil resistance measured by T-bar

qPball

Soil resistance measured by piezoball

NPball

Bearing factor of piezoball

Fs

Deduced soil resistance from soil strength

Fbs

Soil buoyancy resistance

Fbw

Water buoyancy resistance

Fr

Force from changing centrifuge gravitational field

fb

Heave effects correction factor

κ

Unload-reload line slope

λ

Slope of the normal consolidation line or the critical state line

v

Specific volume
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Figure 4-1 Illustration for (a) T-bar (b) piezoball (c) piezocone
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Figure 4-2 Time series of test procedures for penetrometer tests (a) in the form of two
stages with different cyclic displacement ranges (b) in the form of a single stage at
uniform cyclic displacement ranges
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Figure 4-3 Profiles for (a) undrained shear strength (bearing factor NT-bar = 10.5) (b)
absolute values of extracted su at z = 1.3 m (c) normalised values of extracted su-cyc/su-i at
z = 1.3 m (after Hou et al., 2021c)
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Figure 4-4 Normalised dissipation curves for dissipation tests in all testing depths and soil
states (after Hou et al., 2021c)
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Figure 4-5 Summary of coefficients of consolidation (after Hou et al., 2021c)
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Figure 4-6 Penetration soil resistance profiles for T-bar twitch tests at (a) OCR = 1 (b)
OCR = 2 (c) OCR = 10
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Figure 4-7 Comparison of normalised penetration resistance due to rate effects in different
soil OCR

(To be continued in following page)
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Figure 4-8 Profiles for nominal shear strength (qT-bar/NT-bar) of T-bar versus prototype
penetration depth (z) for long-term cyclic T-bar tests with two stages (with peak-to-peak
displacement ranges Δzmax/DT = 0.05 and Δzmax/DT = 4) in uniform soil (a) OCR = 1 (b)
OCR = 2 (c) OCR = 10
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Figure 4-9 Profiles for nominal shear strength (qPball/NPball) of piezoball versus prototype
penetration depth (z) for long-term cyclic piezoball tests with peak-to-peak displacement
ranges Δzmax/DB = 0.02 and Δzmax/DB = 1 in uniform soil (a) OCR = 1 (b) OCR = 10

4-37

Changing soil strength and stiffness during pipe-soil interaction at the touch down zone

Figure 4-10 Summary of normalised post-cyclic breakthrough ratios qbr/qun after longterm cyclic penetrometer tests versus different cyclic displacement ranges Δzmax/D,
comparing with post-twitch breakthrough ratios in T-bar twitch tests
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Figure 4-11 Illustration for soil secant stiffness calculation (redrawn after Hou et al.,
2021a)
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Figure 4-12 Profiles of unloading Ksec versus displacement Δz/DT profiles for long-term
cyclic T-bar tests in both low (Δzmax/DT = 0.05) and high (Δzmax/DT = 4) displacement
range tests at (a) OCR = 1 (b) OCR = 2 (c) OCR = 10
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Figure 4-13 Profiles of unloading Ksec versus displacement Δz/DB profiles for long-term
cyclic piezoball tests in both low (Δzmax/DB = 0.02) and high (Δzmax/DB = 1) displacement
range tests at (a) OCR = 1 (b) OCR = 10
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Figure 4-14 OCR effects demonstrated (a) by unloading Ksec at Δz/DT = 0.02 versus cycles
for cyclic T-bar tests at peak-to-peak displacement range Δzmax/DT = 0.05DT, in soil OCR
1, 2, 10 and 200 (b) by unloading Ksec at Δz/DB = 0.02 versus cycles for cyclic piezoball
tests at displacement range Δzmax/DB = 0.02, in soil OCR 1 and 10
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Figure 4-15 OCR effects demonstrated (a) by normalised unloading Ksec/Ksec0 at Δz/DT =
0.02 versus dimensionless time T for cyclic T-bar tests at displacement range Δzmax/DT =
0.05, in soil OCR equal to 1, 2, 10 and 200 (b) by normalised unloading Ksec/Ksec0 at Δz/DB
= 0.02 versus dimensionless time T for cyclic piezoball tests at displacement range
Δzmax/DB = 0.02, in soil OCR equal to 1 and 10
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Figure 4-16 Summary of steady increase ratios with different soil OCRs in cyclic high
displacement range penetrometer tests (Δzmax/DT = 4 for T-bar and Δzmax/DB = 1 for
piezoball)
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Figure 4-17 Amplitude effects demonstrated by normalised unloading Ksec/Ksec0 at Δz/D
= 0.02 versus dimensionless time T, for both T-bar (Δzmax/DT = 0.05 and 4) and piezoball
tests (Δzmax/DB = 0.02 and 1) in (a) OCR = 1 (b) OCR = 2 (c) OCR = 10
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Figure 4-18 Summary of Ksec increasing ratios (defined by steady soil Ksec-cons after
reconsolidation versus initial Ksec0) with different cyclic displacement ranges Δzmax/D in
penetrometer tests
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Table 4-1 Summary information of T-bar and piezoball test programme
Penetrometer OCR

Test ID
T1a-0.05D

Test type

Cyclic rate

Cycles

Test depth Cyclic displacement

Test time

w/D (-)

range Δzmax/D (-)

(hrs)

v (mm/s)

vD/ch (-)

1

49

14400

7.4

0.05

~2

1

25

180

19.5

4

~2

1

23

57600

8

0.05

~8

1

14

720

20

4

~8

1

16

57600

8

0.05

~8

1

10

720

20

4

~8

0.2

36

8000

2

0.02

~9

3

305

3000

5

1

~ 11

T-bar

1

T-bar

2

T-bar

10

Piezoball

1

Piezoball

10

B2-0.02D

1 stage

0.2

10

8000

3.4

0.02

~9

Piezoball

10

B3-1D

1 stage

3

111

3000

3.4

1

~ 11

T1b-4D
T2a-0.05D
T2b-4D
T3a-0.05D
T3b-4D
B1a-0.02D
B1b-1D

2 stages

2 stages

2 stages

2 stages
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Table 4-2 Properties of kaolin clay
Description
Specific gravity
Liquid limit
Plastic limit
Poisson ratio
Internal friction angle: degrees
Normally consolidation strength ratio
Plastic volumetric strain ratio

Parameter
Gs
LL
PL
v
Φ'
(su/σ'v0)nc
Λ
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Value
2.6
61
27
0.3
23°
0.16
0.85

Reference

Stewart, (1992)

T-bar results
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Abstract
The assessment of soil strength variations under cyclic loading is a governing factor for
the design of various subsea infrastructure that can be characterised through full-flow
penetrometer tests. Previous penetrometer cyclic tests have shown that the soil strength
may recover after the initial softening due to reconsolidation. These tests were carried out
in normally consolidated or lightly overconsolidated soils and have focused on largedisplacement cyclic amplitude effects. In contrast, the long-term soil strength evolution
for highly overconsolidated soils under different cyclic displacement amplitudes, has
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been less investigated and is therefore poorly understood. This paper describes a series of
T-bar penetrometer tests at cyclic displacement amplitudes ranging from 0.05 – 4 T-bar
diameters in heavily overconsolidated clays (OCR = 200). Significant differences in the
response of heavily overconsolidated soils during reconsolidation were demonstrated in
comparison to normally consolidated and lightly overconsolidated soils. The magnitude
of the soil steady-state strength after reconsolidation was further influenced by the cyclic
displacement amplitude.

5.1

Introduction

Full-flow penetrometers, including T-bar and ball penetrometers, are extensively used,
both in laboratory tests and offshore site investigations, to characterise the intact and
remoulded strength of soft soils (Stewart & Randolph, 1991, 1994; Randolph et al., 1998;
Chung & Randolph, 2004; Low et al., 2010). The remoulded soil strength is commonly
used for design where large deformations are anticipated (e.g. pipeline embedment
assessment), as the basis to evaluate the degree of seabed softening due to cycles of
environmental and operational loading (DNV GL AS, 2017).
Practical design charts for the effects of pre-peak cyclic loading have been derived from
cyclic triaxial and simple shear tests (Andersen et al., 1980; Andersen, 2004). However,
here the focus is more on large-strain plastic evolution of the soil to a fully remoulded
state, such as occurs in cyclic penetrometer tests (Lunne et al., 2011). Studies with cyclic
loading sustained for extended periods in normally consolidated and lightly
overconsolidated soil revealed soil strength recovery, due to gradual dissipation of excess
pore pressures (Hodder et al., 2009; Sahdi et al., 2017; ; Yuan et al., 2017; O’Loughlin
et al., 2019; Hou et al., 2021a; Sahdi et al., 2021a). Analytical frameworks, based on
critical state principles were also developed to predict the long-term strength increase due
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to both remoulding and reconsolidation (Hodder et al., 2013; Zhou et al., 2020a; Zhou et
al., 2020b).
In practice, surficial clay can exhibit heavily overconsolidated properties in the upper
metre of so of the seabed (Kjekstad et al., 1978; Quirós & Little, 2003; Colliat et al.,
2011); the influence of this on the long-term gain in stiffness after reconsolidation is not
well understood. In addition, the influence on long-term reconsolidation of different
magnitudes of subsea infrastructure motion, resulting from operational environmental
loading (Bridge & Howells, 2007; Lahey et al., 2013; Kim & Kim, 2015), needs to be
addressed. These aspects were investigated by Hou et al. (2021b) for OCR values of 1,
2and 10. Results revealed trends whereby higher OCRs and larger cyclic displacement
amplitudes led to lower increases in long-term strength and stiffness after reconsolidation.
This paper extends the previous outcomes to highly overconsolidated soil with OCR =
200, through a series of cyclic T-bar tests at single gravity (e.g. 1g) encompassing a range
of cyclic displacement amplitude. The T-bar tests, which have the advantage of relatively
fast consolidation due to its small size, were aimed at characterising long-term soil
strength and stiffness. The outcomes may then be applied to the response of large diameter
pipe segments and steel catenary risers, for assessment of their behaviour under
operational motions within the touchdown zone.
5.2
5.2.1

Experimental programme
Equipment

The tests were performed on the laboratory floor, in natural gravity conditions, at the
Centre for Offshore Foundation Systems (COFS), of the University of Western Australia
(UWA). The 2-dimensional actuator and PACS2 system developed at UWA were used to
provide controlled vertical motions of the model penetrometer in the tests. All test data
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were obtained using the in-house LabView based software, DigiDaq (Gaudin et al.,
2009a).
A T-bar penetrometer (Stewart & Randolph, 1994), 5 mm in diameter and 20 mm long
illustrated in Figure 5-1a, was used primarily for the testing. A piezocone penetrometer,
10 mm in diameter as in Figure 5-1b, and equipped with a pore pressure transducer at the
shoulder, was used for dissipation tests following penetration (CPTu). Values of the
coefficient of consolidation of the soil sample were then evaluated at different depths
(Teh & Houlsby, 1991). As is customary, the resulting coefficient of consolidation is
referred to as ch in view of the nominally horizontal (radial) pore fluid flow in such a test.
5.2.2

Soil sample preparation

The test sample was prepared in a strongbox with dimension of 650 mm long by 390 mm
wide and 325 mm high. Thoroughly mixed kaolin slurry at a targeted water content of
120% (around twice the liquid limit) was placed over 15 mm thick fully saturated coarse
drainage sand layer, separated by a geotextile layer. The kaolin sample was first normally
consolidated at a centrifuge acceleration of 200g, where primary consolidation was
ascertained by monitoring the undrained soil strength evolution through T-bar tests. The
soil sample was then left swelling on the laboratory floor for 7 days, resulting in a uniform
overconsolidation ratio (OCR) of 200. No free water table was maintained above the soil
sample surface to avoid the influence of latent water entrainment. The sample was instead
covered with saturated geotextile to prevent evaporation and drying.
5.2.3

Penetrometer test programme

A series of penetrometer tests was carried out in kaolin sample with OCR = 200 as
detailed in Table 5-1. Two short-term cyclic T-bar tests were performed, before and after
the main test programme, to characterise the soil strength profile and sensitivity
properties. Consolidation effects on soil resistance were investigated by conducting a T5-4
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bar twitch test with gradually reducing penetration rate of the T-bar over three orders of
magnitude. To compare the reconsolidation effects on soil resistance in heavily
overconsolidated soil with that of normally consolidated and lightly overconsolidated
soil, episodic cyclic tests were carried out, incorporating five cyclic loading episodes
interspersed with rest periods.
Six long-term cyclic T-bar tests were conducted until steady soil resistance was reached,
to investigate the influence on long-term soil strength evolution due to varying
magnitudes of cyclic displacement amplitude, as detailed in Table 5-1 and illustrated in
Figure 5-2. The magnitudes of cyclic ∆zmax/D spanned 2 orders from 0.05 to 4. For clarity,
the long-term cyclic test is labelled in the form T-iiD, where: T refers to a T-bar test; iiD
represents cyclic displacement range (peak-to-peak, i.e. twice the cyclic displacement
amplitude) in terms of the T-bar diameter D. For example, T-0.05D signifies a long-term
cyclic T-bar test with cyclic peak-to-peak displacement range of Δzmax/D = 0.05. Longterm cyclic T-bar tests were performed at the same velocity v = 1 mm/s, ensuring
undrained loading conditions (see Table 5-1).
In addition, piezocone dissipation tests were conducted to characterise coefficients of
consolidation at different depths in the soil sample. After all the tests were completed,
soil sample cores were extracted immediately from the undisturbed soil sample area to
provide the extra water content information.
5.3

Sample undrained shear strength

The undrained shear strength (su) and sensitivity of the soil sample were measured
through two short-term cyclic T-bar tests, where the penetration rate for the T-bar
penetrometer was set at 3 mm/s to ensure undrained conditions (see Table 5-1). Figure
5-3a presents the undrained shear strength profiles from two T-bar tests, based on a
bearing factor NT-bar of 10.5 (Stewart & Randolph, 1994). The two su profiles from T-bar5-5
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01 and T-bar-02 are broadly similar, demonstrating the spatial and temporal homogeneity
of the soil sample.
The best-fit linear strength gradient is ~110 kPa/m for the su profiles in the soil sample
with uniform OCR of 200. The su profiles are in agreement with (Wroth, 1984):
′
𝑠u = (𝑠u /𝜎v0
)nc OCR𝛬 𝛾 ′ 𝑧

(5-1)

′
where 𝛾 ′ is the soil unit effective weight, z is the sample depth, (𝑠u /𝜎v0
)nc and Λ are the

normally consolidated strength ratio and plastic volumetric ratio respectively. The
average 𝛾 ′ over sample depth for OCR = 200 was derived as 6.8 kN/m3 from the average
water content data obtained from extracted core samples after all tests were finished. The
′
best fit values of (𝑠u /𝜎v0
)nc and Λ parameters, which are consistent with typical values

for kaolin clay (Lehane et al., 2009), are given in Table 5-2.
Figure 5-3b presents the evolution of the degradation ratio su-cyc/su-ini extracted at the
normalised sample depth of z/D = 13. The sensitivity St, defined as the ratio of intact to
fully remoulded penetration resistance, taken here as broadly reflecting the change in
undrained shear strength, reached ~ 2.9, which is broadly consistent with values reported
previously for the same material (Stewart, 1992; Gaudin & White, 2009).
5.4

Coefficient of consolidation

The coefficient of consolidation ch was measured by miniature piezocone penetrometer
dissipation tests, which were performed at sample depths, z = 0.04, 0.065 and 0.115 m.
Figure 5-4 presents the variation of normalised excess pore pressure (Δu2/Δu2i) at the
shoulder position against modified time factor, T*. Initial values of excess pore pressure
Δu2i were back-extrapolated by the method proposed by Sully et al. (1999), which
accounts for the occurrence of an initial rise in excess pore pressure at the start of tests in
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overconsolidated soil. This is particularly relevant in high OCR soil, where strong
dilatancy can be expected.
The modified time factor, T*, is given by (Teh & Houlsby, 1991)
𝑇∗ =

𝑐h 𝑡

(5-2)

𝑅 2 √𝐼r

where R is the piezocone radius, and the soil rigidity index Ir calculated as G/su. Here, the
undrained shear strength su was taken from the T-bar results and the elastic shear modulus
G was estimated from the modified Cam Clay constitutive model as (Zytynski et al.,
1978):
𝐺=

3(1−2𝑣) 𝑝′ (1+𝑒)
2(1+𝑣)

(5-3)

𝜅

where v is the Poisson ratio, e is the void ratio, κ is the swelling line slope and p' is the
mean effective stress defined as
𝑝′ =

(1+2𝐾0 )
2

𝜎v′

(5-4)
′

where K0 is the coefficient of earth pressure at rest, equal to (1 − sin𝛷′ )OCRsin𝛷 (Mayne
& Kulhawy, 1982), and 𝛷′ is the soil friction angle. The calculated average Ir for soil
sample at OCR = 200 is ~ 5.1. This is reasonably low on account of the high soil OCR,
compared to that expected for normally consolidated soils of 75 to 200 (Mayne, 2001;
Krage et al., 2014).
Values of ch in each dissipation test were derived from the correlated values of T50 (time
factor for 50% dissipation of Δu2i) with the theoretical solution proposed (Teh & Houlsby,
1991). The evolution of ch with vertical effective stress, σ'v is summarised in Figure 5-5,
where the vertical coefficient of consolidation cv values from previous study (Richardson
et al., 2009), and the related empirical ch ~ 5.5cv values for OCR = 1 soil are also included
for comparison. The ch values for OCR = 200 are 1.4 – 3.7 times higher than that of OCR
= 1 soil inferred at similar stress levels, accounting for the increase of average effective
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stress increase and the change in soil compressibility from elastoplastic to more elastic
for soil with high OCR (Mahmoodzadeh et al., 2014; Wood, 2014; Schneider et al.,
2019).
At the low stress level (less than 1 kPa), measured ch values for OCR = 200 reduce with
increasing dissipation test depth and associated stress levels. This can be attributed to the
dominance of low void ratio and consequent reduced permeability, yet with limited stress
increase at 1g.
The average ch, at the stress level of the long-term cyclic testing depth (see Table 5-1), is
~2.6 m2/year (0.082 mm2/s), which is adopted for all further analysis.
5.5

T-bar twitch test in high soil OCR

The penetration resistance profile of the twitch test is presented in Figure 5-6, where the
T-bar was first penetrated to a depth of 4D under undrained conditions, followed by three
successive penetration displacement of 3D at decreasing velocity, v (thus V = vD/ch),
ensuring that steady-state penetration resistance has been reached (Randolph, 2016). The
penetration rate spanned three orders of magnitude, ranging from v = 3 mm/s (V ~ 180)
to v = 0.003 mm/s (V ~ 0.18), from undrained to essentially drained soil response (House
et al., 2001; Randolph & Hope, 2004; Chow et al., 2019). After the twitch test phase, the
T-bar was penetrated further to a depth of 27D, followed by 15 cycles of penetration and
extraction to fully remould the soil before final extraction. The monotonic strength
gradient (as shown in Figure 5-3a) is also presented in the figure, showing good
agreement with the undrained part of the twitch test at shallow depth.
Figure 5-7 presents the normalised penetration resistance gradient kq/kq-un versus v/vun in
the successive penetration stages, where kq is the T-bar resistance gradient with depth for
each subsequent penetration stage and kq-un and vun were chosen as the reference undrained
resistance gradient and velocity from the short term cyclic T-bar tests (performed at v =
5-8
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3 mm/s) as depicted in Figure 5-3a. Previous twitch test data in the same kaolin clay
consolidated to OCR = 1, 2 and 10 are included in Figure 5-7 for comparison (Hou et al.,
2021b). It is evident that higher sample OCR leads to a decrease of drained strength
gradient, where gradients become increasingly smaller by factors of 1.3, 2.7 and 4.4 times,
for OCR = 2, 10 and 200 respectively relative to that for OCR = 1.
For these four tests in soil with different OCRs, the minimum T-bar resistance appeared
at v = 0.3 mm/s (partially undrained V ~ 6.5 – 18.8 for OCR 1 – 200). The post-twitch
breakthrough q/qun ratios for tests with different OCRs are also plotted in Figure 5-7.
Similar to the twitch tests, the post-twitch breakthrough ratios also decrease by factors of
1.7, 2.9 to 3.2 times for increasing OCR of 2, 10 and 200 relative to that for OCR of 1.
The influence of OCR on the evolution of resistance from undrained to drained conditions
was discussed by Hou et al. (2021b). It suffices to say, here, that the trend for the OCR =
200 tests is consistent with those from the tests in soil with OCRs of 1 to 10.
5.6

T-bar episodic test in high soil OCR

The time history of normalised depth z/D for the episodic T-bar tests with five cyclic
loading episodes is presented in Figure 5-8a. The cyclic loading episodes were carried
out at a peak-to-peak displacement range Δzmax/D = 4 at a sample depth range of 15D to
19D. After each cyclic stage, the T-bar was penetrated further below the cyclic depth
range and maintained still at a depth of 24D during intermittent rest periods to avoid both
the influence of penetrometer periphery on soil reconsolidation in the cyclic area and
potential water entrainment. The consolidation periods lasted for 10 hrs at model scale,
which represents a dimensionless time T = cht/D2 ~ 119 achieving a consolidation degree
of 99.4% based on elastic soil response solution (Osman & Randolph, 2012).
Figure 5-8b presents the nominal shear strength profiles qT-bar/NT-bar with normalised
depth z/D of the episodic test, where the initial penetration profile of the episodic test
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agrees with the fitted monotonic undrained soil strength gradient of test T-bar-01 and Tbar-02 (see Figure 5-3a). Furthermore, the cyclic nominal shear strength profiles
continued to decrease from episode 1 to 5, in spite of the interspersed resting periods.
The cyclic variation ratio, qT-bar-cyc/qT-bar-ini, extracted at the mid cyclic depth 17D is shown
in Figure 5-9. Previous data of episodic test in Kaolin and Gulf of Mexico (GoM) soil
with different OCRs are plotted for comparisons. The observations are:


The cyclic resistance reduces within each episode due to remoulding. The ratio of
soil resistance in episode 1 reaches ~0.34, which is comparable to 1/St measured
in T-bar-01 and T-bar-02 (see Figure 5-3b).



From episode 1 to 5, the remoulded qT-bar-cyc/qT-bar-ini at the end of each episode
decreases continuously. The final qT-bar-end/qT-bar-ini in episode 5 reaches 0.08,
which is about 25% of the value of 0.34 for episode 1.



In comparison, remoulded qT-bar-cyc/qT-bar-ini at the end of each successive cyclic
episode increase by 1.2 and 2 times respectively, in reconstituted GoM soil with
OCR = 1 and Kaolin clay with OCR ~2.2 (Hodder et al., 2009; Sahdi et al.,
2021a). Furthermore in GoM with OCR of 10, the remoulded qT-bar-cyc/qT-bar-ini at
the end of each episode generally reached a steady value.

The trend of soil strength variation during episodic cyclic tests presents clear evidence of
a gradually reducing potential for soil resistance to increase during reconsolidation the
higher is the OCR. In reconsolidation periods of contractile soil (low OCR), the increase
in soil effective stress is accompanied by local reduction in the soil specific volume due
to the dissipation of positive excess pore pressure; this leads to significant soil strength
increase. By contrast in heavily overconsolidated dilatant soil, residual negative pore
pressures are expected to be generated during cyclic loading episodes. The dissipation of
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negative excess pore pressure in each rest period leads to an increase in soil specific
volume and thus subsequent decrease of remoulded soil strength in each cyclic stage.
5.7

Long-term cyclic test results

5.7.1

Long-term T-bar test results interpretation

Figure 5-10a – 10f present nominal shear strength qT-bar/NT-bar versus normalised depth
z/D profiles for the long-term cyclic T-bar tests conducted at different displacement
ranges zmax/D as detailed in Table 5-1 and Figure 5-2. For comparison purpose, selected
cycles are highlighted for each long-term cyclic loading test.
Due to the different displacement ranges, it is convenient to interpret the results in terms
of soil secant stiffness ksec:
Δ𝑞T−bar

𝑘sec =

(5-5)

Δ𝑧/𝐷

where ΔqT-bar (change of soil resistance) and ∆z/D (penetrometer displacement) are as
indicated in Figure 5-11. Following Aubeny et al. (2008), ksec can be further normalized
by the T-bar resistance (during the monotonic penetration phase) at the initial load
reversal point, qT-bar0 (see Figure 5-11), giving
k

Ksec = q sec

(5-6)

T-bar0

Figure 5-12a and 5-12b present unloading Ksec and reloading Ksec profiles respectively for
long-term cyclic T-bar tests at different cyclic amplitudes. For clarity, only Ksec calculated
from the 1st, 100th and final cycles are presented. The first cycles of unloading Ksec overlap
each other, indicating a consistent soil failure state during the first unloading cycle for
tests with different cyclic displacement ranges. In comparison, for the 1st cycle of
reloading, the Ksec values overlap for small cyclic ranges, but are evidently lower for the
test with peak-to-peak cyclic range ∆zmax/D = 4.
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Figure 5-12a and 5-12b further reveal that, for tests at any ∆zmax/D, Ksec reduces by the
100th cycle due to soil remoulding. The evolution of Ksec beyond the 100th cycle depends
on the displacement ranges. For tests with high cyclic displacement ranges (∆zmax/D =
0.3, 0.5 and 4), both unloading and reloading Ksec values at the final cycles exhibit
significant reduction compared to those of low displacement ranges (∆zmax/D = 0.05, 0.2
and 0.25), which remain relatively steady after the initial 100 cycles.
5.7.2

Cyclic displacement amplitude effects

The complete evolution of the unloading Ksec for a specific unloading displacement of
∆z/D = 0.05 (extracted Figure 5-12a) is plotted against cycle number N in Figure 5-13a,
for all long-term T-bar tests with ∆zmax/D ranging from 0.05 to 4. For completeness, the
evolution of the normalised unloading Ksec-N/Ksec-ini (Ksec-N and Ksec-ini are the Ksec values
at the Nth and 1st cycle of each test) is shown in Figure 5-13b as a function of
dimensionless time T (where T = cht/D2).
All tests exhibit a similar trend of reduction in Ksec with cycle numbers, up to about 500
cycles. After 20 cycles, the normalised values of Ksec-ini/Ksec-cyc20 range from 2.1 – 2.9.
This is comparable with the soil sensitivity measured in short term cyclic tests T-bar-01
and 02 (see Figure 5-3b) though with a relatively ~30% smaller value for low amplitude
test (comparing T-0.05-LT with T-4-LT) due to less accumulated shear strain.
From 500 cycles, the evolution of stiffness diverges as a function of the displacement
ranges. For the low peak-to-peak range (∆zmax/D = 0.05) test, the final Ksec-end increases
slightly up to ~1.2 times the remoulded value (Ksec-500) at the 500th cycle. In contrast for
tests with ∆zmax/D = 0.2 and 0.25, Ksec remains relatively constant after the minimum
value reached at the 500th cycle. For tests with high displacement ranges (∆zmax/D = 0.3,
0.5 and 4), Ksec keeps decreasing to the final cycle. The trends are consistent in
dimensionless time scale as shown in Figure 5-13b. These three tests showed consistent
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decreasing rate of ~610-4 per ∆T = 1, from T ~ 50 to the end, with a final Ksec-end/Ksec-ini
of around 0.15 yet still not reaching a steady plateau. There is no reason to suggest that
the lower number of cycles applied in the test with ∆zmax/D = 4 is the cause for no increase
in Ksec in the later stages of the test, as confirmed by: i) no Ksec increase for ∆zmax/D = 0.3
and 0.5 tests even with greater numbers of cycles; ii) the same maximum dimensionless
time was reached for the high amplitude tests.
Figure 5-14a summaries the decrease of Ksec-end/Ksec-ini with increasing cyclic
displacement ranges. An analytically framework (Sahdi et al, 2021b) based on critical
state soil mechanics, accounting for the soil stress histories (OCR = 200) and soil
parameters (see Table 5-2) in this study, leads to a ratio of ~0.15 for the final ratio of
steady state to initial soil strength. The ratio is generally consistent with Ksec-end/Ksec-ini for
the high displacement range tests, where ∆zmax/D ranges from 0.3, 0.5 to 4.
The study has indicated ~2.2 times higher values of Ksec-end/Ksec-ini for the low
displacement range test with ∆zmax/D = 0.05, compared with those for ∆zmax/D ranging
from 0.3, 0.5 to 4. Moreover, Figure 5-14b shows variation of Ksec-end/Ksec-T=1, where KsecT=1 refers

to Ksec at T = 1 representing remoulded soil states, for cyclic T-bar tests of any

cyclic displacement range. A transition zone around ∆zmax/D = 0.2 and 0.25 appears,
below which there is slight increase of Ksec and above which the Ksec shows consistent
decreasing trend. This may result from the change of failure mechanism between high
amplitude tests, where soil full-flow happens around the penetrometer (Randolph &
Houlsby, 1984; Randolph et al., 1998), and low amplitude tests, where stress
concentration below the penetrometer invert leads to soil compaction (Lei et al., 2020).
The influence of cyclic displacement ranges on variations of final steady soil stiffness in
heavily overconsolidated soil is consistent with previous results in normally consolidated
and slightly overconsolidated soil (Hou et al., 2021b).
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5.8

Conclusions

This paper has provided insights into the soil behaviour in a heavily overconsolidated
state for long-term cyclic penetration tests of different cyclic displacement ranges. The
influence of the high overconsolidation on the effects of (re)consolidation was
investigated by a twitch test and episodic cyclic tests. The influence of different cyclic
displacement ranges on the evolution of soil stiffness was investigated in different cyclic
tests.
Key findings from the experimental results are as follows.


Tests in the heavily overconsolidated soil sample revealed that extremely high soil
OCR leads to a lower soil drained resistance and a continuous degradation of the
remoulded soil shear strength during reconsolidation due to the continuous
increase in soil specific volume. This is in contrast with observations in normally
consolidated and lightly overconsolidated soils, where reconsolidation leads to
strength increase beyond the fully remoulded strength. Consequently, the final
remoulded strength in heavily overconsolidated soil is lower than that derived
using typical values of soil sensitivity. As such, the sensitivity of high OCR clay
is greater than that of lightly overconsolidated clay.



The series of long-term cyclic T-bar test results revealed that an increase in cyclic
displacement range leads to a decrease in the final steady state soil stiffness. The
threshold at which this is observed is around 0.2 – 0.25D, below which the final
stiffness increases slightly compared with the fully remoulded value.

These findings are relevant for the design of subsea infrastructure, in particular steel
catenary risers in heavily overconsolidated sediments, for example where a strong crust
exists or the geological history has led to high shear strengths at shallow depth. For such
cases, the long-term steady reconsolidated soil stiffness and strength, which are lower
5-14
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than on initial soil remoulding, are more appropriate for whole-life design of the
infrastructure.
5.9
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5.11 Notation
g

Gravitational acceleration level near Earth surface

z

Prototype soil depth from soil surface

w & '

Unit weight of water and unit effective weight of soil
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t, T & T*

Testing time, dimensionless time factor and modified time factor

cv and ch

Vertical and horizontal coefficient of consolidation

v & vo

Vertical effective stress & Initial vertical effective stress

su

Soil undrained shear strength

NT-bar

Bearing factor of T-bar

Λ

Plastic volumetric ratio

OCR

Overconsolidation ratio

(su/σ'v0)nc

Normally consolidated undrained strength ratio

e & e0

Void ratio & In-situ void ratio

G

Shear Modulus

K0

Coefficient of earth pressure at rest

𝛷′

Friction angle

p

Mean effective stress

Ir

Rigidity index

PPT

Pore pressure transducer

D&L

Model T-bar diameter and length

R

Piezocone radius

St

Soil sensitivity

ksec, Ksec

Secant soil stiffness and normalised secant soil stiffness

f, Kmax

Fitting parameters for unloading secant stiffness value
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qT-bar

Soil resistance measured by T-bar

κ

Unload-reload line slope

λ

Slope of the normal consolidation line or the critical state line

v

Specific volume
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Figure 5-1 Illustration for (a) T-bar (b) piezocone (redrawn after Hou et al., 2021b)

Figure 5-2 Profiles of test procedures for long-term cyclic T-bar tests
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Figure 5-3 Profiles for (a) undrained shear strength of the soil sample measured by T-bar
(bearing factor NT-bar = 10.5) (b) normalised values of strength degradation ratio defined
by su-cyc/su-ini at z/D = 13
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Figure 5-4 Normalised CPTu dissipation curves with modified time factor in all testing
depths

Figure 5-5 Coefficients of consolidation in soil sample different OCRs
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Figure 5-6 Profile of nominal shear strength qT-bar/NT-bar versus normalised depth z/D for
T-bar twitch tests in soil OCR = 200

Figure 5-7 Comparison of normalised gradients of T-bar resistance over undrained
reference value kq/kq-un due to rate effects among different soil OCR
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Figure 5-8 Profiles of episodic cyclic T-bar tests (a) for time histories of testing time in
hours versus normalised depth z/D (b) for nominal shear strength qT-bar/NT-bar versus
normalised depth z/D with five cyclic loading episodes interspersed with rest periods
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Figure 5-9 Profiles for normalised T-bar resistance variation ratio qTbar-cyc/qTbar-ini
evolution with cycle number N for episodic cyclic T-bar tests in different soil OCRs
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Figure 5-10 Profiles for nominal shear strength qT-bar/NT-bar versus normalised sample
depth z/D for long-term cyclic T-bar tests with different peak-to-peak cyclic displacement
range Δzmax/D of (a) 0.05 (b) 0.2 (c) 0.25 (d) 0.3 (e) 0.5 (f) 4
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Figure 5-11 Illustration for soil secant stiffness calculation (redrawn after Hou et al.,
2021)
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Figure 5-12 Profiles of (a) unloading Ksec (b) reloading Ksec versus reversing displacement
Δz/D for long-term cyclic T-bar tests with different peak-to-peak cyclic displacement
range Δzmax/D from 0.05, 0.2, 0.25, 0.3, 0.5 to 4
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Figure 5-13 Cyclic displacement amplitude magnitude effects demonstrated by (a)
unloading Ksec at Δz/D = 0.05 versus cycles N (b) normalised unloading Ksec-N at Δz/D =
0.05 of cycle N over initial Ksec-ini versus dimensionless time T for long-term T-bar tests
carried out at peak-to-peak displacement range Δzmax/D of 0.05, 0.2, 0.25, 0.3, 0.5, and 4
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Figure 5-14 Ratios of Ksec-end variation at the end cycle (a) over Ksec-ini at the initial cycle
(b) over Ksec-T=1 at T = 1 indicating remoulding state with different cyclic peak-to-peak
displacement range Δzmax/D in long-term T-bar tests
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Table 5-1 Summary information of T-bar tests
T-bar test ID

Total

Cyclic rate

episode

v (mm/s)

Cycles
V = vD/ch (-)

Test depth

Peak-to-peak cyclic

Test time

z/D (-)

displacement range

(hrs)

number

Δzmax/D (-)

Short-term tests

1

3

16

13

6

~ 0.1

Twitch test

4

0.003, 0.03, 0.2 – 183

-

-

-

~ 1.7

20×5

17

4

~ 42

T-0.05-LT

108000

8.4

0.05

~ 15

T-0.2-LT

27000

14.9

0.2

~ 15

21600

14.2

0.25

~ 15

T-0.3-LT

18000

14.2

0.3

~ 15

T-0.5-LT

10800

14.2

0.5

~ 15

T-4-LT

1150

18

4

~ 12.8

183

0.3, 3
Episodic test

5

1

61

Long-term tests

T-0.25-LT

1

1

61
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Table 5-2 Properties of kaolin clay
Description
Specific gravity
Liquid limit
Plastic limit
Poisson ratio
Internal friction angle: degrees
Normally consolidation strength ratio
Plastic volumetric strain ratio
Slope of normal compression line
Slope of swelling line

Parameter
Gs
LL
PL
v
Φ'
(su/σ'v0)nc
Λ
λ
κ
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Value
2.6
61
27
0.3
23°
0.16
0.85
0.205
0.044

Reference

Stewart, (1992)

T-bar results
Stewart, (1992)
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Abstract
The touchdown zones of steel catenary risers and steel lazy wave risers are fatigue
hotspots, where the risers are constantly interacting with the seabed soils due to
continuous hydrodynamic loading exerted on the host vessel. The whole-life interactions
can range from small amplitude daily motion cycles to motions that involve large
amplitude cyclic interaction with the seabed soils during storm events. A key design
challenge that affects the fatigue life design of these risers is to accurately model the riser-
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soil stiffness evolution due to these varying motions. The tendency for near seabed soils
to exhibit mechanical properties akin to overconsolidated soils, for example where a
strong crust exists or the geological history has led to high shear strengths at shallow
depth, further complicates accurate predictions of riser-soil stiffness. This paper describes
centrifuge model tests simulating cyclic loading of whole-life pipe-soil interaction in
uniform overconsolidated clay samples, under control methods with varying conditions
of loads and displacements. Results confirm that the soil stiffness is highly dependent on
the cyclic pipe amplitudes, and is further influenced by the overconsolidation ratio, with
a tendency for reduction in soil hardening the higher the overconsolidation ratio. This
study provides insights into the relevant cyclic soil stiffness to consider when assessing
the whole-life design of risers interacting with overconsolidated seabed soils.

6.1

Introduction

Offshore production risers, including steel lazy wave risers (SLWRs) and steel catenary
risers (SCRs), are pipelines transporting oil and gas from the subsea field to the
production vessels (DNVGL, 2017). SLWRs have been used recently as an alternative to
an SCR, with the benefits of reduced daily motion amplitude (where fatigue damage
mostly occurs) and improved performance under extreme storm motion at the pipe-soil
contact area (Franciss & Ribeiro, 2004; Eyssautier et al., 2018). The contact area is called
the touchdown zone (TDZ), where complex soil-structure-fluid interaction occurs, which
influences the evolution of pipe-soil stiffness governing the assessment of pipeline fatigue
life.
Previous research on in-plane continuous cyclic motions demonstrated a long-term
recovery of pipe-soil stiffness (Hodder et al., 2009; Yuan et al., 2017; Hou et al., 2021a)
due to soil reconsolidation after the initial soil remoulding stage. An analytical effective
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stress framework was proposed (Zhou et al., 2019; Zhou et al., 2020a) to predict the
evolution of pipe-soil stiffness, which provided good agreement with centrifuge test
results. Other research work adopted episodic cyclic tests, in order to assess the
alternating effects of soil strength degradation during cyclic perturbations, and soil
strength recovery due to reconsolidation during rest periods (Clukey et al., 2005; White
& Hodder, 2010; White & Cathie, 2011; Al-Janabi et al., 2019; O’Loughlin et al., 2020).
It was observed that the magnitude of soil strength recovery changed from nearly
negligible to several times the initial value, on account of the varying soil types and initial
soil states.
Throughout their operational life, risers are constantly in motion relative to the seabed at
the TDZ due to environmental loading acting on the host vessel, with the amplitude of
motion varying from mild during daily operations to more significant during storm
periods. The actual pipe-soil interaction during daily motions may be simulated through
small-strain cyclic loading representing the influence of waves, currents and the vessel
motions (Lahey et al., 2013; Kim & Kim, 2015) rather than by purely static rest periods.
In contrast, the pipe may undergo large displacement amplitude motions during storm
events, causing water entrainment in the seabed soils (Gaudin & White, 2009a; Sahdi et
al., 2022).
Furthermore, in some oil and gas development areas, in particular the Gulf of Guinea, the
North Sea and off the north-west coast of Australia, the near seabed soils may possess a
surface crust with geotechnical properties that are typical of overconsolidated (dilatant)
clays. This may result from a deep sea soil aging process ( Quirós & Little, 2003; Colliat
et al., 2011), past glacier loading (Kjekstad et al., 1978), removal of overburden stresses
due to offshore landslide events (Al-Khafaji et al., 2003; Vithana et al., 2012), or from
crust layer formation due to long-term biological processes (Kuo & Bolton, 2013).
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Limited experimental studies have been carried out to investigate the influence of
overconsolidation ratio (OCR) on pipe-soil stiffness evolution under realistic whole-life
riser motions within the TDZ.
This paper extends previous research, reporting results from a series of cyclic in-plane
pipe-soil centrifuge tests in soil samples of different uniform OCRs. The whole-life pipesoil interaction behaviour was explored by successively varying the pipe cyclic test
amplitudes between those representative of riser daily and storm motions.
6.2
6.2.1

Experimental programme
Centrifuge facilities

The centrifuge tests were performed in the 3.6 m diameter 40 g-tonne beam centrifuge
(Randolph et al., 1991) at the Centre for Offshore Foundation Systems (COFS) at the
University of Western Australia (UWA). The 2-dimensional actuator and PACS2 system
(Gaudin et al., 2018) developed at UWA were used to provide controlled vertical motions
of the model pipe in the tests. All test data were obtained using the in-house LabView
based software, DigiDaq (Gaudin et al., 2009b).
6.2.2

Test instrumentation

6.2.2.1 Model pipe
A model pipe, as shown in Figure 6-1a, was used in the centrifuge tests. The model pipe
has an outer diameter D of 25 mm and length L of 150 mm. At a centrifuge test
acceleration of 20g, this represents an ‘element’ of an SCR with an outer diameter of 0.5
m. A load cell on the connecting shaft above the pipe was used to measure the vertical
pipe resistance during tests, as shown in Figure 6-1a.
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6.2.2.2 Penetrometers
A T-bar penetrometer (Stewart & Randolph, 1991; Lunne et al., 2011), 5 mm in diameter
(DT) and 20 mm in length (LT), was used to measure the undrained shear strength of the
sample (Figure 6-1b). The T-bar load cell is located just above the bar so that any
resistance from shaft friction can be ignored in inferring the soil strength. A piezocone
penetrometer, 10 mm in diameter (DC) as shown in Figure 6-1c, was used to evaluate the
coefficient of consolidation of the soil sample at different depths by measuring the
dissipation of excess pore pressure using a pore pressure transducer at the cone shoulder
position (u2 filter position) (Teh & Houlsby, 1991). As is customary, the resulting
coefficient of consolidation is referred to as ch in view of the nominally horizontal (radial)
pore fluid flow in such a test.
6.2.3

Soil sample preparation

Commercial kaolin slurry with a water content of 120% (around twice the liquid limit)
was mixed thoroughly in a mechanical mixer. The slurry was then poured into a strongbox
(with a length, width and height of 625 mm, 390 mm and 325 mm respectively), above a
15 mm thick drainage layer of fully saturated coarse sand layer. A geotextile layer was
used to separate the clay and sand layers. The slurry sample was then consolidated at a
centrifuge acceleration of 20g for 7 days to create a normally consolidated soil sample
(OCR = 1). Primary consolidation was ascertained by the steady T-bar strength profiles
measured on the 6th and 7th day of consolidation. After completion of the first series of
pipe and penetrometer tests, the acceleration level was raised to 40g for 4 days, ensuring
full soil consolidation, before reducing the centrifuge acceleration to 20g again. The
sample was allowed to fully swell for 3 days, before the second series of pipe and
penetrometer tests, in the sample with OCR = 40g/20g = 2, were carried out. The same
procedure was repeated by raising the centrifuge acceleration to 200g and lowering back
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to 20g again before the last series of pipe and penetrometer tests in the sample with OCR
= 200g/20g = 10 were conducted. All tests were performed at the same acceleration level
of 20g to ensure the same centrifuge scaling ratio for result comparison in different soil
OCRs.
6.2.4

Model pipe tests programme

The centrifuge pipe test programme consisted of five model pipe tests, as detailed in Table
6-1 and illustrated in Figure 6-2. The pipe tests involved cycles of penetration and
extraction of the model pipe with varying cyclic loading regimes, in soil sample with
varying uniform OCRs.
Two cyclic mudline-breaking tests (i.e. pipe initially penetrated into the soil and
subsequently extracted out of mudline) were carried out to provide a pipe resistance
monotonic profile reference and to investigate the degradation of pipe resistance upon
repeated cycles in the sample with OCR = 1 and 10. Due to limited testing space, the
cyclic mudline-breaking test was not carried out in the OCR = 2 soil sample. However
the initial penetration resistance profile can be reasonably inferred as detailed in Section
6.6.1. The pipe was cycled between a normalised pipe invert depth, w/D from -1 to 3
(where w is pipe invert depth below mudline), which corresponds to the riser embedment
range below the initial mudline observed in the field (Bridge & Howells, 2007). The
process was repeated for 50 cycles to evaluate the potential influence of water entrainment
on the cyclic soil resistance. The pipe penetration rate was maintained at 3 mm/s during
the whole cycle, leading to the range of dimensionless velocity value, V = vD/ch, from
~95 to 455 (ch is the horizontal coefficient of consolidation equal to 0.17 and 0.79 mm2/s
at w/D = 3 in soil OCR equal to 1 and 10 as detailed later) ensuring undrained soil
response per cycle (House et al., 2001).
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Three whole-life model pipe tests (see Figure 6-2) were carried out in soil samples with
different OCRs (OCR = 1, 2 and 10 respectively). Whole-life simulation refers to pipesoil interaction tests that comprise initial daily fatigue motions (directly after installation),
storm motions and post-storms daily fatigue motions until a steady soil response was
reached in each loading packet. The whole-life tests were initially penetrated to a target
pipe invert depth of wi/D = 0.35 (prototype depth of ~0.18 m), which is consistent with
typical as-laid pipeline embedment (Westgate et al., 2010). The total pipe-soil resistance
qt-i was recorded during tests at wi/D. Subsequently initial daily fatigue cycles were
initiated via a hybrid load and displacement control mode, where the pipe was first
extracted to a displacement limit of Δw/D = 0.02 and then re-penetrated to the same target
load limit as the initial penetration resistance qt-i for all cycles (see Figure 6-2). These
relatively small amplitude cyclic motions mimic typical day-to-day most-damaging
fatigue motions of steel risers (Hejazi et al., 2018). The pipe was then cycled at a higher
peak-to-peak displacement range (i.e. double the cyclic amplitude) of Δwmax/D = 0.2 for
100 times, simulating pipe-soil interaction during a storm event, before reverting to the
daily motion cycles. The pre and post-storm daily motion packets were continued until
steady-state pipe-soil resistances were observed. The pipe displacement rate was
maintained at 0.25 mm/s, leading to V equal to ~33 to 94 for w/D less than 1 (covering
the pipe embedment range in tests) again generating an undrained soil response per cycle.
After all centrifuge tests were completed, soil core samples were extracted immediately
from the undisturbed soil area to measure the water content for OCR = 10.
6.3

Sample undrained shear strength

The undrained shear strength su of the soil sample at OCR = 1, 2 and 10 respectively was
measured using the T-bar penetrometer tests (Stewart & Randolph, 1991). The
penetration rate for the T-bar penetrometer was set at 3 mm/s to ensure undrained soil
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response, with V = vDT/ch equal to ~24 to 99 based on ch values from to 0.15 and 0.63
mm2/s at the mid T-bar cyclic depth z = 1.3 m in the sample with OCR = 1 and 10,
respectively (Randolph, 2016). Figure 6-3a presents the su profiles from six cyclic T-bar
tests based on a bearing factor NT-bar of 10.5 (Stewart & Randolph, 1994). The two T-bar
results in each of the three different OCRs, show broadly overlapping su profiles at the
beginning and end of the model pipe test programme.
The monotonic su profiles exhibit linear increases with depth, where the best-fit gradients
are ~0.95, 2 and 8.2 kPa/m for soil with uniform soil OCR of 1, 2 and 10 respectively.
The deduced monotonic su gradients are well captured by (Wroth, 1984):
′
𝑠u = (𝑠u /𝜎v0
)nc OCRΛ 𝛾 ′ 𝑧

(6-1)

′
where 𝛾 ′ is the unit effective weight of soil, z is the prototype depth, (𝑠u /𝜎v0
)nc and 𝛬

are the normally consolidated strength ratio and plastic volumetric ratio, respectively. The
average 𝛾 ′ over the sample depth was adopted as 6 kN/m3 for OCR = 1 (Hou et al., 2021a)
and 7.0 kN/m3 for OCR = 10 as deduced from the average water content data obtained
from extracted core samples. Subsequently the average 𝛾 ′ for OCR = 2 was theoretically
evaluated as 6.3 kN/m3 based on void ratios relationships with OCR at a given effective
′
vertical stress. The best fit values for (𝑠u /𝜎v0
)nc and Λ, which are consistent with typical

values for kaolin clay (Lehane et al., 2009), are given in Table 6-2.
Figure 6-3b and Figure 6-3c further indicates the change with cycle number of su values
and normalised degradation ratios su-cyc/su-i (where su-cyc and su-i are the cyclic and initial
undrained strengths respectively) at a prototype depth of 1.3 m. Overlapping su-cyc/su-i
ratios are shown in Figure 6-3c for tests at different OCRs and the soil sensitivity St,
defined as the ratio of intact to fully remoulded strength, is ~2.3 – 2.5, which is broadly
consistent with values reported previously (Stewart, 1992; Gaudin & White, 2009; Sahdi
et al., 2014).
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6.4

Coefficient of consolidation

The horizontal coefficient of consolidation ch was estimated from the miniature piezocone
penetrometer dissipation tests (CPTu). The tests were performed in soil samples with
uniform OCR of 1, 2 and 10, at prototype depths z = 0.5, 1 and ~1.6 m, covering the pipe
test depth range (see Figure 6-2). Figure 6-4 presents the variation of normalised excess
pore pressure Δu2/Δu2i at the shoulder position with modified time factor, T*. To account
for an initial rise in excess pore pressure at the start of tests in overconsolidated soil, Δu2i
was adjusted based on the back-extrapolated method proposed by Sully et al. (1999).
The modified time factor, T* (Teh & Houlsby, 1991), is given by:
𝑇∗ =

𝑐h 𝑡

(6-2)

𝑅 2 √𝐼r

where t is time, R the piezocone radius, and Ir the soil rigidity index defined as Ir = G/su.
The undrained shear strength su was taken from the T-bar results and the elastic shear
modulus G was estimated from the modified Cam Clay constitutive model as (Zytynski
et al., 1978):
𝐺=

3(1−2𝑣) 𝑝′ (1+𝑒)
2(1+𝑣)

(6-3)

𝜅

where v is Poisson’s ratio, e the void ratio, κ the swelling line slope and p' the mean
effective stress defined by:
𝑝′ =

(1+2𝐾0 )
2

𝜎v′

(6-4)
′

where K0 is the coefficient of earth pressure at rest, calculated as (1 − sin𝛷′ )OCRsin𝛷 in
terms of soil friction angle 𝛷′ (Mayne & Kulhawy, 1982).
The average Ir values for soil with OCR = 1, 2 and 10 were 118, 68 and 25, respectively.
The decreasing Ir values with increasing soil OCR is consistent with the trend reported
by Mayne (2001).
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Values of ch from each dissipation tests were adjusted so that T50 (time factor at 50%
dissipation of the Δu2i) for each dissipation curves matched the theoretical prediction
presented by Teh & Houlsby (1991). The corresponding ch values are summarised in
Figure 6-5 as a function of the vertical effective stress, 𝜎v′ . The vertical coefficient of
consolidation cv, measured from the same kaolin clay (Richardson et al., 2009), is
included and can be fitted as:
𝑐v = 0.31(𝜎v′ )0.5

(6-5)

with units of m2/yr and kPa respectively for cv and 𝜎v′ .
The resulting average ratio ch/cv at OCR = 1 is equal to ~5.5, which is in good agreement
with previous data (Chow et al., 2014; Cocjin et al., 2014; Schneider et al., 2019). The
relatively smaller values at the corresponding lowest stress levels may be attributed to the
shallow embedment depth (Schneider et al., 2020). For soil with OCR = 2 and 10, the
average ch/cv ratios are 10.5 and 17.2, respectively. This results from the combined effect
of the increase in average effective stress and the decrease in soil compressibility in soils
with high OCRs (Mahmoodzadeh et al., 2014; Wood, 2014; Schneider et al., 2019).
6.5

Pipe resistance interpretation

The total resistance Ft measured by the load cell, comprises soil buoyancy Fbs and water
buoyancy (Fbw), the geotechnical resistance of the soil Fs as well as the varying weight of
the pipe Fr as it moves radially within the centrifuge gravitational field. Accordingly, the
resistance arising from the soil strength is calculated as
Fs = Ft - fb × Fbs - Fbw - Fr

(6-6)

To account for the enhanced buoyancy due to soil heave at shallow pipe embedment, Fbs
is augmented by a factor fb. This was taken as 1.5 at the mudline, decreasing linearly to
1.0 when a deep (flow around) soil failure mechanism has been achieved, which was
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estimated to occur at pipe invert depths of ~1.9D, ~2.3D to 5.6D for the samples at OCR
= 1, 2 and 10 respectively (Merifield et al., 2009; White et al., 2010).
6.6
6.6.1

Results
Pipe monotonic penetration curve

Figure 6-6a and Figure 6-6b present the evolution of the measured total pipe resistance qt
and interpreted pipe resistance due to soil strength, qs versus normalised pipe invert depth
w/D for the cyclic mudline-breaking tests in the soil sample with OCR = 1 and 10
respectively (see Figure 6-2a and Table 6-1). Here, qt is calculated as Ft/DL and qs is
calculated as Fs/DL (see Equation 6-6). For comparison, theoretical predictions of
monotonic qt and qs are included in Figure 6-6a and Figure 6-6b, calculated as (Randolph
& White, 2008):
qt = qs + qbs + qbw + qr = Nc su + fb As γʹ/D + qbw + qr

(6-7)

where qbw (Fbw/DL) and qr (Fr/DL) are the water buoyancy and centrifuge gravitational
resistance changes, and qbs constitutes the soil buoyancy resistance component of the total
pipe resistance qt. The bearing factor (Nc) is taken as, Nc = a(w/D)b with a = 5.67, b = 0.25
for w/D ≤ 0.5 and a = 5.39, b = 0.19 for w/D > 0.5 assuming an interface friction ratio
value of 0.4 (Randolph, 2004; Aubeny et al., 2005; Sahdi et al., 2015). su is inferred from
the T-bar strength profile (see Figure 6-3a) and As is the nominal pipe embedment area
below the mudline (Merifield et al., 2009).
It is evident here that theoretical qt and qs, values based on measured su profiles in the
sample at both OCR = 1 and 10, present good agreement with the measured qt and
interpreted qs. This demonstrates the adequacy of the theoretical predictions for both
normally consolidated and overconsolidated soils, which are subsequently adopted as the
reference monotonic penetration resistance for the analysis. Despite the absence of
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experimental data, qt and qs in the sample with OCR = 2 can be inferred from the same
procedure.
An additional observation relates to the qs degradation ratios rqs-1, rqs-2 to rqs-3 calculated
as the monotonic qs over the final cycle qs at w/D = 1, 1.5 and 2.5, respectively in Figure
6-6a and Figure 6-6b. The degradation ratios all exceed the soil sensitivity of ~2.5 (see
Figure 6-3c). This may be attributed to enhanced soil remoulding due to water
entrainment at shallower penetration depths. As penetration increases, the water
entrainment reduced, but can still be observed even beyond the flow around depth of
~1.9D (OCR = 1) as estimated from the static pipe penetration (White et al., 2010). Ratios
rqs-1 to rqs-3 in the OCR = 10 test are generally 1.6 to 1.9 times larger than those for the
OCR = 1 test, which may result from the increased su/γʹD ratio in the OCR = 10 sample,
delaying the onset of flow round failure and leaving a trench at the wake of the pipe as it
penetrates below the mudline; this would allow water to enter into the soil matrix and
cause greater loss of soil strength at deeper soil depths compared with in the OCR = 1
sample.
6.6.2

Resistance and embedment profiles of whole-life model pipe tests

Figure 6-7a, Figure 6-7b and Figure 6-7c present the qs - w/D profiles for the whole-life
simulation tests (see Figure 6-2b and Table 6-1) in the sample with OCRs = 1, 2 and 10,
respectively. The theoretical qs, as inferred from Equation 6-7, shows consistent
agreement with the measured profiles, although with slight difference at shallow depths
(less than 0.5D) for the clay sample with OCR = 1. Predicted remoulded soil resistance
profiles, defined by qs/St (without water entrainment), are also included for comparison,
especially with the soil resistance evolution of the large amplitude cyclic tests. Each
whole-life simulation test, including the initial small amplitude fatigue cycles (motion 1)
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followed by large amplitude storm cycles (motion 2) and the post-storm fatigue motion 3
(same cyclic regime as in motion 1), are highlighted with selected cycles for clarity.
Figure 6-8 presents the overall evolution of pipe embedment w/D for the entirety of
whole-life pipe tests. In motions 1 and 3, the pipe embedment increases rapidly initially
due to soil remoulding. The post-remoulding response then diverges as a function of the
OCR and the loading history. For OCR = 10, the pipe embedment reduces with further
cycles, with a more pronounced reduction in motion 3. For OCR = 1 and 2, the pipe
embedment reduces before increasing again after about 4000 cycles. In both cases, the
magnitude of the changes in pipe embedment differs between motions 1 and 3. It is
evident that the loading history in motion 2 affects the subsequent pipe response in motion
3, which differs from motion 1 in the changes of embedment as already noted. It is also
noteworthy that the magnitude of maximum pipe embedment for the test in the OCR =
10 sample is about twice deeper than in the OCR = 1 sample in both motions 1 and 3. The
enhanced pipe embedment may result from soil dilatancy and the increasing volume with
increasing sample OCR, which leads to further remoulding of the soil (Hou et al., 2021a).
6.6.3

Soil stiffness evolution of whole-life pipe tests

The evolution of soil stiffness due to different loading regimes (fatigue motions or storm
motion) and OCRs is presented in this section. Within a particular pipe cycle N, the pipesoil secant stiffness ksec for unloading or the ensuing reloading phase is defined as:
𝑘sec =

Δ𝑞s

(6-8)

Δ𝑤/𝐷

where ∆w/D is any chosen change of w/D from the pipe reversing points during the
penetration and extraction stages within cycle N and Δqs is the corresponding change in
pipe soil resistance for the chosen ∆w/D, as indicated in Figure 6-9.
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Following Aubeny et al. (2008), ksec can be further normalised by the monotonic pipe
resistance (as depicted in Figure 6-6) at the initial load reversal point, qs0 (see Figure 6-9),
giving
Ksec =

𝑘sec

(6-9)

𝑞s0

Figure 6-10 presents the unloading Ksec obtained from the whole-life pipe tests. For
clarity, only Ksec calculated from the 1st, 100th and last cycles (either 7000th or 10000th)
for the three motions in each test, are presented.
Ksec-ini1 for the first unloading phase during motion 1 can be captured analytically as
(Aubeny et al., 2008):
Ksec-ini1 = f+K

fKmax

max

(6-10)

Δw/D

where fitting parameters Kmax and f were adopted as 400 and 2 respectively, presenting
good agreement with the 1st cycle in the initial motion of whole-life tests (see Figure
6-10). The fitting values are broadly consistent with values reported by Clukey et al.
(2017) and Zhou et al. (2020a).
In addition, Figure 6-10 indicates that for any ∆w/D within motion 1, Ksec initially reduces
from the 1st cycle to the 100th cycle due to soil remoulding, after which Ksec recovers. In
storm motion 2, unloading Ksec in each sample OCR shows a significant decrease from
cycles 1 to 100, by a factor of ~4, due to high accumulated shear strains during the high
displacement amplitude cycles. The severe soil remoulding may also be exacerbated by
additional water entrainment during motion 2 cycles. In comparison with the initial
motion 1, Ksec in the post-storm motion 3 shows less soil remoulding from the 1st to the
100th cycle and less reconsolidation increase at the end of the cycles. Although the general
trends of these three tests are similar, the magnitude of post-remoulding Ksec increase
changes with soil OCR.
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The evolution of the unloading Ksec at ∆w/D = 0.01 with cycle number N for the wholelife pipe tests is presented in Figure 6-11a. The normalised unloading Ksec/Ksec-ini1 (where
Ksec-ini1 refers to the initial Ksec in motion 1) with dimensionless time T (where T = cht/D2)
is shown in Figure 6-11b. Here, ch values were inferred from the previous CPTu results
and adopted as ~ 0.06, 0.14 and 0.19 mm2/s (2, 4.4 and 5.9 m2/yr) for tests at soil OCR =
1, 2 and 10 respectively.
6.7
6.7.1

Discussions
Conceptual effective stress path

Figure 6-12 presents conceptual effective stress paths (ESPs) for the whole-life pipe tests
in a v-σ'v plot for all three OCRs, where v is the soil specific volume and σ'v represents
the effective vertical stress. The ESP is inferred from the current stiffness results (see
Figure 6-11) and previous analytical effective stress framework for long-term cyclic
loading developed by White & Hodder (2010) and Hodder et al. (2013), where the
definitions of the normal compression line (NCL), critical state line (CSL) and remoulded
state line (RSL) are presented in detail and therefore not repeated here. A key feature of
the framework is the idealisation of the averaged effective stress changes of the soil to
represent the ‘macro’ response of the pipe as it interacts cyclically with the soil. As such,
it does not intend to provide a rigorous prediction of the change in stiffness, but rather a
qualitative justification of the experimental observations.
For the sample with OCR = 1, the soil stress path starts from point A0 on the NCL, and
moves towards B0 upon pipe cycling, representing initial soil failure on the CSL, and
eventually towards C0 (in between the CSL and RSL), representing the average soil state
(combination of the average soil specific volume and effective stresses) around the pipe
for soil that is partially remoulded on account of the relatively small amplitude pipe cycles
in motion 1. With sustained cycles, the net positive excess pore pressure dissipates and
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the soil σ'v increases, finally reaching a steady-state σ'v equal to the initial σ'v but with a
lower specific volume at point D, leading to an increased steady-state Ksec. In the
subsequent motion 2, the soil first fails again at point E on the CSL (see Figure 6-12) as
the pipe punches through stronger reconsolidated soil to less disturbed soil. However,
upon continuous undrained large amplitude cycles during motion 2, and further slight
remoulding during motion 3, the soil state eventually reaches point F on the RSL at a
lower σ'v than that reached in motion 1 (point C) due to the higher accumulated cyclic
shear strains. This gives rise to further generation of excess pore pressures. For the
sustained cycles in motion 3, the competing soil remoulding and reconsolidation causes
the soil state to move along the RSL towards the limiting soil state G (with σ'v equal to
the initial in-situ value), resulting in an increase in σ'v and the associated Ksec.
The stress paths for the soil with OCR = 2 and 10 (see Figure 6-12) during all three pipe
motions are broadly similar to that previously described for OCR = 1. However, during
the initial stages of the pipe cycles in motion 1 for sample with OCR = 10, the increased
potential for soil dilatancy causes the soil state to migrate from A2 to B2 on the CSL,
where negative pore pressures is generated and subsequently to a partially remoulded soil
sate C2 with a net positive excess pore pressure field around the pipe, giving rise to
reconsolidation hardening as pore pressure dissipates until the soil state reaches point D.
The magnitude of soil hardening is however, much less than for the OCR = 1 and 2 soil
states, due to increased σ'v of the initial soil failure points on the CSL for higher OCR.
The simplified conceptual ESP presented in Figure 6-12 is broadly consistent with the
main features of the Ksec evolution observed in the whole-life pipe tests and lower final
reconsolidated stiffness for high OCR. However, we acknowledge that additional
considerations are needed with respect to water entrainment effects and the associated
volume increase in the complex whole-life prediction.
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6.7.2

Effects of different loading regimes on whole-life tests for OCR = 1

In motion 1 of Figure 6-11a, the ratio of stiffness reduction from initial Ksec-ini-1 (point B0
in Figure 6-12) to the fully remoulded Ksec-rem-1 (point C0 in Figure 6-12) for OCR = 1
reaches a value of ~0.52, implying a lower St, due to combined effects of i) less
accumulated cyclic strains in low amplitude motion and ii) lower soil disturbance due to
gradually increasing pipe invert depths in the hybrid control method. Subsequently, due
to reconsolidation, Ksec starts to recover up to a final steady Ksec-end-1 value at the end of
motion 1 (point D in Figure 6-12). The ratio Ksec-end-1/Ksec-rem-1 is 1.8, which is consistent
with a range of ~ 1.5 to 2.1 for secant stiffness increase Ksec-end/Ksec-rem for OCR = 1 (Yuan
et al., 2017). In addition, the steady Ksec-end of motion 1 was achieved after dimensionless
time T of ~2.5 (see Figure 6-11b). The value represents ~93% dissipation of initial excess
pore pressure based on elastic conditions (Gourvenec & White, 2010) and ~97%
dissipation based on elastoplastic conditions (Chatterjee et al., 2013).
In the following storm motion 2, the initial Ksec-ini-2 (point E in Figure 6-12) shows a sharp
increase by ~1.8 times the previous steady Ksec-end-1. This is attributed to pipe breakthrough the stronger reconsolidated soil into deeper less disturbed soil, which is similar
to the rapid resistance increase upon post-twitch penetration of a T-bar twitch test (House
et al., 2001; Chow et al., 2019). Subsequently, Ksec-ini-2 drops quickly to a fully remoulded
state Ksec-rem-2, which is ~15% lower than Ksec-rem-1, due to potential pipe-soil separation
and the associated water entrainment involved in high cyclic displacement cycles with
breakaway.
The value of Ksec-ini-3 in motion 3 is broadly consistent with that of Ksec-rem-2, as the pipe
penetrates deeper away from fully remoulded soil after motion 2, where no significant
reconsolidation took place because of the limited number of high amplitude cycles. The
softening occurring in motion 3 is, however, slightly greater than in motion 1 (with
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Ksec-rem-3/Ksec-ini-3 = 0.66, in comparison with Ksec-rem-3/Ksec-ini-3 = 0.52 in motion 1), and the
absolute values of Ksec-rem-3 (point F in Figure 6-12) is 1.9 times lower than Ksec-rem-1 (37
against 72). This can be attributed to the high disturbance arising from the high amplitude
storm motion 2, even though the relative settlement from initial to maximum invert depth
in motion 3 is only half that motion 1 (∆w/D ~0.12 against ~0.06, see Figure 6-8). In
addition, the remoulded cycle (lowest Ksec) occurred earlier in motion 3 than that in
motion 1, at around half of the total number of cycles (82 against 175). In the subsequent
reconsolidation stage, the steady Ksec-end-3 (point G in Figure 6-12) of motion 3 was
achieved sooner at T of ~2 (see Figure 6-11b) than in motion 1, which may be attributed
to not accounting for an increasing coefficient of consolidation at the deeper average
penetration depths and the associated increased stress levels. The steady Ksec-end-3 leads to
a ~3 times increase in stiffness, with Ksec-end-3/Ksec-rem-3 = 2.97, which is 1.7 times higher
than that in motion 1. However the absolute value of Ksec-end-3 is lower than Ksec-end-1. This
may result from the combined effects of i) potential trench formed in previous loading
histories and subsequent lower final vertical effective stress (σ'v at point G may be less
than σ'v0 in Figure 6-12) and ii) the increase of qs0 with depth during stiffness
normalisation in Equation 6-9.
To summarise the influence of the loading regimes, Figure 6-13a presents the
degradation ratio Ksec-rem-1,2,3/Ksec-ini-1 due to remoulding against motion number. Similarly
the evolution of ratios Ksec-end-1,3/Ksec-rem-1,3 is presented in Figure 6-13b. The figure
highlights the difference in stiffness evolution between motions 1 and 3, which featured
identical motion sequences, notably due to the changes generated by the storm motion 2.
These findings highlight the importance of adopting whole-life simulation of alternate
storm motions and post-storm motions, to achieve a more accurate evaluation of stiffness
evolution in assessment of pipe fatigue damage. The consistent soil stiffness recovery in
daily fatigue motions despite heavy soil remoulding from storm motions suggests that
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reconsolidated steady Ksec-end values need to be considered for assessing fatigue damage,
in addition to the remoulded Ksec-rem values (DNV GL AS, 2017).
6.7.3

Effects of OCR on whole-life tests

Figure 6-11a suggests that the general evolution of unloading Ksec are similar for all three
whole-life tests in sample with OCR = 1, 2 and 10. However, the magnitude of both
absolute values of Ksec and normalised ratios of Ksec/Ksec-ini-1 in Figure 6-11b vary with
OCR values, which can be attributed to the different initial soil states and subsequent
evolution of effective stress paths in Figure 6-12.
Figure 6-14a shows the degradation ratios of remoulded Ksec-rem-1,2,3 (with points C0, C1,
C2 for Ksec-rem-1 and point F for Ksec-rem-3 respectively in Figure 6-12; the point for Ksec-rem2

is located between E and F as soil becomes further remoulded with increasing

embedment in motion 3) in motions 1, 2 and 3 over initial intact Ksec-ini-1 (at points B0, B1,
B2 respectively in Figure 12) in motion 1 respectively, as a function of OCR. It should be
noted that the ratios of Ksec-rem-1,2,3/Ksec-ini-1 for OCR = 2 and 10 are less than the measured
1/St value in undrained cyclic T-bar tests (see Figure 6-3b). The continuous decrease with
increasing OCR for all motions demonstrates enhanced degree of soil remoulding
(compared to initial intact Ksec-ini-1 for all OCRs), which may be related to the increased
potential for water entrainment in stiff, more overconsolidated samples or mobilisation
of an increased soil peak strength during the initial cyclic phases in motion 1 as the soil
OCR increases (Atkinson, 2007). The latter could potentially be modelled by including a
bounding surface to capture the soil peak states at it is being sheared at small strains. This
is, however, not shown conceptually in Figure 6-12 as the soil states should still tend
towards the CSL with increasing accumulated shear strains.
Figure 6-14b presents the remoulded Ksec-rem-1,2,3 over the initial Ksec-ini-1,2,3 for each
motion. In contrast to Ksec-rem-1/Ksec-ini-1, the Ksec-rem-2/Ksec-ini-2 and Ksec-rem-3/Ksec-ini-3 ratios
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remains constant for motions 2 and 3 at ~0.25 and ~0.67 respectively. This indicates that
effects of OCR highlighted above on the initial soil softening are only prevalent in motion
1, i.e. in undisturbed soil. In motions 2 and 3, the soil resoftens upon remoulding at a
constant ratio, independently of the cyclic loading history previously experienced in
motion 1.
Previous studies showed slower soil reconsolidation rates (Hou et al., 2021a) in higher
OCR soils. Similar trends are also observed in Figure 6-11, with 9.5 times (∆Ksec/T = 23.8
(OCR = 1) and 2.5 times (OCR = 10)) and 14.3 (∆Ksec/T = 37.2 (OCR = 1) and 2.6 (OCR
= 10)) higher reconsolidation rates in motion 1 and 3 respectively. The study further
reveals the lower steady state Ksec values reached for high OCRs after reconsolidation. In
fatigue motions 1 and 3, the ratios of final Ksec-end-1,3 (at points D and G respectively in
Figure 6-12) over initial Ksec-ini-1 (at points B0, B1, B2 respectively in Figure 6-12) and
Ksec-ini-3 (not marked out in Figure 6-12) reduce as the OCR increases (see Figure 6-14c).
The steady state stiffness ratios in both motions 1 and 3 are generally lower than the
predicted values inferred from Sahdi et al. (2021) and Hou et al. (2021b) based on critical
state soil mechanics in high displacement amplitude tests. It should be noted that the
critical state based predictions described in Sahdi et al. (2021) and Hou et al. (2021b)
were calibrated using large displacement T-bar cycles, whereas the motion control
(combined load and displacement control) adopted in the current pipe tests induces less
accumulated shear strains, leading to less potential for soil strength recovery (Zhou et
al., 2020b; Hou et al., 2021a).
6.8

Conclusions

The whole-life evolution of soil stiffness at the SCR touchdown zone, was investigated
through a series of centrifuge model tests in soil with different uniform overconsolidation
ratios (OCRs) of 1, 2 and 10. The whole-life modelling included three different motions
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representing initial day-to-day fatigue motion 1 (post-installation), storm motion 2 and
post-storm day-to-day fatigue motion 3. The fatigue and storm motions differed by one
order of magnitude for cyclic amplitude from low to high values respectively.
Key findings are as follows:


The whole-life test results indicate that the soil stiffness recovers rapidly due to
soil reconsolidation after the initial remoulding in both pre-storm and post-storm
fatigue motions, despite the heavy disturbance resulting from the storm motion.
This suggests that changes in pipe-soil stiffness due to reconsolidation need to be
considered for SCR design. Moreover, the whole-life load regimes led to an
increasingly remoulded soil state from motions 1 to 3. The steady reconsolidated
stiffness values exceed the remoulded values for OCR = 1 soils by a factor of 1.8
and 3 in motions 1 and 3 respectively. These major differences indicate the
importance of considering the storm and post-storm fatigue motions for design.



Tests at different OCR values reveal that higher OCR (OCR = 10) leads to lower
remoulded stiffness for the three loading motions compared to the intact stiffness
in the initial motion, by a factor of 1.5 – 1.8 compared to in OCR = 1. Results also
indicated a slower reconsolidation rate as the OCR increases, and that the highest
OCR of 10 results in lower reconsolidated stiffness at the end of both fatigue
motions by a factor of 1.5 – 2.2 compared to that for OCR of 1, accounting for the
dilatant properties of high OCR soil.

These findings reveal the influence of the soil OCR on the whole-life evolution of soil
stiffness during pipe-soil interaction. The changes of soil stiffness are governed by the
initial stress state and the soil stress history, which can be broadly captured within an
effective stress path framework. This study has highlighted the importance of the values
of reconsolidated soil stiffness in addition to remoulded values. It has direct application
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for fatigue design of large-diameter pipelines on seabeds with an overconsolidated crust,
such as offshore West Africa, Gulf of Mexico, the North Sea and the North West Shelf
of Australia.
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6.11 Notation
g

Gravitational acceleration level near Earth surface

w & '

Unit weight of water and unit effective weight of soil

t, T & T*

Testing time, dimensionless time factor and modified time factor

cv and ch

Vertical and horizontal coefficient of consolidation

v & vo

Vertical effective stress & Initial vertical effective stress

su

Soil undrained shear strength

NT-bar

Bearing factor of T-bar

𝛬

Plastic volumetric ratio

OCR

Overconsolidation ratio

(su/σ'v0)nc

Normally consolidated undrained strength ratio

e & e0

Void ratio & In-situ void ratio

G

Shear Modulus

K0

Coefficient of earth pressure at rest

𝛷′

Friction angle

p

Mean effective stress

Ir

Rigidity index

D&L

Model pipe diameter and length

R

Piezocone radius

St

Soil sensitivity
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z

Prototype depth

w

Pipe invert depth in soil sample during tests

ksec, Ksec

Secant stiffness and normalised secant stiffness

f, Kmax

Fitting parameters for unloading secant stiffness value

qt & qs

Total soil resistance pressure measured by load cell & Pipe-soil resistance
pressure

Fs

Pipe-soil resistance

Fbs

Soil buoyancy resistance

Fbw

Water buoyancy resistance

Fr

Force from varying centrifuge gravitational field

fb

Heave effects correction factor

κ

Unload-reload line slope

λ

Slope of the normal compression line

v

Specific volume

NCL

Normal compression line

CSL

Critical state line

RSL

Remoulded state line
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Figure 6-1 Illustration for (a) model pipe (b) T-bar (c) piezocone
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Figure 6-2 Profiles of loading patterns for model pipe tests (a) cyclic mudline-breaking
tests (b) whole-life simulation tests
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Figure 6-3 Profiles for (a) undrained shear strength (bearing factor NT-bar = 10.5) (b)
absolute values of extracted su at z = 1.3 m (c) normalised values of extracted su-cyc/su-i at
z = 1.3 m
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Figure 6-4 Normalised dissipation curves for CPTu in all testing depths and soil OCRs
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Figure 6-5 Summary of coefficients of consolidation
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Figure 6-6 Measured and predicted total pipe resistance qt and pipe-soil resistance qs for
cyclic mudline-breaking tests at (a) OCR = 1 (b) OCR = 10
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Figure 6-7 Profiles for pipe-soil resistance qs versus normalised pipe invert depth w/D for
whole-life model pipe tests including three motions in uniform soil sample at (a) OCR =
1 (b) OCR = 2 (c) OCR = 10
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Figure 6-8 Evolution of normalised pipe invert depth w/D versus cycle number N in
whole-life tests with uniform OCR = 1, 2 and 10
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Figure 6-9 Illustration for soil secant stiffness calculation (redrawn after Hou et al., 2021)
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Figure 6-10 Unloading Ksec versus displacement Δw/D profiles for whole-life simulation
tests in OCR = 1, 2 and 10
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Figure 6-11 Whole-life evolution of unloading Ksec at Δw/D = 0.01 in 3 motions at
different OCR values (a) versus cycle number N (b) versus dimensionless time T
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Figure 6-12 Evolution profiles of soil effective stress paths (ESPs) in v-σ'v space for
varying loading regimes in different OCRs
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Figure 6-13 Influence of loading histories on whole-life evolution of soil stiffness
regarding to (a) degradation ratios of remoulded Ksec-rem-1,2,3 in each motion over initial
intact Ksec-ini-1 in motion 1 respectively (b) recovery ratios of reconsolidated Ksec-end-1,3 at
the end of fatigue motions 1 and 3 over remoulded Ksec-rem-1,3 in motions 1 and 3
respectively
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Figure 6-14 Influence of OCR effects on whole-life evolution of stiffness (a) degradation
ratios of remoulded Ksec-rem-1,2,3 in each motion over initial intact Ksec-ini-1 in motion 1
respectively (b) degradation ratios of remoulded Ksec-rem-1,2,3 over initial Ksec-ini-1,2,3 within
each motion respectively (c) recovery ratios of reconsolidated Ksec-end-1,3 at the end of
fatigue motions 1 and 3 over initial Ksec-ini-1,3 in motions 1 and 3 respectively
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Table 6-1 Summary information of pipe tests (where D.C. and H.C. refer to the
displacement control and hybrid control respectively, ↓ and ↑ represent the cyclic
penetration and extraction targets respectively)

OCR

1

Test
number
Test 1
Test 2-1

1

Test 2-2
Test 2-3

2

Test 2-1
Test 2-2
Test 2-3

10

Test 4
Test 5-1

10

Test 5-2
Test 5-3

Test type
Mudlinebreaking
Whole-life
simulation
Whole-life
simulation
Mudlinebreaking
Whole-life
simulation

Control

Cyclic

Frequency

method

number

(Hz)

D. C.

50

0.015

↓w/D = 3, ↑w/D = -1

H. C.

7000

~0.25

↓qt-i, ↑Δw/D = 0.02

D. C.

100

0.025

↓ ↑Δw/D = 0.2

H. C.

10000

~0.25

↓qt-i, ↑Δw/D = 0.02

H. C.

7000

~0.25

↓qt-i, ↑Δw/D = 0.02

D. C.

100

0.025

↓ ↑Δw/D = 0.2

H. C.

10000

~0.25

↓qt-i, ↑Δw/D = 0.02

D. C.

50

0.015

↓w/D = 3, ↑w/D = -1

H. C.

10000

~0.25

↓qt-i, ↑Δw/D = 0.02

D. C.

100

0.025

↓ ↑Δw/D = 0.2

H. C.

10000

~0.25

↓qt-i, ↑Δw/D = 0.02
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Table 6-2 Properties of kaolin clay

Description
Specific gravity
Liquid limit
Plastic limit
Poisson ratio
Internal friction angle: degrees
Normally consolidation strength ratio
Plastic volumetric strain ratio
Specific volume intercept with NCL
Slope of normal compression line
Slope of swelling line

Parameter
Gs
LL
PL
v
Φ'
(su/σ'v0)nc
Λ
NNCL
λ
κ = λ(1- Λ)
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Value
2.6
61
27
0.3
23°
0.16
0.85
3.15
0.267
0.04

Reference

Stewart, (1992)

T-bar results

Hou et al., (2021)
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7.1

CONCLUSIONS AND RECOMMENDATIONS

Conclusions

The fatigue design of steel catenary risers (SCRs) at the touch down zone (TDZ) is highly
dependent on accurate assessment of the long-term evolution of the soil strength and
stiffness during pipe-soil interaction. This study has investigated the effects of the soil
overconsolidation ratio (OCR) and of different loading regimes on the long-term soil
remoulding and reconsolidation. The author has attempted to qualitatively describe the
problem of the evolution of soil strength and stiffness based on critical state soil
mechanics. This resulted in the establishment of simple equations, which may be used for
rapid assessment of appropriate soil stiffness, accounting for long-term soil remoulding
and reconsolidation.
Key conclusions are summarised in the following subsections, with respect to the three
aims of this thesis as detailed in Chapter 1.
7.1.1

Outcome 1: Effects of soil OCR

The effects of initial soil stress states on the long-term evolution of soil stiffness, for
different OCRs in a crust layer, have been first investigated in Chapters 2 and 3. The
findings were further elaborated for uniform soil with constant OCRs, to quantify the
magnitudes of the final steady soil stiffness in Chapters 4 to 6.
Soil OCR has an evident effect of the evolution of stiffness and the magnitudes of final
steady stiffness under long-term pipe cycles. Fully contractile soil (low OCR) was found
to exhibit marked soil stiffness recovery as a result of reconsolidation, thus contraction
of soil specific volume, after long-term cycles. This was verified by a decrease of water
content of the soil within the test zone. Moderately contractile soil gave similar overall
response to fully contractile soil, but with less marked recovery of soil stiffness. By
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contrast, fully dilatant soil with high OCR resulted in continuous reduction in soil
stiffness, assumed to result from continuous expansion of the specific volume during
reconsolidation. From results of long-term cyclic loading tests in Chapters 2 and 3,
evolution rates of soil stiffness during reconsolidation stage are dominated by the initial
OCR of the soil, with higher OCR leading to lower reconsolidation rates.
The effects of varying OCR values on the magnitudes of the remoulded and final steady
soil stiffness were presented in Chapters 4 from long-term cyclic T-bar and piezoball
penetrometer tests and in Chapter 6 from model pipe tests. High OCR = 10 leads to
remoulded stiffness 1.5 – 1.8 times lower than that for OCR = 1. In addition, it is observed
that higher OCR of 10 results in lower reconsolidated stiffness at final steady state by a
ratio of 1.5 – 2.2 compared to that in OCR = 1 due to the dilatant properties of high OCR
soil.
The suggested ranges of long-term evolution of soil stiffness for the particular model soil
(kaolin), provides useful guidance on the effect of varying OCRs with depth due to the
presence of a crust, relevant to sediments in offshore West Africa, Gulf of Mexico and
the North West Shelf of Australia.
7.1.2

Outcome 2: Effects of loading regime

The effects of loading regimes, including cyclic displacement amplitude and continuous
whole-life simulations, on the long-term evolution of soil stiffness has been investigated
and quantified in this thesis.
The cyclic displacement amplitude was found to influence the rate of soil reconsolidation
during long-term cyclic tests. Higher cyclic displacement amplitudes resulted in further
remoulding of the soil, associated with longer drainage paths; delaying dissipation of
excess pore pressures and thus leading to slower reconsolidation rates, as presented in
Chapter 2. Increasing magnitude of cyclic displacement amplitude led to lower long-term
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steady reconsolidated soil stiffness, as presented in Chapter 4. In extremely heavily
overconsolidated soil, a series of long-term cyclic T-bar test results revealed that an
increase in cyclic displacement ranges leads to a decrease of the final steady state soil
stiffness. The displacement threshold at which this was observed is around 0.2 – 0.25D,
below which the final stiffness slightly increases compared to the fully remoulded value,
as presented in Chapter 5.
In different loading regimes of episodic tests with intermittent rest periods and continuous
cyclic loading tests, the soil stiffness recovery tends to be nearly 2 times slower in
episodic tests, under the same scale of dimensionless time. In the whole-life pipe-soil
interaction simulation, which comprises two long-term fatigue low amplitude motions
intermittent with short-term high-amplitude storm motion, the soil stiffness recovers
rapidly due to soil reconsolidation after the initial decrease in both long-term motions,
despite the heavy disturbance from the intermittent storm motion. The steady
reconsolidated stiffness values exceed the remoulded values for normally consolidated
soils by a factor of 1.8 and 3 in these daily motions respectively. This suggests that
reconsolidated soil stiffness needs to be considered for design, in addition to the
remoulded values during daily motions of SCR. The major differences between two longterm fatigue motions demonstrate the importance of considering the whole-life behaviour
of pipe-soil interaction, in addition to the intact soil state.
7.1.3

Outcome 3: Analytical framework

A simple analytical framework has been developed to quantify the effects of soil OCR
and cyclic amplitude on the evolution of soil strength and stiffness. The analysis has been
made, based on the critical state soil mechanics, assuming effective stress paths in the vσ'v space, where v is the soil specific volume and σ'v the effective vertical stress.
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The simple criterion of the initial soil OCRs for determining the dilatant properties of
soil, has been deduced as either 2/(St)Λ or e/(St)Λ, with St being the soil sensitivity, e the
natural exponential and Λ the plastic volume ratio . In insensitive soils (St = 1), the
equation reverts to the conventional Modified Cam Clay or Original Cam Clay model
theory as presented in Chapter 2. In general, for OCR < 2 (fully contractile zone), the soil
contracts upon reconsolidation with marked soil stiffness recovery. For 2 < OCR < 2/(St)Λ
(the intermediate zone), the soil is moderately contractile with reconsolidation leading to
similar overall response as fully contractile soil, but with less marked recovery in soil
stiffness. In contrast, for OCR > 2/(St)Λ (fully dilatant zone), the soil dilates during
reconsolidation resulting in continuous reduction in soil stiffness.
The predicted ratio of final to initial pipe-soil stiffness can be derived as St(e/OCR)Λ.
The theoretical prediction appears to fit the experimental data reasonably for low OCR,
but increasingly underestimate the data for OCR greater than ~3 as indicated in Chapter
4.
Within the proposed framework, the changes of soil stiffness can be broadly captured by
the evolution of the conceptual effective stress paths, which are governed by the initial
stress state and soil stress history with varying loading regimes. The conceptual analysis
provides insights for rapid estimation of changes in soil strength and stiffness for practical
design.
7.2

Recommendations for future research

The research in this study has mainly focused on physical modelling via centrifuge testing
to quantify the effects of soil OCR and loading regime on soil stiffness, and on the
development of a qualitative framework to substantiate the experimental observations.
One most important aspect of future research would be to investigate the change in excess
pore pressure under cycles of shearing for different OCRs, during pipe-soil interaction
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test. This would further feed into the analytical framework based on critical state soil
mechanics, which is appropriate for normally consolidated and lightly overconsolidated
soils, but requires refinement for heavily overconsolidated soils. Further investigations in
natural soils, considering water entrainment and trench development, are also critical for
whole-life predictions of pipe-soil interaction.
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