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ABSTRACT
The research carried out in this thesis has concentrated on the application of numerical
solutions to geotechnical penetration problems in offshore engineering. Several
important issues closely relevant to deep-water oil and gas developments were
investigated, covering installation of suction caisson foundations, interpretation of fullflow penetrometers and shallow penetration of a cylindrical object (submarine pipeline
or T-bar), all in clayey sediments such as are often encountered in deep-water sites.
These problems are commonly characterised by large vertical movements of structural
elements relative to the seabed.
A large deformation finite element method was adopted and further developed to
simulate these challenging problems, referred to as Remeshing and Interpolation
Technique with Small Strain. In this approach, a sequence of small strain Lagrangian
increments, remeshing and interpolation of stresses and material properties are repeated
until the required displacement has been reached. This technique is able to model
relative motion between the penetrating objects and the soil, which is critical for
evaluating soil heave inside the caissons, the effect of penetration-induced remoulding
on the resistance of full-flow penetrometers, and influence of soil surface heave on the
embedment of pipelines.
For caissons installed by suction, less outward flow of soil at the caisson tip was found
than by jacking. However, the difference in the resulting external radial total stress
changes or penetration-induced excess pore water pressure was much less significant,
since the expansion-induced excess pore pressure is much smaller for thin-walled
caissons than for driven piles. After subsequent consolidation, the impact of installation
method reduces further, and final shaft friction ratios were found to be close for the two
installation methods.
Regarding the effect of caisson-tip geometry, it was found that an external bevel had a
significant benefit in terms of displacing more soil to the outside of the caisson, and
therefore reducing the inside soil plug heave during suction installation. However, the
resulting slightly higher increase in total stresses along the outside of the caisson wall
due to the chamfering was considered to have relatively insignificant influence on the
final external shaft friction.
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Abstract

Monotonic and cyclic penetration of cylindrical T-bar and spherical ball full-flow
penetrometers were simulated in rate-dependent and strain-softening clay.

During

initial penetration, periodic shear bands were observed evolving cyclically ahead of the
advancing penetrometers, which induced oscillations in the resistance-penetration
responses. The oscillations were reduced by increasing the soil ductility or strain-rate
dependency, both of which increased the penetration resistance significantly.

A

parametric study confirmed that the separate factors quantifying effects of high strain
rate and partial softening may be multiplied together to predict the combined effect, in
order to derive a resistance factor for a given soil. Simple expressions were presented
allowing the resistance factors for the T-bar and ball penetrometers to be expressed as a
function of the rate and strain-softening parameters. By considering average strength
conditions during penetration and extraction of these full-flow penetrometers, an
approximate expression was derived that allowed estimation of the hypothetical
resistance factor with no strain-softening, and hence an initial estimate of the stain-rate
dependency of the soil.
Further simulations of cyclic penetration tests showed that a cyclic range of three
diameters of the penetrometers was sufficient to avoid overlap of the failure mechanism
at the extremes and mid-point of the cyclic range. The ball had higher resistance factors
compared with the T-bar, but with similar cyclic resistance degradation curves, which
could be fitted accurately by simple expressions consistent with the strain-softening soil
model adopted. Based on the curve fitting, more accurate equations were proposed to
deduce the resistance factor with no strain-softening, compared with that suggested
previously based on the resistances measured in the first cycle of penetration and
extraction. The strain-rate dependency was similar in intact or post-cyclic soil for a
given rate parameter. The resistance factor for the post-cyclic condition was higher than
that for the initial conditions, to some degree depending upon soil sensitivity and
brittleness parameter.
For the shallow penetration of a cylindrical object, the penetration resistance profile
observed from centrifuge model tests was very well captured by the numerical
simulation. The mechanism of shear band shedding was reproduced by the numerical
technique, although the frequency of the shear band generation and the exact shape of
the heave profile were not correctly captured, which were limited by the simple strainsoftening soil model adopted.
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CHAPTER 1
INTRODUCTION

1.1

Research Motivation and Scope

Penetration of a structural element into subsoil is routine practice in geotechnical
engineering. Nevertheless, it is also a complicated mechanical process due to the large
local deformations involved when surrounding soil is displaced to accommodate the
structure. Changes in interface conditions between soil and structure, deformation of
soil surface profiles and soil strata, disturbance due to penetration etc, all have impacts
on the resultant response of the subsoil, to some degree depending on the geometry of
the structure and the relevant properties of the soil medium. In addition, the fact that the
subsoil is a nonlinear material makes it more difficult to obtain satisfactory solutions to
the soil penetration problems for geotechnical design.
In offshore engineering, many geotechnical applications are associated with large
penetration of structures into seabed sediments, such as installation of caisson
foundations, in situ penetrometer tests, partial embedment of pipelines, and so forth. In
this study, the investigation is focused on two offshore deep-water applications of
topical interest, suction caissons (Figure 1.1) and T-bar and ball ‘full-flow’
penetrometers (Figure 1.2), although shallow penetration of a horizontal cylinder (a
plain-strain problem associated with a pipeline or a T-bar) is also considered. The
effect of geometric nonlinearity of the soil medium due to large strains and large
displacements was taken into account, coupled with nonlinear constitutive models of
soft clay simulating typical deep-water deposits.

1.1.1 Installation of suction caissons
The suction caissons here comprised relatively long caissons (See Figure 1.1), also
termed ‘suction anchors’ or ‘suction piles’. They are installed in soft clay to provide
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anchors for floating structures, although shorter suction-installed caissons have also
been used as foundations for fixed structures. Typical diameters of the long caissons
range from 3 to 8 m, with aspect ratios (embedded length divided by diameter) of 2 to 6.
Over the last two decades, suction caissons have been the most common form of deepwater anchor, largely replacing traditional driven piles due to their ease of installation
and retrieval, elimination of the pile driving process, and reduction in fabrication costs.
As mentioned by Andersen et al. (2005), some 500 caissons have been installed in over
50 locations, covering all the major offshore hydrocarbon-producing areas of the world.

Figure 1.1 Suction caissons for Laminaria FPSOs in the Timor Sea
(after Offshore-technology’s website: http://www.offshore-technology.com)

113 mm

Plate
80 mm

Balls
40 x 160 mm

T-bars
113 mm
40 x 250 mm

Cone
Figure 1.2 Full-flow penetrometers with cone (after Zhou & Randolph, 2007)
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Suction caissons are installed by embedding the caisson wall into the seabed, firstly
under self-weight, and subsequently by means of a differential pressure across the
sealed top (referred to as ‘suction’ even though the absolute pressure beneath the
caisson top will still be positive), which is created by pumping water out of the caisson
and which provides the driving force to overcome the soil resistance. This suctionassisted installation technique is achieved entirely by underwater construction processes
and is virtually the only, and most economical, alternative to submerged pile-driving,
particularly in deep water or ultra-deep water where conventional installation techniques
may be prohibitively expensive. In addition, since the caisson foundations mainly act as
anchors for offshore floating facilities, their holding capacity is of particular importance
in design, which leads to a larger diameter, shorter length and also much thinner wall
thicknesses in comparison with traditional pile foundations.
A key issue with suction caissons has been the final long-term shaft capacity, which is
estimated initially based on the conventional design approach for open-end driven piles
in soft clay (API, 1993). The extent to which the shaft capacity is affected by the use of
suction (or under-pressure) to install them is therefore an important design
consideration, also allowing for the smaller aspect ratio and low ratio of wall thickness
to diameter. Although a great deal of research work has already been carried out
(discussed in detail in Chapter 3 - 5), there are still considerable uncertainties regarding
the soil flow pattern during suction installation and its effect on the subsequent shaft
capacity of the caisson, compared with a conventional jacking (or driving) process. In
addition, the impact of caisson-tip geometry (flat or bevelled tip) on the pattern of soil
movement at the caisson tip also needs to be explored. This is a challenging problem,
requiring computationally difficult finite element (FE) analyses, simulating the gradual
embedment of the caisson over several diameters and capturing relative motion between
the caisson wall and surrounding soil.

1.1.2 Deep penetration and extraction of full-flow penetrometers
The full-flow penetrometers are shown in Figure 1.2, so called because of the ‘fullflow’ mechanism of soil around the advancing probes from front to back rather than
being pushed away as when a cone penetrates. They were introduced in an attempt to
improve the definition of shear strength profile directly from field penetrometer tests.
For site investigation in deep-water oil and gas field developments, there is a growing
reliance on in situ tests since significantly increased costs and challenging technical
difficulties are encountered in obtaining high quality soil samples from deep-water sites
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for laboratory testing. In situ piezocone and vane tests are widely used for clayey
sediments, but they suffer from a number of limitations. The vane shear test can
measure the peak and remoulded undrained shear strengths directly, but the
measurements are affected by factors such as the degree of disturbance during insertion
of the vane, the waiting time before rotating the vane, the rate of rotation, the aspect
ratio of the vane and so forth (Chandler, 1988). Consequently, there is often a high
degree of scatter in the data measured. Besides, the vane test can only provide strength
data at discrete depths.
In contrast, the piezocone penetration test (CPTU) gives continuous profiles of cone
resistance with depth. The shear strength profile is then deduced by dividing the net
resistance (after corrections for effects of overburden pressure and pore pressure) by a
cone factor, Nkt. Currently in offshore practice, this resistance factor, Nkt, is calibrated
against laboratory test data on a site-by-site basis, due to its wide range depending upon
on the one hand the effect of sample quality and the type of test used to measure the
shear strength, and on the other hand the influence of the soil stiffness and the in situ
stress ratio on the cone resistance (Teh & Houlsby, 1991; Lu et al., 2004).
Two alternative ‘full-flow penetrometers’, the cylindrical T-bar and the spherical ball,
were developed at the Centre for Offshore Foundation Systems in the University of
Western Australia, with the aim of reducing the considerable uncertainties associated
with interpretation of the CPTU as described above; the T-bar was deployed offshore
for the first time in late 1997 (Randolph et al., 1998). Full-flow penetrometers may be
implemented simply, merely replacing the cone head by a cylindrical bar or an
axisymmetric ball (Figure 1.2). Notably, however, this seemingly small innovation
provides the potential to transform the state of practice in offshore site investigation.
The relationship between the penetration resistance of T-bar and ball penetrometers and
the shear strength of the soil is based on the plasticity solution of plain-strain T-bar
(Randolph & Houlsby, 1984; Martin & Randolph, 2006) and axisymmetric ball
(Randolph et al., 2000). This, in principle, avoids the need for calibration of resistance
factors against the laboratory strength data at each site. As pointed out by Randolph
(2004), in offshore practice the anticipated procedure is to adopt a standard resistance
factor as a default for the T-bar or ball penetrometer tests, instead of deducing it through
the correlation between the shear strength data and the net penetration resistance. The
factor is adjusted only where there is strong evidence supporting such adjustment.
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The various advantages of the full-flow penetrometers over a cone have been discussed
previously (Randolph, 2004; Einav & Randolph, 2005; Chung, 2005). Herein, the main
points are detailed again in comparison with cone penetrometer tests:
(1)

Due to the ‘flow-around’ mechanism and much larger projected area of the fullflow penetrometers compared with that of the shaft, the correction to the
measured penetration resistance for the overburden pressure and pore water
pressure is minimal, allowing the net resistance to be estimated with greater
accuracy than is possible with the cone in deep water soft deposits. In contrast,
potentially significant adjustments to the measured cone resistance are needed to
obtain a net value.

(2)

Since the resistance primarily results from flow around the probes, rather than
insertion of additional volume (of the cone shaft) into the soil, the resistance
should be less affected by secondary soil characteristic such as the rigidity index
or the in situ stress ratio.

(3)

Improved resolution is obtained in soft soils due to the larger projected area
(typically 10 times that of the cone shaft). This gives a higher penetration force
(particularly relative to the force on the load cell arising from hydrostatic water
pressure), so improved resolution and also reduced sensitivity to any load cell
drift.

(4)

A well defined failure mechanism may be postulated thus providing a more robust
theoretical basis for deriving factors relating penetration resistance to the shear
strength of the soil.

(5)

Resistance is also measured during extraction for the full-flow penetrometers,
which provides another important potential of evaluating remoulded undrained
shear strength and hence sensitivity of the soil.

These inherent advantages have led to a rapid increase in the use of full-flow
penetrometers in offshore site investigation, from initial trials in 1997 (Randolph et al.,
1998) to current extensive use off the coasts of Australia, Norway and Africa
(NGI/COFS, 2006). However, the knowledge about these promising probes is still
comparatively limited, with some critical questions remaining. For example, although
empirical correlations between T-bar resistance and the average shear strength of the
soil have shown reasonably close agreement with theoretical T-bar factors, similar
consistency is not found for the ball penetrometer. Furthermore, the agreement for the
T-bar appears, at least partly, to be due to compensating effects of (a) high strain rates
around the advancing penetrometer and (b) degradation of strength due to partial
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remoulding (Randolph & Andersen, 2006). The underlying mechanism is essentially
much more complicated than that indicated by a simple strain-rate-independent elasticperfectly-plastic soil model. For soils with different rate-sensitivity and ductility, the
resistance factors are very likely to change unless the enhancement of strength due to
high strain rate counteracts the strength degradation due to strain softening. Therefore,
a systematic theoretical study is necessary to evaluate the rate dependency and strain
softening for the T-bar and ball penetrometers.
Apart from the intact undrained shear strength, full-flow penetrometers can also be
employed to measure the remoulded undrained shear strength and sensitivity of the soil
by means of cyclic penetration and extraction tests. Compared with traditional vane
shear tests, these are quicker to perform (and thus less expensive) and also more robust
in that they show less scatter. The test consists of cycling the probe several times
vertically around a specific depth, over a certain displacement range, until a steady state
full-flow condition around the probe is established with the resistance being stable at a
fully remoulded value. Due to the full-flow failure mechanism, the soil around the
penetrometers can be remoulded effectively after a few cycles. Then the sensitivity is
approximately estimated from the resistance ratio of initial penetration to the last
penetration. Usually, correction is necessary to account for the disturbance in the soil
ahead of the advancing probes during the first penetration and the possible change of the
effects of some factors, such as strain-rate dependency, on the penetration resistance in
the fully remoulded condition. Simulation of repeated penetration and extraction of
full-flow probes coupled with rate dependency and gradual strength degradation is
therefore needed in order to evaluate the ‘penetration resistance sensitivity’ (i.e. the
ratio of initial penetration resistance to that in full remoulded soil) and compare it with
the sensitivity of the soil itself.

1.1.3 Shallow penetration of a cylindrical object
As an extension from simulating the deep penetration of a T-bar penetrometer, shallow
embedment of a horizontal cylindrical object (a T-bar or a pipe) into rate-dependent and
strain-softening soil was modelled. The result was further compared with that from
corresponding centrifuge tests to validate the adopted large deformation FE approach.
Submarine pipelines are generally laid unburied on the seabed in deep-water sites. The
most challenging geotechnical design issues associated with them are lateral buckling
and axial ‘walking’ due to thermal expansion and contraction during operation.
Accurate estimation of the as-laid embedment is therefore important in order to assess
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the soil resistance to axial and lateral motion of the pipeline (Bruton et al., 2007; White
& Randolph, 2007).

Notably, the penetration of the pipe is essentially a large

deformation problem associated with large strains and changing geometry, rather than a
bearing capacity problem. It is critical to take account of the local soil heave on either
side of the pipeline, which has significant impact both on the predicted collapse load
and on the subsequent lateral breakout resistance.
This problem is also relevant to the interpretation of T-bar tests near the seabed. Again
it is crucial to pipeline design, which is reliant on accurate characterisation of the soft
near-surface sediments on which the pipeline is laid. The behaviour of the soil in the
upper metre is of interest, but it is extremely difficult to obtain undisturbed samples for
laboratory testing, particularly in deep-water areas. The T-bar test is therefore widely
used to profile the strength of the near-surface sediments for pipeline design (Randolph,
2004). The T-bar test can be viewed as a model test of a pipeline segment, due to the
virtually identical geometry which leads to almost the same failure mechanism. The
measured T-bar resistance can be ‘scaled’ (interpreted) for direct application in the
pipeline design (Randolph et al., 2007).

1.1.4 Summary
The common link between installation of suction caisson foundations, full-flow
penetrometer tests, and embedment of pipelines lies in continuous penetration through
the soil, a common feature of many other offshore applications such as drag anchors,
spudcan foundation for jack-up platform, etc. Numerical simulation of such ‘large
deformation’ problems through FE analysis has only recently become viable
computationally. Thus this research combines innovative applications with leading
edge computational techniques in order to improve the current state of practice in
offshore geotechnical engineering.

1.2

Research Goals

This study was undertaken with aims of:
(1) evaluating the effects of installation method (by suction or by jacking) and caissontip geometry (flat or outward chamfered tip) on the shaft capacity of suction
caissons in normally and lightly overconsolidated soft clays;
(2) quantifying penetration resistance of T-bar and ball full-flow penetrometers in ratedependent and strain-softening soil;
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(3) examining the remoulding mechanism during cyclic penetration and extraction of
full-flow penetrometers in clay to help interpretation of cyclic tests; and
(4) investigating shallow penetration of a horizontal cylinder into soft clay, and
comparing with flow mechanisms observed using advanced image analysis from
centrifuge model tests.

1.3

Methodology

A large deformation FE approach was adopted to undertake these studies. This method
was proposed by Hu & Randolph (1998), referred to as Remeshing and Interpolation
Technique with Small Strain (RITSS), which falls in the category of ‘arbitrary
Lagrangian-Eulerian’ (ALE) methods (Ghosh & Kikuchi, 1991), whereby a series of
small-strain analysis increments are followed by remeshing, and then interpolation of
field quantities (stresses and material properties) between the Gauss points in the new
mesh and those in the old mesh, after first updating the coordinate positions of the
Gauss point in the old mesh according to the cumulative displacements in the preceding
increments of analysis. The sequence of small strain increments, remeshing and
interpolation may be repeated until penetration of several diameters has been achieved.
Detailed description and discussion of RITSS are provided in Chapter 2, in comparison
with other analysis techniques addressing geotechnical penetration problems associated
with large deformations.
The principle behind the RITSS approach is that each new remeshing stage constitutes a
new problem, albeit with geometries of boundary and interface, internal stress status,
and distribution of material properties reflecting the preceding sequence of increments.
Since the remeshing and interpolation aspects are essentially independent of the small
strain analysis, the procedure may be coupled with any standard FE package and
complex constitutive models through user-written interface codes, although here the FE
package, AFENA (Carter & Balaam, 1995), was used throughout.
A particular capability of this large deformation approach is that it can account for the
geometric nonlinearity coupled with the material nonlinearity.

For the installation

analysis of caisson foundations, the remeshing step was carried out after a certain
number of increments. A new mesh was generated based on the new boundary after
updating the previous position of the nodes according to the cumulative displacements
in the preceding series of incremental calculations. Then a ‘new’ analysis was started
following transferring of stresses and material quantities from old mesh to new mesh.
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This procedure was repeated until the caisson was penetrated to the desired position.
The movement pattern of soil at the tip during caisson penetration was then evaluated,
comparing the volume of soil heave inside the caisson and that of the embedded caisson
wall. The simulations of the motions of T-bar and ball penetrometers and a horizontal
cylinder were implemented in a similar fashion, except adding several user-defined
history variables required by the analyses. For instance, the original depth of the
‘particle’ of soil was recorded to allow the deformation pattern to be pictured, and
accumulated plastic shear strain for calculating damage. It is worth noting that the large
deformation approach is essential to model the disturbance due to the penetrating
objects, resulting in a non-homogeneous distribution of shear strength due to shearing
and flow of soil around the object.
This large deformation method is still a developing technique. Significant modifications
to the RITSS procedure and numerical algorithms were conducted case-by-case
according to the features of each analysis. For example, the Tresca model was required
to be modified to allow for the effects of strain-rate dependency and strain softening.
The mesh regeneration technique and interpolation strategy needed to be developed
further to meet increased requirement on the accuracy of the interpolation steps. These
extensions and improvements of the RITSS approach were undertaken throughout the
entire research, and contributed to the originality of the research.

1.4

Outline

This thesis comprises ten chapters. Following this introductory chapter, the RITSS
approach is described at length in Chapter 2, concentrating on some key aspects
associated with this technique and important developments made in this research. In
addition, other FE formulations for large deformation problems were also briefly
reviewed.
Chapters 3 ~ 5 are concerned with large deformation analysis of caisson installation in
clay. In Chapter 3, the impact of installation method (by suction or by jacking) is
evaluated in terms of the flow pattern of soil and ultimately on the external shaft friction
of caisson foundations. Then the numerical results are compared in Chapter 4 with
those from centrifuge tests for caissons installed in three types of soft clay: normally
consolidated clay, lightly over-consolidated clay and sensitive clay. Chapter 5 presents
an investigation into the effect of caisson-tip geometry.
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Chapters 6 ~ 8 focus on T-bar and ball full-flow penetrometers, modelling the strength
enhancement due to high strain rate and gradual strength degradation due to strain
softening. The rate-dependent and strain-softening model is developed in Chapter 6,
with curvilinear shear bands being observed, which evolve periodically ahead of the
advancing cylindrical and spherical penetrometers. In Chapter 7, results of a parametric
study are presented, quantifying the effects of high strain rate and partial softening, and
leading to simple expressions for estimating resistance factors. Large deformation
modelling of cyclic penetration and extraction of T-bar and ball penetrometers is
documented in Chapter 8, revealing the evolution of the remoulding mechanism and
helping in interpretation of cyclic penetration tests.
An additional simulation of the shallow embedment of a horizontal cylinder embedment
into rate-dependent and strain-softening clay is documented in Chapter 9, in comparison
with results from advanced image analysis based on centrifuge modelling. This
comparison provides further evidence of the robustness and effectiveness of the RITSS
approach.
Finally, Chapter 10 summarises the main outcomes of this research, along with
suggestions for future work.
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CHAPTER 2
LARGE DEFORMATION FE METHODS AND RITSS

2.1

Overview

Geotechnical penetration problems are regarded amongst the most challenging issues in
geomechanics, due to their association with large deformations of highly nonlinear geomaterials. To date, a range of penetration models have been introduced in an attempt to
provide more insight into these complicated issues. Generally speaking, these models
were built based on one of the four following theories: bearing capacity theory, cavity
expansion theory, strain path method, and finite element (FE) theory. Detailed
discussion of these models was provided by van den Berg (1994). The advantages and
drawbacks of the different models were evaluated against three aspects: penetration
mechanism, soil behaviour and layered soil profiles, which are all indispensable for
simulating a real penetration problem.
As van den Berg (1994) concluded, the models based on bearing capacity theory, cavity
expansion theory and small-strain FE theory were not capable of simulating the
penetration process properly, which is a steady state process involving large
deformations. The constitutive behaviour of bearing capacity models was limited to
rigid plastic models. All these models, other than those based on a large-strain FE
approach, were difficult or even impossible to model the penetration in layered soil. In
addition, for shallow embedment from the surface, only the large-strain FE method is
able to take account of the effect of the deformation on the soil surface. The large-strain
FE approach, therefore, is the most versatile method to solve geotechnical penetration
problems.
This chapter presents a review of various FE approaches which are most commonly
used in solving large deformation problems. Firstly nonlinearities associated with FE
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analysis are discussed, with the emphasis on geometric nonlinearity which necessities
the large deformation analysis. Several FE formulations for large strain analysis are
then summarised briefly as background to RITSS (remeshing and interpolation
technique with small strain). Finally the RITSS approach and relevant key aspects are
detailed, as well as further developments of this method.

2.2

Geometric Nonlinearity

In analysis of solid continua, there are mainly three sources of nonlinearity: geometric
nonlinearity, material (or constitutive) nonlinearity, and boundary nonlinearity. The
nonlinear material or boundary is history dependent: response of the material or
boundary at any time depends on what has happened to it at previous times. Thus, the
solution must be obtained by following the actual loading sequence. In terms of
nonlinear solid mechanics, the relationship between stresses and strains (or other
material properties) is a complicated function, where the equation coefficients may
depend on the solution itself or in the appearance of powers and products of the
unknowns or their derivatives. Boundary nonlinearity arises from nonlinear boundary
conditions, contact problems, interface elements with a nonlinear stress-strain
behaviour etc.
The geometric nonlinearity, otherwise called ‘finite strain’, ‘large strain’, ‘large
displacement’, or ‘large deformation’, originates from significant displacements
occurring partly or entirely within the deforming body, which results in substantial
alterations in the geometry relative to the initial shape. Due to the large movements of
the medium, the strains are no longer linearly related to displacement gradients in large
deformation regions. Thus the equilibrium and constitutive equations must be modified
to account for the change in geometry.
As far as soil mechanics is concerned, many incremental elasticity and elasto-plasticity
models have been proposed to address the material nonlinearity, such as nonlinear
elasticity models: K-G model, hyperbolic model etc; and a range of elasto-plasticity
models: Tresca model, Mohr-Coulomb model, critical state models, bubble models etc
(Potts & Zdravkovic, 1999). For the boundary nonlinearity, there have been many
approaches proposed to deal with this issue, such as development of various joint
elements to model interfacial behaviour (eg. Goodman et al., 1968; Herrmann, 1978;
Desai & Ma, 1992), application of contact mechanics to model soil-structure interaction
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(eg. Katona, 1983; Mabsout et al., 1995; Einav & Klar, 2003; Sheng et al., 2005; Sheng
et al., 2006) and so forth.
In contrast, relatively less research has been directed at geometric nonlinearity, mainly
due to the extreme difficulty in incorporating nonlinear material models into the large
strain formulation. In small strain analysis, where geometric nonlinearity is ignored in
element calculations, the elements are formulated in the reference (original)
configuration using original nodal coordinates. For large deformation analysis, the
elements must be formulated in the current configuration using current nodal positions
to take account of alterations in geometry. This procedure becomes difficult or even
impossible when the geometric nonlinearity is coupled with complex nonlinear
constitutive models.

2.3

FE Techniques for Large Deformation Problems

Commonly there are four FE formulations used for the large deformation FE analysis,
namely, total Lagrangian (TL), updated Lagrangian (UL), Eulerian, and arbitrary
Lagrangian-Eulerian (ALE) (also called mixed Lagrangian–Eulerian).

2.3.1 Total Lagrangian and updated Lagrangian
The first FE formulation for large strain problems was introduced by Hibbitt et al.
(1970) using a TL approach with particular reference to elasto-plastic behaviour in
metals. Under this framework, all the variables such as stresses and strains are referred
to the initial configuration, which complicates the stiffness matrix and consequently the
stress integration for large strain problems. The TL formulation, therefore, is more
suitable for large displacement problems with small strain or where a complex stressstrain relationship valid for large strains is to be followed.
Comparatively, the UL approach is much more powerful than the TL approach to deal
with large displacements, rotations and strains. In this method, the concept of ‘finite
strain’ is normally introduced into the formulation in place of the usual small strain
assumption. The finite element mesh is tied with the material and sophisticated stress
and strain formulations are required to deal with the large cumulative strains and
rotations in each element (McMeeking & Rice, 1975; Bathe et al., 1975; Hughes &
Winget, 1980). The deformation path is approximated by increments in time. After
each increment the reference configuration is updated with the solution, and then the
elements are formulated again in the current situation using updated nodal positions. In
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this way the history of the material is easily taken into account. This updated state is
used as an initial condition for the next increment, so the FE mesh is connected with the
material throughout the calculation. However, the UL method can suffer from mesh
distortion and mesh entanglement, because of large deformations in these calculations.
As the deformation increases, the elements distort from their original shapes. With
sufficiently large deformations, the elements may become so distorted that the
calculation becomes inaccurate or may even collapse. For example, the volume of the
element at an integration point may become negative.
As a result, the UL approach is a good option for finite strain problems without any
excessive distortion occurring throughout the analysis. For large penetration issues, this
method has limited applicability since severe element distortion causes numerical
problems. Exceptions are for objects with a conical or smooth nosed head, where it is
possible to maintain a solution since the distortion becomes similar to a cavity
expansion. The continuous penetration is modelled either by frequently changing the
boundary conditions at the interface (eg. Kiousis et al., 1988; Cividini, 1989; Voyiadjis
& Abu-Farsakh, 1997; Abu-Farsakh et al., 1998), or using a contact interface (eg. Einav
& Klar, 2003; Huang et al., 2004; Sheng et al. 2005; Fischer et al., 2007).

2.3.2 Eulerian
The Eulerian formulation was initially introduced for FE applications in the fluid
mechanics area.

In contrast with the UL approach, it does not suffer from mesh

distortion, because the mesh is spatially fixed and the material flows through the
elements during the simulation. This approach is, therefore, naturally suitable for flow
problems of fluids and other homogeneous materials, in particular without free surface.
For large strain problems of nonlinear solid materials, several trials were attempted by
Nagtegaal & Jong (1981), Gadala et al. (1983), and Gadala et al. (1984). However, no
generally accepted Eulerian formulation is available for such problems owing to
mathematical difficulties in obtaining material time derivatives in the spatial reference
frame.
For large strain problems in soil mechanics, the application of the Eulerian formulation
becomes more limited due to its inability in describing free surfaces and the difficulty in
treating history-dependent properties. A rare example employing the Eulerian
framework was reported by van den Berg et al. (1996) for deep penetrated cone into
layered soil without a free surface. Due to uncoupling of material and nodal point
displacements, the convection has to be taken into account to update the state at the
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nodal points following an implicit Lagrangian step. The convection algorithm, however,
introduced some numerical diffusion when transferring stresses and state variables.

2.3.3 ALE
The ALE approach was devised to combine the respective merits of both the UL and
Eulerian methods by defining the mesh motion independent of the material motion. In
the Eulerian formulation the mesh is fixed in space and the mesh velocity is set to zero
whereas in the UL formulation the mesh velocity is identical to the material velocity.
However, in the ALE method, in general, the finite element mesh need not adhere to the
material or be fixed in space but may be moved arbitrarily relative to the material. In
principle, an optimum definition of the mesh movement should be in such a way that
the respective advantages of both UL and Eulerian methods are adequately exploited
while their respective disadvantages are minimized. The grid points on the surface must
remain on the free surface.

A proper ALE formulation should reduce to the UL

formulation if the same motion is used between the computational and material meshes.
On the other hand, it should reduce to the Eulerian formulation if the computational
mesh is fixed.
The ALE concept was first proposed by Noh (1964) using a finite difference scheme for
two-dimensional hydrodynamics problems with moving fluid boundaries. Later on it
was employed with the FE method for modelling fluid domains (Hughes et al., 1981;
Ramaswamy & Kawahara, 1987; Huerta & Liu, 1988; Nomura & Hughes, 1992). Since
then, the ALE method has been used mainly in fluid and linear-path independent solids,
where stress states are solely determined by the instantaneous displacement or velocity
fields (Haber & Abel, 1983). To date this formulation has been well established in the
fluid mechanics field, with special emphasis on hydrodynamics and fluid-structure
interaction. However, the most important challenge lies perhaps in its extension to
nonlinear solid mechanics where path-dependent material behavior is fairly common
(Huerta & Casadei, 1994), although a variety of ALE formulations have been developed
for finite strain deformation problems in nonlinear path-dependent continua, particularly
in the simulation of metal-forming problems (e.g. Huetink et al., 1990; Harber, 1984;
Liu et al., 1988; Ghosh & Kikuchi, 1988; Ghosh, 1990; Ghosh & Kikuchi, 1991; Couch
& Sharp, 1993).
All the ALE formulations can be divided into two groups, namely operator-coupled and
operator-split formulations. For the coupled description, the material deformation and
convective effects are coupled in the same equations. The equations describing the
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material deformation and the transportation of material through the grid are therefore
solved in a single process. From the theoretical point of view, the fully coupled ALE
approach represents a true kinematic description in which material deformation is
described relative to a moving reference configuration (Gadala, 2004).
However, the majority of the ALE applications are based on the computationally
convenient operator-split technique. In this approach, material deformation and
convective effects are treated separately. Thus each time step may be divided into two
steps: a regular UL step followed by a Eulerian step. The Eulerian step can be further
sub-divided into a remeshing step and a remapping of the state variables. In the UL step
a FE discretisation is employed. In the remeshing step the position of a new element
mesh with the same mesh topology is determined. Due to remeshing a remapping of
state variables is necessary, which is described by the convection equation. In terms of
the operator-decoupled ALE method, the calculation of the mesh velocity and the
remapping of state variables are amongst the most important but challenging aspects
(Stoker, 1999; van Haaren et al., 2000; Nazem et al., 2006; Sheng, 2007).
The main advantage of this operator-split technique over the fully coupled approach is
the reduction in the cost of implementation of ALE to current Lagrangian codes, as the
UL step is unchanged and only the Eulerian step algorithm needs to be added.
Moreover, the decoupling of the Lagrangian and Eulerian steps results in simpler
equations to be solved. Even so, it is still difficult to implement for soil material which
is often nonhomogeneous and requiring highly nonlinear constitutive models.
Specific applications of the operator-split ALE approach to geomechanics problems
have been considered by Susila & Hryciw (2003) to simulate the cone penetration test
in sand, and Walker & Yu (2006) in clay, using the commercial finite element code
ABAQUS.

A frictional contact was chosen to represent interactions between the

surface of the cone and the soil. The nodes were relocated during the analysis to handle
the very large distortion of elements around the cone tip and a second-order advection
method was used to map state variables from the old to the new mesh.
More recently, Nazem et al. (2006) has made an improvement to the remeshing (node
relocation) technique, where a new optimised mesh was generated efficiently by a
‘provisional’ elastic analysis. Firstly the deformed boundaries resulting from the UL
step were re-discretised by redistributing their position in an optimal fashion. A simple
elastic analysis was then performed using the mesh before deformation and the known
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displacements of the boundary nodes as prescribed displacements to obtain the mesh
displacements for all the internal nodes. The optimal mesh was hence obtained by
adding the incremental displacements from the elastic analysis to the nodal co-ordinates
before deformation. This ALE approach has been employed to simulate pile (cone)
penetration by Sheng (2007).
In spite of the relative ease in handling mesh distortion and entanglement, it should be
stressed that the capability of the remeshing technique in the ALE method is very
limited for modelling large penetration problems. A versatile algorithm for relocating
the nodes has not yet been found, which can ensure that the element meshes used at
different time steps over the simulation process will remain high quality. Consequently
a complete remeshing with a new mesh topology is indispensable in order to solve a
wide range of very large deformation problems.

2.4

RITSS and Further Developments

The overall scheme of RITSS (remeshing and interpolation technique with small strain)
is shown schematically in Figure 2.1, consisting of a series of small strain analysis
increments, followed by remeshing, and then interpolation of the field quantities
(stresses and material properties) on the Gauss points from the old mesh to the new
mesh, after first updating the coordinate positions of the Gauss points in the old mesh
according to the cumulative displacements in the preceding increments of analysis. The
sequence of small strain increments, remeshing and interpolation can be repeated until
the required displacement has been reached.
This technique was proposed by Hu & Randolph (1998a) in an effort to provide
numerical solutions to the large deformation problems in geotechnical engineering,
although its application may be easily expanded to other areas. Generally speaking, this
method can be categorised into ALE formulations, despite the fact that this type of
analysis is based on a TL formulation with Cartesian stress components, and complete
remeshing and interpolation of field quantities are carried out periodically.

The

principle behind the RITSS approach is that each new remeshing stage constitutes a new
problem, albeit with boundary geometries and internal stresses that reflect the preceding
sequence of increments. Compared with previously described large strain formulations,
RITSS is simpler, more flexible and versatile, in particular for large penetration
problems with complex constitutive models. Since the remeshing and interpolation
aspects are essentially independent of the incremental analysis, the procedure may be
2-7

Chapter 2: Large deformation FE methods and RITSS

linked with virtually any finite element code through user-written interface codes. In
addition, the remeshing strategy here means altering the mesh topology and
connectivity, which is totally different from that mentioned in the previous ALE method
where the nodes are only relocated with the topology of the mesh being kept intact.
Therefore, the RITSS approach is fully free from the hurdle due to severe mesh
distortion. Note that a similar idea was also followed by Hicks (2000) to model strain
localisation in geomechanics using an adaptive mesh refinement algorithm, and Hamel
et al. (2000) to simulate clinch forming, but based on a UL formulation.

Small strain incremental
analysis steps

Updating nodal
positions and remeshing

Loop as required

Initial mesh generation
(and optimisation)

Interpolation of stresses and
material properties from old
(deformed) mesh to new mesh

Figure 2.1 Overall scheme of the RITSS approach
To date the RITSS approach has been applied in a variety of two-dimensional or threedimensional large deformation simulations in homogeneous and nonhomogeneous soils,
covering strip and circular shallow foundations (Hu & Randolph, 1998a, 1998b, 1998c;
Wang & Carter, 2002; Yu et al., 2007), circular skirted (caisson) foundations (Hu et al.,
1999; Hu & Randolph, 2002; Zhou & Randolph, 2006; Zhou & Randolph, 2007a; Chen
et al., 2007), submarine pipelines (Barbosa-Cruz & Randolph, 2005; Zhou, et al., 2008),
spudcan foundations (Hu & Randolph, 1998a; Hossain et al., 2005; Barbosa-Cruz,
2007), plate anchors (Wang et al., 2006; Wang et al., 2007; Randolph et al., 2008) and
cone and various penetrometers (Lu et al., 2000, 2001, and 2004; Barbosa-Cruz, 2007;
Zhou & Randolph, 2007b, 2007c; Zhou et al., 2007). The robustness of this approach
has also been demonstrated in these publications.
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Since its introduction by Hu & Randolph (1998a), the RITSS approach has been
developed considerably so as to realize various geotechnical applications mentioned
above. In the following some important aspects related to the RITSS approach and
several key advancements made during the present study are described to provide more
details of this large deformation technique.

2.4.1 AFENA FE package
In this study, RITSS is built around the AFENA FE package (Carter & Balaam, 1995),
although recently it was also coupled with the commercial FE software ABAQUS
(Wang et al., 2006; Wang et al., 2007; Randolph et al., 2008). Both AFENA and
ABAQUS based RITSS can perform continuously and automatically without requiring
any intervention from the user. The latter, however, is more versatile as ABAQUS
includes powerful algorithms for mesh generation and computational efficiency, which
is especially important for simulating three-dimensional problems.
In the present AFENA program, the nonlinear analysis is undertaken adopting a simple
tangent stiffness approach. The stiffness matrix is assembled at each loading step so as
to predict more accurate results than the initial stiffness method. Since the small strain
analysis is conducted without iteration, after each increment calculation the stress state
of every Gauss point needs to be checked against a yield criterion and corrected back to
the yield surface if it drifts. For plane-strain analyses the stress correction is achieved
by maintaining the mean stress constant, whereas for axisymmetric problems, the
procedure proposed by Potts & Gens (1985) is followed. Out-of-balance forces are then
carried forward into the next incremental computation. This approach has been proved
in practice suitable for path-dependent nonlinear problems, given a sufficiently small
increment to ensure accurate results, in addition to adequately small mesh size.

2.4.2 Mesh generation strategies
The mesh generation includes discretising the initial computation domain and
subsequent deformed domains in the remeshing step.

Here six-noded triangular

elements with three integration points are used throughout, which are known to give
accurate results and are easy to use for the construction of complex finite element
meshes. During meshing, a nodal connection technique is employed consisting of two
phases: node generation followed by element generation by connecting the nodes (HoLe, 1988). The nodes are produced by normal offsetting of the nodes from those
already generated on the boundaries of the domain (Johnston & Sullivan, 1992). The
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mesh is then formed by Delaunay triangulation of the nodes (Sloan, 1993) and finally is
smoothed using the Laplacian technique (Herrmann, 1976).
In the phase of generating the nodes including discretising the boundaries and offsetting
for producing internal nodes, a guideline, i.e. mesh density control, is applied to control
the spacing between adjacent nodes. The control can be achieved by a function or by an
adaptive technique based on error estimation (Hu & Randolph, 1998b). For initial mesh
generation, a linear function (Lu, 2004) has proved convenient to control the mesh
density, expressed as
d − d min
ζ
f d = hmin + ( d max
− d min ) ( h max − h min )

(2.1)

where hmin and hmax are the desired smallest and largest mesh density at distances of dmin
and dmax respectively from the centre, O, ζ is the parameter controlling the feature of
transition from dmin to dmax with a magnitude of 0.8 recommended. To optimising the
mesh, the discretisation domain can be divided into different regions where the density
control function is applied with different control parameters or even employing different
functions. For example, fine elements are distributed around structure-soil interaction
area with very slow increase in the element size, while coarse elements are used in the
far field with more dramatic increase in size.
For further refinement, an h-adaptive technique may be applied to obtain an optimal
mesh, where the element sizes, h, in zones of high strain error are reduced according to
the error estimation. This technique has already been incorporated into RITSS (Hu &
Randolph, 1998b). The strain error is measured according to a criterion proposed by
Belytschko & Tabbara (1993) based on comparing the current strain field calculated
from the FE solution with a strain field recovered through the Superconvergent Patch
Recovery (SPR) technique (Zienkiewicz & Zhu, 1992).
However, in the present study, the adaptive mesh refinement appeared to be
unnecessary and in some cases led to unpredictable evolution of the mesh during
continuous deformation, particularly when the effect of high strain rates or strain
softening was taken into account. Abrupt changes between old and new mesh lead to
difficulty in transferring history-dependent variables accurately from one mesh to
another. For such situations, it is better to control element sizes throughout the analysis
domain by using mesh density functions, with fine elements inside the deformation
mechanism and a coarse mesh elsewhere. Due to the simple geometry of the structural
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elements in most geotechnical problems, the approximate extent of the deformation
mechanism is easy to estimate, which facilitates pre-designation of the mesh density.
Furthermore, for those problems free from soil surface effects, such as deep penetration
of a cylindrical T-bar or a spherical ball, the remeshing stage can be simplified by
merely translating the initial mesh downward with the penetrometer, maintaining a
fixed mesh relative to the penetrometer (Zhou & Randolph, 2007b). This results in an
essentially Eulerian method of analysis, but where the advection of history variables is
accomplished by interpolation.
Accordingly the program was modified to implement automatic mesh regeneration
controlled by density control functions for the remeshing step (although remeshing as
such was not used for the T-bar and ball penetration analyses). Note that for the stage
of initial mesh generation, this technique had already been realized by Lu (2004). The
density control scheme was further developed case-by-case in an attempt to produce an
optimum mesh.
An important advance in the mesh regeneration for RITSS was the partial remeshing
technique initially developed by Barbosa-Cruz (2007), and further improved by the
candidate (Zhou et al., 2007). As discussed later, transferring of values from the old to
the new Gauss points inevitably induces some degree of numerical diffusion, regardless
of how accurate the interpolation algorithm is, unless the old and new Gauss points are
exactly in the same location. Enlightened by this, a partial remeshing technique was
introduced, whereby only the part of the domain undergoing large strains is rediscretised in the remeshing step; in the remaining (small strain) region, the nodal
coordinates are merely updated according to the displacements. In this way the new
Gauss points in the non-remeshed zone lie directly on the corresponding old points,
removing interpolation error in that zone. In the remeshing region, much finer elements
are used to minimise numerical diffusion. Detailed discussion of this technique is
provided in Chapter 8 or Zhou et al. (2007). The effectiveness of the partial remeshing
technique is pronounced in minimising the interpolation pollution.

2.4.3 Interpolation schemes
For history-dependent materials, field quantities must be transferred from old mesh to
new mesh to form ‘initial’ conditions for succeeding analysis. These quantities include
stresses, probably also material properties and strains depending upon the constitutive
model adopted and the problem of interest. For instance, in the case of homogeneous
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soil with a simple elasto-plastic model based a Tresca, von Mises or Mohr-coulomb
failure criterion, only the stress state is required to be mapped. When more complicated
models, such as the rate-dependent and strain-softening model (Zhou & Randolph,
2007b, 2007c; Zhou et al., 2007, 2008; also in Chapter 6~9), are involved, the stress
state, strain rate and accumulated plastic shear strain (for calculating damage) all need
to be transferred.
The accuracy of large deformation analyses relies largely on that of the interpolation
scheme employed to transfer history-dependent variables from old to new mesh. To
date, many schemes have been proposed to deal with the transferring of history
variables, in particular for the convection problem in ALE based analysis (Benson,
1989; Perić et al, 1996; Stoker, 1999; van Haaren et al., 2000; Nazem et al., 2006).
With respect to the RITSS based analysis, the mesh may be completely remeshed rather
than merely relocating the position of the nodes as in the ALE formulations. As a result,
two different interpolation schemes were recommended by Hu & Randolph (1998b),
referred to as Modified Unique Element Method (MUEM) and stress-SPR approach.
In the stress-SPR approach, the stress values on old nodes are first recovered from old
Gauss points using the SPR technique (Zienkiewicz & Zhu, 1992). The stress values on
the new Gauss points are then interpolated from those at the old nodes using the same
shape functions as for displacements. Theoretically, the stress-SPR approach is only
suitable for stress interpolation. When it is used, the boundary nodes cannot act as
patch assembly points, so each boundary node must be attached to at least one interior
patch of elements for recovery.
In contrast, the MUEM is based on direct interpolation of integration point values
without intervention of nodal point values. It is an improved scheme of the UEM
(unique element method). Therefore, it is detailed below together with the UEM in the
context of six-noded triangular elements with three Gauss points (Hu & Randolph,
1998b; Lu, 2004). The method comprises the following steps:
(1) Update the co-ordinates of all nodes and Gauss points in the old mesh (according to
cumulative displacements over the preceding series of increments) to form a
reference mesh for interpolation; note that the ‘cumulative displacements’ of the
Gauss points are interpolated from those of the nodes.
(2) For each Gauss point in the new mesh, perform step (3) and (4).
(3) Find the old element in which the new Gauss point is located.
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(4) Once the old element has been found, for example, deformed element abcdef in
Figure 2.2a, then
For UEM: interpolate or extrapolate the values linearly for the new Gauss points
from the old Gauss triangle T1T2T3, which is defined by the three Gauss points of
the old element.
MUEM: the interpolation is carried out differently according to the location of the
new Gauss point relative to the old Gauss points in the same old element:
(i) If the new Gauss point is in the old Gauss triangle T1T2T3, the values on the
new Gauss point are interpolated linearly from those on the three old Gauss
points (eg. G1 in Figure 2.2a), as in the UEM.
(ii) If it lies outside ∆T1T2T3 but close to one of the three old Gauss points, it is
assigned the same values as those on the closest Gauss point (eg. G3 in Figure
2.2a).
(iii) If it lies outside ∆T1T2T3 and not close enough to any of the three old Gauss
points, then the closest side of ∆T1T2T3 and the closest Gauss point of the
neighbouring old element need to be found so as to form a triangle containing
the new Gauss point for interpolation (eg. G2 in Figure 2.2a).
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Figure 2.2 Schematic illustration of two interpolation schemes: MUEM and NUEM
The UEM is proposed based on the consideration that in a six-node triangular mesh the
stress field varies linearly within each element but discontinuously between adjacent
elements (1998a). However, as found by Hu & Randolph (1998b), this approach
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produced poor results when the new Gauss point lies outside of the old Gauss triangle
(thus when extrapolation was required). As a result, the MUEM was developed, which
was found to provide stable and essentially identical results to that using the stress-SPR
interpolation approach, provided that any stress correction was made following
interpolation using either scheme (Hu & Randolph, 1998b).
Further investigation by Lu (2004) found that the MUEM failed to lead to reasonable
results for the interpolation of shear strength which is required for the nonhomogeneous
soil. The quadratic interpolation on nodes was then introduced, which firstly
interpolated the shear strength quadratically between nodes from old to new mesh, then
calculated the shear strength on the new Gauss points from those on the six new nodes
which formed an element containing the Gauss point (Lu, 2004). This method, however,
is probably only limited to the interpolation for shear strength, where values on the
nodes can be obtained correctly from the strength profile, rather than having to be
recovered from the Gauss points, which is less accurate. In cases requiring interpolation
for other variables such as accumulated plastic shear strain for strain-softening models,
or hardening parameters for Cam-clay models, the accuracy of this interpolation scheme
is unsatisfactory.
The MUEM made an important improvement to the UEM by changing the treatment for
the new Gauss points falling outside the old Gauss triangle but close to one of its three
sides (eg. G2 in Figure 2.2a). However, it merely assigned the values on the closest old
Gauss points to the new Gauss points as long as they were close enough (eg. G3 in
Figure 2.2a), which led to the inaccuracy in strength interpolation found by Lu (2004).
A further modified interpolation scheme based on MUEM is therefore proposed in this
study, named as NUEM (non-unique element method) and illustrated in Figure 2.2b.
Firstly a Gauss mesh is formed by Delaunay triangulation of all the Gauss points in the
old mesh. The values on the new Gauss points are then interpolated linearly from the
Gauss triangle within which the new Gauss point falls. For instance, in Figure 2.2b, the
values on new Gauss point, G1, are interpolated from ∆T1T2T3, G2 from ∆T2T6T3, and
G3 from ∆T3T4T5. In addition, for a few new edge Gauss points close to boundaries,
and falling outside the mesh of the old Gauss points, they are treated specially,
assigning a value obtained by using a linear interpolation between the two old edge
Gauss points lying to either side of the new Gauss point. This appears to largely
eliminate error accumulation along the boundary during repeated remeshing and
interpolation.
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Another important modification associated with the interpolation step is about speeding
the search of the triangle of old Gauss points in which the new Gauss point falls during
linear interpolation for new Gauss points, or the old element in which the new node lies
during quadratic interpolation for new nodes. Taking the search for the old Gauss
triangle, for example, as a preliminary step for every old Gauss point the numbers of all
the old Gauss triangles connecting to the point are stored in an array. Then after finding
the nearest old Gauss point for each new Gauss point, the old Gauss triangle containing
the new Gauss point can be located quickly by checking all the old Gauss triangles
connecting to the old Gauss point. Since the interpolation step is carried out frequently,
this optimisation in the search technique reduced the computation time quite
considerably.
Following interpolation, the yield status is checked for new Gauss points and the
stresses are corrected back to the yield surface if they do not lie on the current yield
surface (Potts & Gens, 1985). The correction is essential to obtain an accurate and
smooth displacement-resistance response. And it is relatively easy for simple elasticperfectly plastic models, where only stresses and yield status are needed in the
correction.

For more advanced (and complex) constitutive models, such as the

Modified Cam-Clay (MCC) model, the correction becomes much more complicated (Lu,
2004). In addition to the stresses and yield status of each Gauss point, more parameters
are needed in the correction process (and are consequently also needed for interpolation
from old to new mesh), such as magnitudes of the current loading surface, yield locus
and stress ratio (ratio of deviatoric stress to mean effective stress). To date no entirely
satisfactory correction technique has yet been found.

2.4.4 Post-processing technique
Previously the Felpa program was used as a post-processor for viewing and processing
results from AFENA (Balaam & Carter, 2005). However, sometimes it is incapable of
plotting necessary information for checking and interpretation of the results. Also,
some operations are inconvenient in Felpa. Therefore, the commercial visualisation
software Tecplot (Amtec Engineering, 1999) was adopted here and several new
subroutines were created so as to produce result files following the format required by
Tecplot. This change greatly helps the visualisation of the results from large
deformation analysis, particularly in terms of contour plots and animations, although it
is not critical to the large deformation technique itself.
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2.4.5 Problem-specific developments
RITSS is implemented by coupling the remeshing and interpolation algorithms with a
standard FE package through user-written interface codes. For various structural
elements penetrating into the soil medium, alterations of the remeshing code are
necessary in order to find the updated boundary position accurately after the preceding
series of increments. The domain enclosed by the deformed boundary is then rediscretised h-adaptively or under control of mesh density functions.
In addition to above adjustments, two important extensions were made respectively for
modelling of suction-assisted installation and for rate-dependent and strain-softening
soil. The suction caisson is installed firstly by self-weight, followed by suction which is
created by pumping water out of the caisson. In the AFENA program, the load to be
applied to the nodes of the FE mesh is specified as a function of time and only one
loading function can be used simultaneously for all the loaded nodes. The embedment
by self-weight or by jacking can be achieved by increasing the nodal force on the nodes
of the caisson annulus incrementally.

For the suction installation, the loading

simulation became difficult due to different forces on the soil surface inside the caisson
and on the annulus of the caisson, since the suction was simulated by applying upward
traction on the surface of the soil inside caisson and a corresponding downward pressure
on the annulus of the caisson, maintaining the net external force constant at the selfweight (Zhou & Randolph, 2006; or Chapter 3). This difficulty was finally resolved by
modifying the code of AFENA for forming load vectors.

Firstly the nodes were

discriminated between those on the soil surface and those on the caisson annulus, and
the effect of suction was simulated by applying upward pressure on the soil surface and
downward traction on the caisson annulus. Then an extra force (the self-weight), was
exerted on the caisson annulus in addition to the suction force.
For evaluating the resistances of full-flow penetrometers and the embedment of
submarine pipelines in clayey soils, the Tresca model in AFENA was extended in order
to account for strain-rate dependency and strain softening of shear strength (Zhou &
Randolph, 2007; or Chapter 6). Two more history-dependent variables were added to
every Gauss points to record the maximum shear strain rate and accumulated plastic
shear strain. The shear strength was then updated after interpolation based on a ratedependent and strain-softening model which was a function of the strain rate and
accumulated shear strain. Detailed description of the implementation of this model is
provided in Zhou & Randolph (2007b) or in Chapter 6.
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2.5

Concluding Remarks

Firstly this chapter has reviewed the TL, UL, Eulerian and ALE formulations for FE
analysis of large deformation problems in geomechanics. The RITSS approach used in
this study was then detailed, focusing on several key aspects and developments related
to this technique. Several main conclusions may be drawn as follows:
(1) The Lagrangian formulations (TL or UL) are not suitable for nonlinear large strain
analyses involving very large deformation or penetration.

The UL description

suffers from mesh distortion and consequently can only work for finite strain
problems without any element distortion.
(2) The Eulerian formulations have difficulties in describing free surfaces and treating
history-dependent properties of soil materials.
(3) Normal ALE FE methods have large strain formulations for the Lagrangian steps,
which become increasingly difficult to implement for complex soil constitutive
models. In addition, for the cases with very large penetration, complete remeshing
cannot be avoided as some elements are inevitably highly distorted.
(4) RITSS is conceptually and mathematically simpler than other formulations as there
is only conventional small strain analysis between the remeshing and interpolation
step. It can be coupled virtually with any standard FE program through user-written
interface codes. Due to frequent remeshing and interpolation of field quantities, it
has the capability of accommodating large changes in geometry of the problems and
also in the soil properties.
(5) However, the RITSS approach is still a developing technique, with case-specific
alterations being necessary for a variety of problems.

In particular, further

improvements in the accuracy of the interpolation scheme are vital to expand its
application with more advanced constitutive models.

Throughout the present

research, extensions of RITSS have been undertaken with the main aspects
described previously; these extensions contribute to the originality of the present
research.
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CHAPTER 3
LARGE DEFORMATION ANALYSIS OF SUCTION
CAISSON INSTALLATION IN CLAY

By: Hongjie Zhou, and Mark F. Randolph

ABSTRACT: Large Deformation Finite Element (LDFE) analyses were performed to
study the installation of caissons by suction and by jacking in normally consolidated
clay. The penetration of the caisson wall was modelled between depths of one and four
diameters using an axisymmetric LDFE approach, which falls in the category of
arbitrary Lagrangian-Eulerian (ALE) methods. The results allowed quantification of
differences in the behaviour of caissons installed entirely by jacking compared with a
combination of self-weight and suction as is used in the field. For jacked installation,
over the penetration range of one to four diameters, the proportion of caisson wall
accommodated by inward soil flow reduced from around 45% at the start to zero at
about four diameters embedment; by contrast, the proportion for suction installation
stayed essentially constant, oscillating around 65% through the depth of penetration.
This difference was also evident in the local incremental displacements of the soil
beneath the caisson tip. During continuous penetration, the induced increases in radial
and mean total stresses around the caisson wall are some 10%-15% smaller for suction
installation than for jacked installation, with the difference growing with increasing
penetration. In addition, obvious difference was found in the caisson tip resistance
between these two installation methods.

Key words: suction caisson, clay, large deformation finite element, soil plug, total stress
changes, penetration resistance, factor of safety.
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Introduction

Suction caissons, so called because of the use of underpressure or suction to install
them, are now the most common form of offshore anchor. Over the last two decades,
some 500 caissons have been installed in over 50 locations, covering all the major
offshore oil-producing areas of the world (Andersen et al. 2005b). Typical diameters
range from 3 to 8 m, with aspect ratios (embedded length divided by diameter) of 2-6.
In moderate water depths, where catenary mooring chains are used, they are subjected
to quasi-horizontal loading (Colliat et al. 1996). In deep water, however, there is an
increasing trend towards the use of taut or semi-taut lightweight polyester mooring
lines, where the angle of loading applied to the suction caisson will be 30-40 º (Mello et
al. 1998). For such cases the axial capacity will generally dominate the design, and for
typical aspect ratios of 4 or 5 some 40%-50% of the transient uplift capacity will be
provided by external shaft friction; a rather larger proportion of the sustained uplift
capacity comes from shaft friction as the reverse end-bearing cannot be sustained
(Clukey et al. 2004). Accurate assessment of the external shaft friction is therefore
critical in design.
Suction caissons are usually cylindrical units made of steel or concrete. These cylinders
are open at the bottom and contain a valve in the top lid, like upside-down buckets
(Figure 3.1). Compared with traditional piles, suction caissons are larger in diameter
and shorter in length, and also have much thinner wall thicknesses, with typical ratios of
diameter, D, to wall thickness, t, of 100-200 (Andersen et al. 2005b).

Figure 3.1 Caisson in place (drawn by R. Mercier in Butterfield 2004)
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Figure 3.2 Caisson installation (drawn by R. Mercier in Butterfield 2004)
Suction caissons are installed by penetrating the caisson wall into the seabed as
illustrated schematically in Figure 3.2. Initially this is accomplished by self-weight,
with internal water draining freely through the valve in the top plate. Following this, a
pump is attached to the valve and water is pumped out of the caissons; this creates a
differential pressure across the sealed top (referred to as “suction”, even though the
absolute water pressure within the caisson remains positive), resulting in a net
downward force acting on the caisson lid. After penetration, the valve is normally
closed, enabling the caissons to resist considerably larger uplift force than that required
for penetration, owing to the contribution of “passive suction” across the full base of the
caisson during transient uplift loading.
The shaft capacity of suction caissons was initially based on the conventional design
approach for open-end driven piles in soft clay (API 1993). The external skin friction
may be rather lower compared to that for driven piles, however, because of the higher
D/t ratio and also because of the use of suction during installation. During penetration,
the clay along the caisson or pile wall is remoulded, and the interface friction is similar
in magnitude to the remoulded shear strength (Andersen et al. 2005b). Positive excess
pore pressures are generated as soil is displaced outward in order to accommodate the
wall. After installation, consolidation or “set-up” occurs and the shear strength of the
clay and local effective stresses increase. The amount of strength regain, and also the
time scale for consolidation, depends on the pore pressures generated during
installation, which in turn depend on the magnitude of outward soil movement. For
driven piles, this may be taken as the wall thickness of the pile (Randolph 2003). For
thinner walled caissons, the movement would therefore be smaller, relatively, than that
for a pile, but the effect of the suction applied during installation, which may tend to
draw a greater proportion of soil inward into the caisson, must also be considered.
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The effect of suction was first investigated numerically using conventional small-strain
finite element (FE) analysis to study the movement pattern of soil around the caisson tip
(Andersen and Jostad 2002). This led to the conclusion that the full wall thickness of
the caisson would be accommodated by inward flow of soil at the caisson tip during
suction installation. It was suggested that during self-weight penetration the caisson
wall would be accommodated by approximately equal inward and outward flow of soil
followed, once suction was applied, by a gradual transition to 100% inward flow during
the next diameter of installation. Accepting the limitations of small strain analyses for
modelling deep penetration associated with caisson installation, a more sophisticated
analysis was attempted, simulating penetration of the caisson wall by changing the
geometry configuration of the FE model in a series of 28 penetration steps (Andersen et
al. 2004). That form of analysis, however, results essentially in the soil elements
beneath the tip of the caisson being “eaten” by the advancing caisson tip instead of
being displaced.
In principle, the proportion of the caisson wall accommodated by inward flow of soil
can be assessed by careful measurement of the amount of internal plug heave. Such
measurements are difficult to make accurately under field conditions, however, and the
deduced flow pattern for the soil is very sensitive to small errors arising from factors
such as seafloor gradient, caisson tilt, and scour at the top of the soil plug. Conflicting
conclusions on the soil flow pattern were reached by Newlin (2003) and Clukey (2005)
from field measurements in the Gulf of Mexico.
Data from centrifuge model tests have been reported, where the amount of soil heave
can be assessed more accurately. Chen and Randolph (2004) reported that about 87%
of the soil displaced by the caisson wall was forced outside the caisson, with no
consistent difference between the behaviour of caissons installed by suction or by
jacking. More refined assessment from a larger number of tests gave the proportion as
between 42% and 47%, however (Chen 2005). By contrast, much greater inward flow
of soil, in excess of 100% of the caisson wall volume, was reported by Andersen et al.
(2005a). The heave measurement system for those tests only operated for penetrations
in excess of 4.0D and 8.7D (in two separate tests), however, with applied suction
pressures close to or exceeding the values estimated to cause internal plug failure.
In summary, there is still considerable uncertainty and conflicting evidence regarding
the pattern of flow at the caisson tip during suction installation, and the aim of the
present work has been to resolve this by undertaking large deformation finite element
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(LDFE) analyses simulating penetration of the caisson over several diameters. The
analyses were undertaken using the RITSS approach (Hu and Randolph 1998), a
numerical technique with frequent automatic remeshing and interpolation of field
quantities in conjunction with the AFENA finite element package (Carter and Balaam
1995). This technique is computationally arduous, with very long analysis times and at
present is restricted to relatively simple soil models. The more complex the soil model,
the more difficult it becomes to interpolate material parameters and stress states
following remeshing. As such, the present study has adopted a simple total stress
Tresca model with isotropic strength, with the aim being to assess broad trends rather
than evaluate caisson performance in a specific soil type.
Both jacked and suction installation were modelled, in both cases with the caisson first
“wished in place” at an embedment of 1.0D, with the corresponding self-weight (the
failure load at that embedment) being maintained during suction installation.

The

results are compared here in respect of the total force required for either type of
installation, displacement patterns for the soil, the amount of internal soil plug heave,
and total stress changes induced in the soil surrounding the caisson wall.

3.2

Large Deformation Finite Element Modelling

3.2.1 RITSS technique
The RITSS technique (Hu and Randolph 1998) falls in the category of arbitrary
Lagrangian-Eulerian (ALE) methods (Ghosh and Kikuchi 1991), whereby a series of
small-strain analysis increments are followed by remeshing, and then interpolation of
the field quantities (stresses and material properties) between the Gauss points in the
new mesh and those in the old mesh. The solution procedure comprises: (1) initial
mesh generation based on normal offsetting and Delaunay triangulation; (2) small-strain
incremental analysis for a small number of load steps (here using the AFENA finite
element package); (3) mesh regeneration (remeshing) after the nodal coordinates of the
old mesh have been updated according to the cumulative displacements in the preceding
increments; (4) interpolation of stresses and material properties from the Gauss points in
the old mesh, according to their updated coordinates, to those in the new mesh; (5)
repeating of steps 2-5 until the required maximum deformation has been reached.
In AFENA the nonlinear analysis is conducted without iteration, with any out-ofbalance forces being carried forward into the next incremental computation. Detailed
discussion of this approach and strategies for optimal mesh density, increment size and
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frequency of re-meshing can be found in Hu and Randolph (1998), Hu et al. (1999) and
Lu et al. (2001), where the robustness of the method has also been demonstrated.
By contrast with previous studies where the analyses have been displacement
controlled, the present investigation was conducted under load control in order to
simulate suction installation, with an upward suction pressure applied on top of the soil
plug inside the caissons so as to balance the downward pressure on the annulus of the
caisson during suction installation, maintaining the net external force constant (at the
self-weight). The size of load increments was adjusted so that the resultant incremental
displacements were consistent with those recommended in previous studies.

3.2.2 FE mesh and boundary conditions
The LDFE analyses were performed using an axisymmetric model, with an internal
caisson diameter of D = 4 m and a wall thickness of t = 0.04 m (D/100). The radius and
height of soil domain were 7.5D (30 m) and 10.0D (40 m), respectively. Six-node
triangular axisymmetric elements containing three Gauss points were used throughout,
and nodal joints were incorporated to simulate the caisson-soil interface. The FE mesh
is shown in Figure 3.3. No stiffeners within the caisson were considered in order to
simplify initial mesh generation and subsequent remeshing. For the soil domain, the
bottom boundary nodes were fixed in both the vertical and radial directions, while the
lateral boundary nodes were fixed in the radial direction but free to move vertically.
The upper surface nodes were left free. For the caisson domain, only the side boundary
nodes were constrained from moving in the radial direction.
A compromise had to be reached between sufficient fineness of the mesh in order to
allow accurate modelling of the flow pattern at the caisson tip, and excessive
computation times. The minimum size of element in the mesh (Figure 3.3d) was larger
than that recommended by Hu and Randolph (1998) in their study of the bearing
resistance of circular skirted foundations, possibly leading to slight overestimation of
the tip resistance, but was considered adequate for the primary aim of the study. Even
with this mesh density, each analysis took nearly one month of computations to advance
the caisson by 3.0D (or 300 times the width of the caisson wall).
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Figure 3.3 Details of finite element mesh
The RITSS technique can be applied either by remeshing the entire domain, or by
partial remeshing. In the present study, the domain was remeshed partially, wherever
the nodal displacements exceeded 1% of the maximum displacement, but with a
minimum zone for remeshing specified in advance. In the remainder of the domain the
nodal coordinates were merely updated according to the displacements. The partial
remeshing is illustrated in Figure 3.3b after suction penetration by 1.0D to an
embedment depth of 2.0D. The solid lines denote the zone for remeshing and the
broken lines the remainder. By this means, interpolation errors occurring close to the
boundaries of the domain where the mesh was coarse were minimized.
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3.2.3 Material properties
Considering the relatively short installation time for caissons in practice, this study was
limited to undrained conditions, with the soil modelled as elastic-perfectly plastic “clay”
with a Tresca failure criterion and associated flow rule. The undrained shear strength,
su, of the clay was taken as isotropic and increasing linearly with depth from the seabed
according to su = 4 + 1.5z kPa, where z is the depth (in m) below the seabed surface.
Poisson’s ratio was taken as 0.499 and the modulus ratio, E/su (where E is Young’s
modulus) as 500. The initial stress state was computed based on a submerged unit
weight of γ' = 6.5 kN/m3 and an assumed horizontal earth pressure coefficient of K0 =
0.8 that is typical of lightly overconsolidated (aged) natural seabed sediments.
The caisson material was modelled as an isotropic linear elastic material with a Young’s
modulus, E, of 2.1×108 kPa. The interface between the caisson wall and the soil was
modelled using elasto-plastic nodal joints (Herrmann 1978). The force-displacement
relations for the nodal joints are specified at each pair of initially coincident nodes that
form the common boundary between the soil and the caisson.

The joint has

independently specified shear and normal stiffnesses, and yield and plastic flow criteria
that are consistent with the Tresca soil model (Carter and Balaam 1995). Here the
limiting interface shear strength, which in practice is normally assumed as equal to the
remoulded shear strength (Andersen et al. 2005b), was taken as αsu, with the interface
friction ratio, α, representing the inverse of the soil sensitivity, taken as 0.3.
Note that the relatively simple soil model adopted does not allow evaluation of excess
pore pressure development or changes in mean effective stress in the soil as it is
sheared. As stated previously, the main aim is to evaluate differences in soil flow
patterns and resulting (total) stress changes due to different installation modes. From
these observations, more sophisticated soil models may then be used to estimate
detailed effective stress changes during installation and subsequent consolidation.

3.2.4 Penetration simulation
The penetration of caisson skirts can be divided into two successive phases: self-weight
penetration and suction (or jacked) penetration.

In the first phase, the caisson is

penetrated by self-weight, typically to an embedment of 1.0D to 3.0D (Andersen et al.
2005b). Since the main objective of the present study was to compare the differences
between suction and jacked installation, and because of the very long computation times
that would be required to penetrate the caisson completely from zero embedment, the
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self-weight penetration phase was not modelled. Instead, the caisson was pre-embedded
by 1.0D, as shown in Figure 3.3a, before penetrating the “wished-in-placed” caisson by
a further 3.0D. The self-weight corresponding to the initial 1.0D embedment was
evaluated by means of small-strain FE analysis, applying pressure on the caisson
annulus until the failure load was reached. Note that field installations show that selfweight penetration is typically between 1.0D and 3.0D (Andersen et al. 2005b); here,
pre-embedment of 1.0D was adopted in order to focus in maximum detail on the process
of suction installation and differences between suction and jacked installation.
In the second phase, the caisson was advanced continuously from 1.0D to 4.0D
embedment, either by jacking (increasing the force on the annulus) or by suction. In the
latter case, the suction was simulated by applying upward traction on the surface of the
soil inside caisson and a corresponding downward pressure on the annulus of the
caisson, maintaining the net external force constant at the self-weight obtained
previously. Accordingly, three loading modes were involved in the analyses: (1) selfweight loading: pcAc = self-weight, W; ps = 0; (2) loading by jacking: pcAc = W +
jacking force; ps = 0; (3) loading by suction: pcAc = W + suction force, psAs = suction
force. The parameters pc and ps are respectively the downward pressure on the annulus
of the caisson and the upward traction on the top of the soil inside the caisson, as
indicated in Figure 3.3c; and Ac and As are the cross-sectional areas of the caisson wall
and soil plug respectively.

3.3

Results and Discussion

3.3.1 Evaluation of nominal self-weight of caisson
As mentioned previously, the self-weight of the caisson is taken as the limiting force
that can be applied to the “wished-in-place” caisson at 1.0D embedment, evaluated
using conventional small-strain FE analysis. The computed load-displacement response
is shown in Figure 3.4, with the caisson displacement normalised by the wall thickness,
t, and the force expressed as the applied pressure, pc on the annulus, normalised by the
shear strength at the tip, su,tip (equal to 10 kPa in this case). The normalised collapse
pressure is determined approximately as 51, giving a nominal self-weight for the
caisson of W = 256 kN.
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Figure 3.4 Pressure – displacement response in small strain analysis
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Figure 3.5 Pressure – displacement response under self weight in LDFE analysis
As a check on the equivalence of the LDFE analysis by comparison with the small
strain analysis, Figure 3.5 shows the caisson response computed using the LDFE
method as the self-weight is applied at the initial embedment of 4 m (1.0D). The
variation of the force applied on the caisson (from 0 to 256 kN), the internal and
external shaft friction and the tip resistance is shown against the penetration depth, and
confirms that the caisson is at the point of failure after a displacement of about 15% of
the wall thickness. The self-weight force was then maintained while the caisson was
penetrated a further 3.0D under suction or by jacking, to a final embedment of 4.0D (16
m).
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As shown in Figure 3.5, the results from LDFE and small-strain FE are similar in terms
of collapse load for 1.0D pre-embedment (about 256 kN). When the self-weight
installation is finished (i.e. the force applied on the caisson is equal to 256 kN), the
contributions of shaft friction and the tip resistance to the total soil resistance account
for around 82% and 18%, respectively, with slightly greater external skin friction than
internal skin friction due to the bigger external contact area with soil. Interestingly, at
this stage, the external skin friction is fully mobilised first, followed by the internal
friction while the tip resistance is still not fully mobilised. Due to the effect of the
buoyant force of soil, the starting depth is marginally above the depth of 1.0D, when no
pressure is applied on the caisson.

3.3.2 Load-penetration responses
The variation with penetration depth of the force applied to the caisson, the internal and
external shaft friction and the tip resistance are illustrated in Figure 3.6, for both suction
and jacked cases, following pre-embedment and application of the nominal self-weight.
All the forces are normalised by the product of the cross-sectional area of the soil plug,
As, and local undrained shear strength, su,tip, at the current position of the skirt tip note
that the force applied on the caisson consists of the self weight of the caisson and the
external force (suction or jacking force). Note that since the plug area is 25 times that
of the caisson annulus, the initial normalised force is just over 2, compared with the
value of 51 in Figure 3.4.
The normalised force required to penetrate the caisson increases approximately linearly
with depth from around 2.2 following self-weight penetration up to around 6.0 and 6.15
for suction and jacked installation, respectively, at the final penetration depth. The
force required to advance the caisson to the final depth is marginally less using suction
compared with the jacked case, mainly due to lower tip resistance in the former case.
This reduces from about 0.567 to 0.515 under suction, while in the jacked case it
increases gradually to 0.669. With respect to the shaft friction, both the external and
internal skin friction rise linearly from around 0.8 to around 2.7, for both suction and
jacking installation, with slightly greater external shaft friction, since the contact area
with soil outside the caisson is greater than that inside the caisson. These values are
consistent with the assigned interface friction ratio, α, of 0.3. At the final depth, the
shaft friction and tip bearing capacity contribute about 91.4% and 8.6%, respectively,
for the suction case and 89.2% and 10.8%, respectively, for jacked installation.
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Figure 3.6 Load – displacement responses during installation

3.3.3 Caisson tip resistance
The caisson tip resistance shown previously may be expressed in terms of a
conventional bearing capacity factor, Nc, through the relationship:
[3.1]

Nc =

qb − γ ′z
s u, tip

where qb is the soil resistance (average pressure) on the caisson tip, γ′ is the unit weight
of the soil, z is the depth of the tip, and su,tip the undrained shear strength at the current
position of the tip. The variation of Nc with depth normalised by the diameter is
presented in Figure 3.7 for suction and jacked penetration.
The computed tip resistance of the caisson rises steadily from an initial Nc value of
about 11.6 at 1.0D embedment to 13.0 at the final penetration depth for the jacked
caisson, whereas it reduces from 11.6 down to 9.2 during suction installation.
Considering the relative coarse mesh underneath the tip, the Nc values may be slightly
overestimated in absolute terms, although the variation for different modes of
installation is still significant. The values are also much higher than the usual value of
around 7.5 assumed in design, based on the bearing capacity of a deep (smooth-sided)
strip footing as proposed originally by Skempton (1951). The high values of endbearing resistance, and variation between jacked and suction installation, may be
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attributed to the increased vertical stresses in the soil surrounding the caisson tip, due to
cumulative frictional resistance on the caisson wall.
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Figure 3.7 Variation of tip Nc value versus penetration depth

3.3.4 Soil heave inside caisson
The soil plug heave is assessed through four steps as follows:
(1) The coordinates of surface nodes of soil inside the caisson, corresponding load on
the caisson wall and location of the caisson tip are noted at every remeshing step.
(2) The starting point for applying suction pressure or jacking force is taken as a
reference point. Accordingly, the corresponding coordinates of the surface nodes of
the soil plug and caisson tip are taken as the reference position of the soil plug and
the caisson, respectively, which are then used to calculate the heave volume of soil
inside the caisson (in absolute terms relative to the reference position of the soil
plug) and the volume of soil displaced by the caisson wall (again, relative to the
reference depth of the caisson tip).
(3) The heave displacement from the reference position due to suction or jacked
penetration of the caisson wall is obtained by dividing the heave volume by the
cross-sectional area of the soil plug, As; this is plotted in Figure 3.8, and the heave
obtained assuming that all the soil displaced by the wall would contribute to soil
heave inside the caisson is provided for comparison.
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(4) Lastly, the heave volume ratio at N penetration locations (depth of the caisson tip),
defined as the proportion of caisson wall accommodated by inward flow of the soil,
is calculated through three substeps: (i) the whole penetration depth (from 1.0D to
4.0D) is divided into N approximately equally stages, and the starting point of each
stage is taken as a new reference point; (ii) the heave volume and corresponding
penetrated volume of the caisson by soil for each stage is obtained using a similar
method to Step 2; and (iii) the heave volume ratio for each stage is obtained by
dividing the soil plug heave volume by the volume displaced by the caisson wall,
and the resulting heave volume ratios for the N penetration stages of the caisson tip
are shown in Figure 3.9.
Prior to undertaking the full penetration analyses from 1.0D to 4.0D, a series of separate
analyses were undertaken where the caisson was advanced by 1.0D from preembedment depths of 1.0D, 2.0D and 3.0D.

In each of these analyses, suction

installation was carried out at the same self-weight, corresponding to the failure load at
1.0D embedment. These analyses, undertaken originally because of uncertainty over
the LDFE technique, allow the robustness of the approach to be evaluated, plotting the
results in Figure 3.9 alongside those for the full penetration analyses.
Figure 3.9 shows that there is excellent agreement between the results from the full
1.0D to 4.0D analyses and those from the separate analyses of 1.0D to 2.0D, 2.0D to
3.0D and 3.0D to 4.0D, apart from the slight discrepancy at the start of penetration for
last two analyses before a steady-state response develops.

This demonstrates the

robustness of the LDFE technique. Given the similarity in the results, all other results
presented here are from the full 1.0D to 4.0D analyses.
As shown in Figure 3.8 and Figure 3.9, the caissons installed by suction and by jacking
gave significantly different behaviour in terms of the flow of soil. The soil plug heave
of 313 mm inside the caisson installed by suction was nearly three times that for the
jacked caisson, which was 108 mm. Over the 1.0D to 4.0D penetration, the proportion
of caisson wall accommodated by inward soil flow showed an almost consistent
decrease for the jacked caisson, from around 45% at the initial of 1.0D down to zero (no
further internal heave) at a depth of about 3.75D (15 m). At that stage the caisson was
behaving essentially as a perfect sampling tube, although the trend is for the soil plug to
start moving down slightly with the caisson, indicating the onset of partial plugging. By
contrast, for suction installation, the heave of soil inside the caisson remained
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essentially constant throughout penetration, with the heave volume ratio fluctuating
around 65%, although with increasing amplitude of oscillation.
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Figure 3.8 Soil plug heave versus penetration depth

Heave Volume Ratio (%)
-20
1

0

20

40

60

80

1.5

Depth/Diameter

1D → 2D
2

2D → 3D

2.5

By jacking
3

3.5

By suction

3D → 4D

4

Figure 3.9 Heave volume ratios versus penetration depth
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The computed heave ratio is broadly consistent with field and model test data. An
overall heave ratio of 52%-55% was observed from model tests (Chen 2005, Chen and
Randolph 2007), with self-weight penetration to about 2.0D followed by suction
installation to a final embedment depth of 4.0D. Taking the average heave ratios
computed here, of around 40% during jacking to 2.0D penetration, and 65% during
suction installation, gives 53% overall. Estimates of heave ratio in the field range
between 30% and 50% (Newlin 2003; Clukey 2005), slightly lower than suggested here,
but those estimates were for caissons with a chamfered tip, which may have encouraged
greater outward flow of soil.

3.3.5 Displacements around caisson tip
The results obtained from the heave analysis are confirmed by the displacement patterns
around the caisson tip, as shown in Figure 3.10. The displacements are the incremental
displacement vectors for a single computational increment when the caisson tip was at a
depth about 3.0D (12 m). The presence of upward suction pressure at the soil surface
inside the caisson has a clear influence on the displacement patterns of soil around the
tip. Below the tip, they moves downwards and either inward towards the axis of the
caisson or outwards towards the edge of the wall. For suction penetration, a greater
proportion of the soil below the caisson tip shows a tendency towards inward flow
compared with the jacked caisson.
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Figure 3.10 Incremental displacements around the caisson tip (depth = 3D)
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3.3.6 Changes in radial and mean total stresses
As shown in the displacement pattern in Figure 3.10, the soil below the caisson tip is
forced to move outwards or inwards in order to accommodate the advancing caisson
wall, and this will lead to changes in the total stresses in the soil along the caisson. Of
particular importance is the increase in radial total stress on the outside of the caisson,
as this will influence the long-term (post-consolidation) shaft capacity. To evaluate
differences in the total stress changes for installation by jacking and by suction, the
radial and mean total stresses were monitored in two ways: (1) at absolute fixed points
within the soil domain; and (2) at fixed positions relative to the caisson tip.
In the first approach, two monitored points were chosen at 0.04 m (1t or 0.01D) and
1.0 m (0.25D) outside the caisson wall (radial distances from the axis, r = 2.08 m and
3.04 m, respectively) at the same depth of 10 m (2.5D). The radial and mean total
stresses, σr and σm, have been normalised by the initial in situ radial and mean total
stresses, σr0, and σm0, respectively, based on a submerged unit weight of γ′ = 6.5 kN/m3,
a coefficient of horizontal earth pressure of K0 = 0.8 and current depth below the
mudline of 10 m. Note that since these were total stress analyses, but based on the
effective unit weight of the soil, the initial stresses are effective stresses, but the stresses
generated during installation of the caisson are total stresses relative to hydrostatic water
pressure. The variations in the normalised radial and mean total stresses with caisson
penetration are shown in Figure 3.11 and Figure 3.12, respectively, with results plotted
at 12 selected penetration depths between 1.25D (once steady-state conditions have
developed) and 4.0D.
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Figure 3.11 Radial total stresses versus penetration depth at a depth of 10m (2.5D)
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Figure 3.12 Mean total stresses versus penetration depth at a depth of 10m (2.5D)

A slight decrease is evident in both the radial total stress and mean total stress as the
caisson tip approaches the monitored points, particularly for suction installation. The
stresses then rise dramatically as the caisson tip reaches the monitored depth (2.5D),
after which the stresses reduce sharply with increasing penetration until steady values
are reached once the caisson tip is 0.5D below the monitored level. Compared with the
initial stresses (before installation), the radial total stress at steady state increases by
66% for jacked penetration and 43% for suction installation, for a point initially 0.04 m
outside the caisson wall. For the mean total stress, the corresponding increases are 37%
and 19% at 0.04 m outside the wall and around 22% and 10% at 1.0 m outside the wall.
At the final caisson embedment of 4.0D, the ratio of radial total stresses generated
during suction installation to those for the jacked case is 86.4% for the monitored point
0.04 m outside the caisson wall. The corresponding ratios for the mean total stresses are
87% and 90%, respectively at 0.04 m and 1.0 m outside the wall.
In the second approach, two monitored points were chosen at the same radial distances
as in above, but at a fixed relative position of 2 m (0.5D) above the caisson tip. The
computed results are summarized in Figure 3.13 and Figure 3.14, where significantly
different trends may be observed in the stress changes during penetration by suction and
by jacking. For jacked penetration there is a continuous increase in both the radial total
stress and the mean total stress, with a relatively rapid rise from 1.25D to 2.0D,
followed by a more gradual increase at greater penetrations. By contrast, for installation
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under suction, the stresses first increase in a similar manner to jacked installation,
reaching a maximum between 1.75D (mean stresses) and 2.0D (radial stresses), after
which the stresses show a gradual but continuous reduction with increasing penetration.
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Figure 3.13 Radial total stresses versus penetration depth at 2m above the skirt tip
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Figure 3.14 Mean total stresses versus penetration depth at 2 m above the skirt tip
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The maximum radial stress during suction installation is 59% greater than the initial
stresses at a penetration of 2.0D (when the monitored point is at a depth of 1.5D), while
the maximum mean stress at 0.04 m outside the wall is 30 % greater than the initial
value at a penetration of 1.75D (when the monitored point is at a depth of 1.25D). At
the final penetration, the radial and mean total stress increases at 0.04 m outside the
caisson wall are 74% and 47% due to jacking, compared with 40% and 13% under
suction. In addition, for the monitored point at 1.0 m outside the wall, the mean total
stress during jacking rises by 34% at the final penetration, while it reduces by 6% for
suction installation, after first increasing by a maximum of 17% at 1.75D penetration.
The higher radial stresses induced during jacking, compared with suction, suggest that
the long term shaft capacity (following consolidation) might be higher for the former,
although the effect would be much less than suggested by Andersen and Jostad (2002).
There is increasing evidence from model tests (Raines et al. 2005; Chen and Randolph
2007; Jeanjean et al. 2006), however, that the pullout capacity of suction caissons is
similar, regardless of the method of installation. More sophisticated models of the soil
response are needed to resolve this discrepancy.

3.3.7 Radial and mean total stress contours
Figure 3.15 and Figure 3.16 show contours of the normalised radial and mean total
stresses at the final penetration depth, after unloading the penetration force to zero,
which corresponds to the status just after the installation is accomplished. The stresses
are significantly higher for caissons penetrated by jacking rather than by suction, both
outside and inside the caisson. For the caisson installed by suction, the total stresses
become even smaller than the in situ stress due to the effect of upward suction applied
to the top of the soil plug, with the effect extending outside the line of the caisson wall
below the tip. A bulb of increased stress surrounds the caisson tip for both installation
modes, but with higher values for jacked installation. For suction installation, the mean
stress increase in the vicinity of the caisson tip is around 10%-20%, whereas for the
jacked case, the mean stress increases by a factor of around 2. This increase helps to
explain the relatively high Nc values commented on earlier.
The increased stresses, which in real clay will initially be carried primarily by excess
pore water pressures, provide the potential for increased effective stresses and interface
friction following time for consolidation. It may be expected that the suction installation
will lead to smaller shaft friction both inside and outside the caisson than installation by
jacking, although the shear strength change will not be proportional to the total stress
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change. To identify the effect of the total stress change on the shear strength along the
caisson skirt, a more sophisticated constitutive model for the soil would be needed,
together with an FE consolidation analysis using the above results as initial conditions.
It is significant, however, that the results of several caisson tests reported by Chen
(2005) (see also Chen and Randolph 2007) show no discernible differences in axial
capacity for caissons installed by jacking and suction.
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3.3.8 Safety factor against plug failure
One of the design checks for suction caisson installation is to ensure that upward failure
of the soil plug does not occur. The proximity to plug failure can be quantified by
comparing the net upward force (or average pressure) at the base of the soil plug, to the
limiting pressure that would cause failure (Andersen et al. 2005b). Here, this can be
expressed as

[3.2]

FoSplug =

N cplug su,tip
ps − Fi /As

where FoSplug is the factor of safety against plug failure, Ncplug is the bearing capacity
factor for plug failure, and Fi is the total internal shaft resistance. The value of Ncplug is
typically taken as 9 in design; while a lower value might be more appropriate at shallow
embedment, this is compensated by relatively greater strength increase within the
potential reverse end-bearing failure zone.
It might be expected that the pattern of soil flow at the caisson tip would be affected by
the proximity to failure. For the jacked case a similar “factor of safety”, but this time
against full plugging with downward end-bearing failure at the base of the plug, may be
defined as

[3.3]

FoSplug =

N cplug s u,tip
Fi /As

Before showing the factor of safety itself, Figure 3.17 shows the variation of normalised
base pressure, pplug, on the soil plug as a function of the caisson embedment, where pplug
is expressed as

[3.4]

p plug = Fi /As

(jacked)

p plug = −( p s − Fi / As ) (suction)

and has been normalised by the local value of su,tip at any given embedment.
The corresponding variations of the factors of safety, FoSplug, are summarised in Figure
3.18 for the two different installation modes, in each case adopting a nominal value of 9
for Ncplug. Both factors of safety reduce with increasing penetration, but remain well
above unity. At the final embedment, the factors of safety are both about 3.5, which are
consistent with typical values from field measurements at final penetration (Andersen et
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al. 2005b). It may be noted that design recommendations suggest a minimum factor of
safety of 1.5, calculated in the manner of Equation [3.2].
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Figure 3.17 External forces (suction or jacking) versus penetration depth
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Lastly, the heave volume ratio from Figure 3.9 is plotted against the factor of safety for
both suction and jacked installation in Figure 3.19. The trend for the jacked case
follows what might be expected, with the heave volume ratio decreasing with reducing
factor of safety, indicating that the caisson is approaching plugged behaviour gradually.
By contrast, and somewhat surprisingly, a stable heave volume ratio is maintained
during suction installation in spite of the declining factor of safety. This suggests that
the heave volume ratio of around 65% computed during suction installation is
applicable to field cases, where similar levels of safety factor against plug failure are
encountered.

80

By suction

Heave volume ratio (%)

60

By jacking

40

20

0

-20

Nc = 9.0
8

7

6

5

4

3

Factor of Safety

Figure 3.19 Factor of safety versus heave volume ratio

3.4

Concluding Remarks

The numerical study discussed here has highlighted a number of aspects relevant for the
installation of suction caissons in normally consolidated soft clay. The results are based
on large deformation finite element analysis of caisson penetration from an initial
wished-in-place embedment of one diameter (1.0D) to a final embedment of 4.0D.
Parallel results have been presented for caissons installed by jacking, and by suction in
the presence of a constant self-weight force consistent with the pre-embedment of 1.0D.
The results show that the installation performance is affected by the mode of
installation. Although the total installation force is similar for jacked and suction
installation, the flow pattern in the soil is different in the two cases and the stress
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changes outside the caisson are larger for jacked installation than for suction
installation.
The pattern of incremental displacements around the caisson tip indicates that during
suction penetration the proportion of soil displaced by the advancing caisson that is
drawn inwards into the caisson, is greater than during jacking. As a result, the soil plug
heave induced inside the caisson is also significantly greater for suction penetration than
jacked penetration. In the former case, the heave volume ratio remains steady at around
65% despite a gradually reducing factor of safety against plug failure. By contrast, for
the jacked case, the heave volume ratio reduces continually with increasing penetration,
with a final value close to zero (equivalent to a perfect sampling operation with zero
heave) but a decreasing trend indicating eventual plugging.
The lower volume of soil being forced outwards from the caisson during suction
installation compared with jacking induces lower total stresses outside the caisson. At
the final embedment of 4.0D, the total stresses outside the caisson at 0.5D back from the
tip are some 10%-15% lower for suction installation compared with jacking.
This study should be seen as an initial attempt to quantify differences in behaviour of
caissons or open-ended piles due to installation by suction or by jacking.

The

computations are arduous, with elapsed times of several weeks required to penetrate the
caisson by three diameters. This has inevitably limited the ability to conduct full
parametric study or even to embed the caisson much deeper. Provisionally, though, the
results suggest that between 45% (during self-weight penetration) and 65% (during
suction installation) of the caisson wall is accommodated by inward flow of the soil, and
that the final shaft friction for suction caissons may be some 10%-15% lower than for
jacked caissons with similar ratio of diameter to wall thickness. A greater reduction
would be anticipated compared with driven piles, where the wall thickness is a much
higher proportion of the diameter.
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CHAPTER 4
EFFECT OF INSTALLATION METHOD
ON EXTERNAL SHAFT FRICTION OF CAISSONS
IN SOFT CLAY

By: Wen Chen, Hongjie Zhou, and Mark F. Randolph

ABSTRACT: The influence of installation method on the soil flow pattern, resulting
external radial total stress changes, and final external shaft friction after consolidation
has been investigated for caissons in soft clay by means of centrifuge model tests, large
deformation Finite Element (FE) analysis and a simple cavity expansion approach.
Both the centrifuge measurements and the FE results show that more soil is forced into
the caisson under suction than under jacking. However, the difference in the resulting
external radial total stress changes or penetration-induced excess pore water pressure is
much less significant, since the expansion-induced excess pore pressure is smaller for
thin-walled caissons than for driven piles. After subsequent consolidation, the influence
of installation method reduces further, and the final shaft friction ratios are close for the
two installation methods. Based on the magnitude of heave ratios derived from the
centrifuge measurements and the FE analysis, a simple form of cavity expansion
approach can reasonably estimate external radial stress changes during installation and
after consolidation, and final shaft friction ratios for the caissons. An approach for
estimating the external shaft friction ratios for vertical pullout of sealed caissons is
proposed.

CE Database subject headings: Anchors; centrifuge model; clays; finite element
method; skin friction.
Centre for Offshore Foundation Systems

School of Civil and Resource Engineering
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Introduction

Suction caissons are now widely used to anchor floating facility offshore, particularly in
deep and ultra-deep waters. Fabricated as cylindrical steel units, suction caissons are
closed at the top and open at the bottom, with diameter (d) of typically 4 to 6 m, aspect
ratio (length to diameter, L/d) of 3 to 6, and wall thickness (t) of 25 to 35 mm. The
caisson units are installed by self-weight to around half the final depth first, and then by
suction for the remainder (Andersen et al. 2005b).
In the current design of suction caissons, uncertainty exists over the effect of the
installation method on the external shaft friction (Andersen et al. 2005b). Andersen and
Jostad (2002) suggested that for a flat-tipped caisson, the soil displaced by the caisson
wall would divide approximately 50 % outside and 50 % inside the caisson during
jacked (or self-weight) installation, but that once installation by suction started, there
would be a transition over about a diameter of penetration to 100 % of the displaced soil
being drawn inside the caisson. The different proportions of soil forced outside the
caisson during the two different methods of installation would lead to different
magnitudes of external radial stress and excess pore pressure, and ultimately different
magnitudes of long-term external shaft friction following consolidation. Experimental
evidence supporting the high proportion of soil being drawn into the caisson during
suction installation includes 1 g model tests (Whittle et al. 1998), centrifuge tests (Renzi
et al. 1991; Andersen et al. 2005a), and field measurements (Clukey 2005). By contrast,
other field observations suggest that the amount of soil drawn into the caisson during
suction installation is much less than 100 % of that displaced by the caisson wall
(Newlin 2003). In addition, large deformation FE analysis (Zhou and Randolph 2006)
has indicated that about 65 % of the caisson wall is accommodated by inward flow of
the soil during suction, with external radial stresses near the caisson tip that are about 10
to 15 % lower than for jacked caissons. However, in terms of the long-term axial
capacity of suction caissons in clay, data from recent centrifuge tests (House 2002;
Raines et al. 2005; Chen and Randolph 2007b; Jeanjean et al. 2006) have all shown that
the installation method has no appreciable effect.
In this paper, the patterns of soil flow at the caisson tip during installation by jacking or
by suction, and the resulting external radial total stress changes have been investigated
by comparing measurements from centrifuge model tests and results of large
deformation FE analysis simulating the model tests. Further, the results have been
analysed using a simple form of Cavity Expansion Method (CEM) (Randolph 2003).
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Centrifuge Modelling and FE Analysis

4.2.1 Centrifuge modelling
A series of centrifuge model tests (Schofield 1990; Taylor 1995) were carried out at
120 g using the beam centrifuge at the University of Western Australia (Randolph et al.
1991). Two types of installation method were used in the tests, both with an average
penetration velocity of ~2 mm/s (model scale):
1. jacked installation: caissons were advanced by external force applied by an
actuator;
2. self-weight penetration followed by suction installation (referred to as ‘SW + S’
hereafter): the caisson was penetrated under self-weight (jacking) to between 35 and 50
% of the length, and then installed further by means of under-pressure created by a
syringe pump.
Two flat-tipped model caissons, indicated as Caisson 1 and Caisson 2 in Figure 4.1,
were used in this study. Both have equivalent prototype geometry of 14.4 × 3.6 × 0.06
m (L × d × t) at 120 g, with details described in Chen and Randolph (2007b). Miniature
total pressure transducers (Chen and Randolph 2007a) were installed inside the caissons
within the stiffeners at 7.2 m (prototype) from the tip for Caisson 1, and at 4.8 m for
Caisson 2 (see Figure 4.1).

TPT
t = 0.06 m

(a) Caisson 1

4.8 m

7.2 m

Internal length L = 14.4 m

Stiffener

Internal length L = 14.4 m

d = 3.6 m

d = 3.6 m

(b) Caisson 2

Figure 4.1 Geometry of model caissons (units in prototype scale)
Three types of kaolin clay samples, namely normally consolidated (NC) clay, lightly
over-consolidated (LOC) clay and normally consolidated clay modified to increase the
sensitivity (referred to here as ‘Sensitive’ clay, see Chen (2005)), were used in the tests.
Key soil parameters for these clays are summarised in Table 4.1.
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Table 4.1 Soil parameters for tests in NC, LOC and Sensitive kaolin clay
Clay

Property
Average water content, w (%)
Consolidation coefficient, cv (mm2/s)
Undrained strength ratio, su/σ'vo
Effective unit weight, γ' (kN/m3)
Sensitivity factor, St
Residual interface friction angle, δr

NC

LOC

Sensitive

47
0.05−0.1

45
0.045−0.09

46
0.04−0.08

0.18
6.86
2−2.8
17.6°

0.24
7.17
2−2.5
18.1°

0.19
7.30
4−5
11.7°

Typical profiles of undrained shear strength (su) of clays versus equivalent prototype
depth are shown in Figure 4.2, obtained from T-bar tests (Stewart and Randolph 1994)
using a T-bar factor (NT-bar) of 10.5. Note that simplified linear profiles of shear
strength were adopted in the numerical analysis of the tests, but normalisation of
measured quantities such as radial stress changes or average shaft friction are based on
actual local or average su values.

Undrained shear strength, su (kPa)
0

5

10

15

20

25

30

0
2

LOC clay (test B13SCC)

NT-bar = 10.5

Depth (m)

4
Sensitive clay (test B14cyc)

6
8
10
12

NC clay (test B11SOC)

14

Figure 4.2 Undrained shear strength versus depth from T-bar tests

4.2.2 Large deformation FE simulation
A large deformation FE approach, falling into the category of ‘Arbitrary LagrangianEulerian’ (ALE) methods, was adopted to model the deep penetration process of caisson
skirts into the previously mentioned three types of soft clay. This technique comprises a
series of small-strain analysis increments followed by remeshing, and then interpolation
of the field quantities (stresses and material properties) on the Gauss points from the old
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The sequence of small strain

increments, remeshing and interpolation was repeated until the required penetration had
been reached.
The installations were assumed undrained and the clay was modelled as an elastic
perfectly-plastic material with a Tresca failure criterion. The Poisson’s ratio was taken
as 0.499, and the modulus ratio, E/su (where E is the Young’s modulus and su the
undrained shear strength), as 500. Other details can be found in Zhou and Randolph
(2006). Caisson geometries and soil parameters were chosen as close as possible to
those used in the centrifuge tests (Table 4.1, Table 4.2 and Figure 4.1), despite three
minor changes: 1) no stiffener was modelled, so that the caisson wall thickness was
uniform throughout its length; 2) K0 values were taken from those deduced by Chen and
Randolph (2007b), except that a value of 0.65 was adopted for the Sensitive clay, rather
than 0.55, to avoid Gauss points becoming plastic under initial geostatic conditions; and
3) a strength intercept of 1.0 kPa was used at the soil surface.
Table 4.2 Soil parameters and calculation conditions for FE analyses
Clay

Parameters
su (kPa)
Young’s modulus, E (kPa)
γ' (kN/m3)
K0
St
Initial ‘wished-in-place’ tip depth (m)
Depth where suction starts (m)

NC

LOC

Sensitive

1.0 + 1. 28z
375 + 480z

1.0 + 1. 64z
375 + 615z

1.0 + 1. 36z
375 + 510z

6.8
0.65
2.8
2.52
4.95 (1.375d)

7.15
0.70
2.2
3.60
7.31 (2.03d)

7.3
0.65
4.5
3.60
7.45 (2.07d)

Note: z is the depth under soil surface.
The FE simulation of installation was divided into two steps. Firstly, the caisson was
pre-embedded by 0.7d (in NC clay) or 1d (in LOC or Sensitive clay), before it was
penetrated by jacking to the self-weight penetration depth obtained in the centrifuge
tests (Table 4.2). The simplification of ‘wishing the caissons into place’ at a certain
embedment rather than modelling their installation from zero embedment was to reduce
the arduous computational effort and has been justified by Zhou & Randolph (2006). A
pre-embedded depth of 0.7d adopted for NC clay was smaller than 1d for other cases
because the suction installation in NC clay started earlier (1.375d) than in the other two
clays (around 2d).
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Following self-weight penetration, the caisson was advanced further to a depth of 4d,
either by jacking (increasing the pressure on the annulus) or by suction. Suction loading
was simulated by applying upward traction on the surface of the soil plug inside the
caisson and a corresponding downward pressure on the annulus of the caisson. Details
of the typical initial FE mesh for installation in NC clay are shown in Figure 4.3, with
the fineness of the mesh chosen according to considerations in Zhou and Randolph
(2006).
40

37.55

40

35
30
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25

39
Y

20

38.5

15
10

37.45

38

5
0
0

Y

Y

37.5

37.4

37.5

10

X

20

30

(a) Whole mesh

0

0.5

1

1.5
X

2

2.5

(b) Close-up near caisson

1.7

1.75

X

1.8

1.85

(c) Close-up around the tip

Figure 4.3 Initial mesh for FE analysis in NC clay

4.3

Soil Heave and External Radial Total Stress Changes
during Installation

4.3.1 Soil heave inside caissons
4.3.1.1 Measured heave in centrifuge tests
Variations of observed net penetration pressure (∆p = external force divided by gross
cross-sectional area of the caisson) and internal water pressure (uin) with the tip depth
(ztip) for a typical jacked test (B2JOI) in NC clay are presented in Figure 4.4a. The
depth where the soil plug contacted the caisson lid (zplug) is indicated by the sudden
increase in ∆p and uin. Details for six jacked tests in the NC clay are summarised in
Table 4.3. The actual height of soil heave (hs,act) after installation was estimated as the
difference between the internal length of 14.4 m, and zplug. The average hs,act is 0.48 m
for jacked installation in the NC clay. Then the net volume of soil plug heave (Vnet) was
obtained by subtracting the internal volume (Vinter), comprising the volumes of internal
stiffeners, internal wires and epoxy coating, from the corresponding volume of soil
heave (Vheave) inside the caisson, with details for each test shown in Table 4.4. Finally,
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the average heave ratio of the soil plug for the NC clay, defined as the ratio of the net
volume of the soil plug heave to the volume of caisson wall at the corresponding depth,
(Vnet/Vwall), was evaluated as 0.02 (Table 4.4).
Table 4.3 zplug for installations in NC, LOC and Sensitive clays (in prototype scale)
Clay

Method

Jacking

NC

SW + S

Jacking
LOC

Sensitive

dsu/dz

zplug

hs,act

(kPa/m)

(m)

(m)

B2JOC

1.17

14.05

0.41

B2JOI

1.17

13.78

0.62

B4JCI

1.13

13.93

0.47

B6JOI

1.39

13.83

0.57

B6JOC

1.27

13.85

0.55

B8JOC

1.17

14.10

0.30

Average

1.22

13.92

0.48

B11SOC

1.28

13.36

1.04

B10SCC

1.20

13.59

0.87

B10SCI

1.30

13.53

0.81

B12SCC

1.17

13.36

1.04

Average

1.24

13.46

0.94

B13JCC

1.64

13.78

0.62

B13SCC

1.64

13.62

0.78

B13sus

1.76

13.52

0.88

Average

1.70

13.57

0.83

B14cyc

1.36

13.44

0.96

B14susa

1.58

13.45

0.95

B14SCC

1.16

13.62

0.78

B14sus

1.33

13.63

0.77

Average

1.36

13.54

0.86

Test No.

SW + S

SW + S

Table 4.4 Measured and theoretical net heave ratios inside caisson
Clay
NC
LOC
Sensitive

Method

hs,act
(m)

Vheave
(m3)

Vinter
(m3)

Vnet
(m3)

Vwall
(m3)

Measured

FEM

Jacking

0.48

4.53

4.36

0.18

9.29

0.02

0.05

SW + S

0.94

8.94

4.22

4.72

8.98

0.53

0.58

Jacking

0.62

5.04

3.25

1.79

9.26

0.19

0.16

SW + S

0.83

7.89

3.22

4.67

9.05

0.52

0.50

Jacking

-

-

-

-

-

-

0.33

SW + S

0.86

8.18

3.22

4.96

9.03

0.55

0.49
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Pressure (kPa)

Pressure (kPa)
0
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6
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8
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Depth of tip (m)
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50

100
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0

0
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Paper 2

2
6

zplug=13.78 m

8
10

12
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14

a) Test B2JOI in NC clay

uin

4

∆p

b) Test B13JCC in LOC clay

Figure 4.4 Net penetration pressure (∆
∆p) and internal water pressure (uin) versus
depth of tip during jacked installation
Measurements of jacked installation in the LOC clay (test B13JCC) gave a zplug of
13.78 m (Figure 4.4b), leading to a final heave ratio of 0.19 (Table 4.4), which is greater
than that in the NC clay. Note that no jacked test was performed in the Sensitive clay.
For caissons installed by self-weight and suction (SW + S), the measured ∆p, applied
under-pressure (∆uapp), allowable under-pressure (∆uallow) defined following Andersen
& Jostad (1999), and measured external radial total stress (σri), versus the tip depth, for
typical tests in the NC, LOC and Sensitive clays are presented in Figure 4.5. Note that
zj and zs represent, respectively, the depth of the caisson tip where self-weight
penetration (jacking) ended and where suction installation started, with the difference
due to creep movement.
All tests were performed with the applied under-pressure lying well below the allowable
under-pressure (∆uallow) (Figure 4.5). Therefore, it is believed that no plug failure
occurred during suction installation. The depths where soil contacted the caisson lid
(zplug) are indicated by a sudden change in the gradient of the under-pressure (or syringe
pump pressure, ∆uapp). Values of zplug for four tests in NC clay, two tests in LOC clay
and four tests in the Sensitive clay are summarised in Table 4.3. While estimates of zplug
show some variability between tests, the averages for each type of installation in a given
soil type are believed to be representative. The average zplug in NC clay is 13.46 m. By
eliminating the contribution of internal volume, the corresponding net soil heave ratio is
deduced as 0.53, which agrees well with the results (0.52 and 0.55) in the LOC and
Sensitive clays, respectively (Table 4.4). These heave ratios are significantly greater
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than those for caissons installed by jacking, indicating that a greater proportion of the
soil displaced by the advancing caisson wall moves inside the caisson during suctioninstallation than during jacking.
Pressure (kPa)

Depth of tip (m)

-400
0

-300

-200

-100

100

200

σri

Self-weight
penetration

2

0

zj

4

zs

6

Suction
installation

8
10

∆uapp

∆uallow

12
zplug

14

∆p

(a) test B11SOC (NC clay)
Pressure (kPa)
-500
0
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2
4
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10

0

100

∆uapp

∆uallow

12

300

σri

zs
Suction
installation

200

zj

6
8

-100

∆p

14

zplug

(b) test B13SCC (LOC clay)
Pressure (kPa)

Depth of tip (m)

-400
0
2
4
6

-300

-200

Self-weight
penetration
∆uallow

-100

0

100

200

300

zj
∆uapp

zs

σri

8
10
12

Suction
installation

∆p

14

zplug

16

(c) test B14cyc (Sensitive clay)
Figure 4.5 Applied and allowable under-pressures (∆
∆uapp, ∆uallow), penetration
pressure (∆
∆p) and external radial total stress (σ
σri) during installation by ‘SW + S’
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4.3.1.2 Results from large deformation FE simulations
The heave ratios of the soil plug obtained from the large deformation analyses for the
three clays are plotted in Figure 4.6, as a function of the penetration depth of the caisson
tip. The procedure for calculating the heave ratio at various depths has been detailed in
Zhou and Randolph (2006). Briefly, it was calculated by dividing the incremental
heave volume of the soil plug by the corresponding displaced volume of soil at the
caisson tip. From these figures, it can be seen that during jacked installations, the heave
ratios decrease linearly with increasing penetration depth. The net heave ratios for
jacked penetration (from the soil surface to the final depth of 4d) can be estimated
approximately as 0.05 and 0.16, respectively, in the NC and LOC clays. These results
agree well with the corresponding measured heave ratios of 0.02 and 0.19 (Table 4.4).
For the Sensitive clay, the heave ratio has a much lower gradient with respect to
penetration depth, with a net value of around 0.33.

This significant difference is

believed to result from its higher sensitivity, which leads to much smaller shaft friction
along both sides of the caissons, compared to that for the NC and LOC clays. At the
final stage, the caisson behaves essentially as a huge sampling tube, with the soil plug
remaining almost stationary.
For the installation by combined self-weight and suction, the heave ratio during selfweight penetration replicates the result during jacking. However, once the suction is
applied, the heave ratio starts to increase rapidly to around 0.5 within less than 0.5d of
penetration, and then continues to rise but relatively slowly (Figure 4.6). The net heave
ratios can be derived, respectively, as 0.58, 0.50 and 0.49 in the NC, LOC and Sensitive
clays, based on the linearly decreasing heave ratio during self-weight installation
(Figure 4.6), and the computed soil plug heave during suction installation (Figure 4.7).
These heave ratios agree well with the measured values of 0.53, 0.52 and 0.55,
respectively, in the three soft clays (Table 4.4).
Judging by the large differences in the soil plug heave during jacked or suction
installation, from both the centrifuge measurements and the large deformation
computations, it is evident that the installation process has significant impact on the
flow pattern of soil at the flat caisson tip. It can be seen from the above analysis that for
a typical caisson used in practice, which is normally advanced to half its length by selfweight and then by suction for the remaining half, the net heave ratios in soft clays can
be estimated as around 0.5. While for a thin-walled caisson (or open-ended driven pile)
which is installed to its full length by jacking, the net heave ratio can be taken as around
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The corresponding expansion ratio, n, (the proportion of the caisson wall

accommodated by outward movement of the soil) is therefore derived as 0.5 for
practical caissons installed by self-weight and suction, and 1 for (hypothetically) jacked
caissons, or in the case of driven open-ended piles. These average expansion ratios will
be applied later to estimate the stress changes using a cavity expansion method (CEM).
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(c) Sensitive clay
Figure 4.6 FE result of heave ratios of soil plug during installation
by jacking or by ‘SW + S’
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Figure 4.7 FE result of soil plug heave during installation by ‘SW + S’

4.3.2 External radial total stress changes
4.3.2.1 Measurements
For ‘SW + S’ installations, the variations of measured σri with the tip depth have been
plotted in Figure 4.5 for typical tests in the NC, LOC and Sensitive clays, using
Caissons 1, 2 and 2, respectively. Figure 4.8 shows the variation of external radial total
stress (excluding the hydrostatic pressure), σri - u0, with the depth of TPTs in soil, zTPT.
Above the depth marked as zj, the TPTs were measuring stresses for self-weight
penetration, while below the depth marked as zs, the TPTs recorded stress changes for
the suction-installation phase.
All tests show some degree of perturbation between depths zj and zs, which is due
primarily to the slight delay between stopping self-weight penetration and the start of
applying suction, during which time the caisson penetrated a small distance and some
decrease in radial stress occurred due to consolidation. However, the main indication of
differences between jacked and suction installation lies in the gradients of σri - u0 above
zj and below zs. For the tests in NC and Sensitive clays, there is little or no difference in
the stress gradient, while for the test in LOC clay, the gradient below zs is about 20 %
lower than that above zj. As discussed by Chen and Randolph (2007b), the reduced
gradient probably reflects a change in flow of soil during suction installation, with a
greater proportion of the clay displaced by the caisson wall entering the caisson
compared with during jacking.
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(c) Sensitive clay (test B14cyc)
Figure 4.8 Measured external σri - u0 versus depth of TPT during installation

4.3.2.2 Large deformation FE results
Variations of the external radial total stress, expressed as (σri - u0)/σ′r0 where σ′r0 is the
initial radial effective stress in soil, with the normalised depth of the caisson tip (ztip/d)
are presented in Figure 4.9 for the large deformation FE simulations. Different curves
are shown for various distances above the caisson tip (htip, expressed as a multiple of the
caisson diameter, d), for installations both by jacking (J) and by combined self-weight
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and suction (SW + S). It can be seen that the development of external radial total
stresses diverges for these two types of installation at some stage after suction is applied,
which is believed to result from different ratios of the volume of outward-flowing soil
to that of the accommodated caisson wall at the caisson tip during these two types of
penetration (Figure 4.6).
Values of (σri - u0)/σ'v0 are summarised in Table 4.5 for four different depths on the
external shaft of the caissons at the end of installation, where σ′v0 is the original in situ
vertical effective stress (equal to σ′r0/K0). The difference of (σri - u0)/σ′v0 between these
two types of installation reduces with increasing htip, from 17−19 % for htip = 0.5d to
3−9 % for htip = 2d. The corresponding difference in the derived excess pore pressure
(expressed as ∆ui/σ′v0) decreases from 20−23 % to 4−11 %. This analysis shows that 1)
the effect of suction on the change in external radial total stresses reduces with
increasing distance from the caisson tip; and 2) the influence of installation method on
the penetration-induced excess pore pressure and the external radial total stress is very
limited.

Table 4.5 FE results of (σ
σri - u0)/σ
σ′ v0 and derived ∆ui/σ
σ′v0 at the end of installation
(σri - u0)/σ′v0
Clay

∆ui/σ′v0 a

htip / d

by
Jacking

by
SW + S

Difference
(%)

by
Jacking

by
SW + S

Difference
(%)

0.50

1.16

0.94

19

0.97

0.75

23

1.00

1.16

0.98

16

0.97

0.79

19

1.50

1.14

1.00

12

0.95

0.81

15

2.00

1.12

1.02

9

0.93

0.83

11

0.50

1.29

1.07

17

1.01

0.79

22

1.00

1.27

1.12

12

0.99

0.84

15

1.33

1.25

1.14

9

0.97

0.86

11

2.00

1.22

1.18

3

0.94

0.90

4

0.50

1.01

0.84

17

0.83

0.66

20

Sen-

1.00

1.00

0.88

12

0.82

0.70

15

sitive

1.33

0.98

0.90

8

0.80

0.72

10

2.00

0.96

0.92

4

0.78

0.74

5

NC

LOC

Note: a ∆ui was derived from the computed σri - u0
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(c) Sensitive clay, Caisson 2
Figure 4.9 FE results of external radial total stress changes versus penetration
depth for external shaft points at various depths (diameters above the caisson tip)
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4.3.2.3 Cavity expansion analysis
According to the CEM (Randolph 2003), the external radial total stress (σri - u0) during
installation of caissons (or an open-ended pile) may be estimated as
σ ri − u 0 =


1 su
1
+ 1 −
S t tanδ r  S t


 G   
 1 + 2K 0

σ ′vo + s u ln max  nρ , 1 

 3
 s u   

(4.1)

in which the first item on the right hand side reflects the external radial effective stress
(σ′ri), the second represents the shear-induced excess pore pressure (∆ui-shear), and the
third is the expansion-induced excess pore pressure (∆ui-exp). In the last term, n is the
expansion ratio (≤ 1), ρ is the area ratio of the caisson (~4t/d), and G/su is the rigidity
index, Ir. This equation is similar to that used in Chen and Randolph (2007b), except
for the introduction of the expansion ratio, n, to account for the influence of the soil
flow pattern at the caisson tip.
In the calculation, G/su was taken as 125, while the strength gradients, dsu/dz, for the
depth above the final embedment of the TPTs were 1.04, 1.49 and 1.24 kPa/m,
respectively, for tests B11SOC (NC clay), B13SCC (LOC clay), and B14cyc (Sensitive
clay). The CEM predictions of (σri - u0)/σ′v0, ∆ui/σ′v0 and ∆ui-exp/σ′v0 for two average
expansion ratios (i.e. n = 1 and 0.5) are presented in Table 4.6 for the three sets of soil
properties (Table 4.1).

Table 4.6 CEM estimations of external radial stresses
during installation for different expansion ratios
Clay

NC
(B11SOC)

n

σ ri − u 0
σ ′v0

σ ′ri
σ ′v0

∆u i
σ ′v0

∆u i−exp
σ ′v0

1.0

0.98

0.19

0.79

0.32

0.5

0.87

0.19

0.68

0.22

LOC
(B13SCC)

1.0

1.17

0.28

0.89

0.44

0.5

1.03

0.28

0.75

0.30

Sensitive
(B14cyc)

1.0

1.09

0.18

0.91

0.36

0.5

0.97

0.18

0.79

0.24

For NC clay, values of (σri - u0)/σ′v0 were calculated as 0.98 and 0.87, respectively, for
n = 1.0 and 0.5 (Table 4.6). This difference is relatively small and is also reflected in
the expansion-induced excess pore pressures (∆ui-exp), with ∆ui-exp/σ′v0 being 0.32 and
4-16

Chapter 4: Effect of installation method on external shaft friction of caissons in soft clay

0.22, respectively, for n = 1 and 0.5 (Table 4.6).

Paper 2

Results of LOC clay and Sensitive

clays are consistent with those of NC clay, with a difference of 10 to 15 % in the
normalised radial stresses.

This explains theoretically why the difference in flow

pattern of the soil plug for the two types of installation has only limited effect on the
radial total stresses measured on the external caisson shaft. Note that the calculations
here are based on the average expansion ratios of 1 and 0.5, while the radial stress
measurements should reflect the local values at any given depth. The deepest level of
the TPTs varied from about 6.2 m (NC clay, Caisson 1) to 8.8 m (LOC and Sensitive
clays, Caisson 2). From Figure 4.6, the maximum difference in heave ratio (and hence
expansion ratio, n) occurs for the LOC clay, with corresponding values of n ~ 1 for the
jacked pile, but 0.4 for the suction case (at a depth of 8.8 m). This may explain why the
largest change in gradient of σri - u0 occurred for Test B13SCC in the LOC clay (Figure
4.8).

4.4

Estimation of External Shaft Friction

4.4.1 Comparison among results from measurements, CEM and FE
analysis
The local external shaft friction ratio, α, at a certain point on the caisson shaft during
vertical pullout can be estimated from the external radial effective stress after
consolidation, σ′rc, by

α=

K ⋅ σ ′rc ⋅ tanδ r
su

(4.2)

where the factor K accounts for the reduction in radial effective stress during loading
and can generally be taken as 0.8, according to field tests on piles (Chow 1997). A
smaller reduction, with K increased to 0.9, was back-analysed from the present set of
caisson tests carried out in the Sensitive clay (Chen 2005). The value of σ′rc may be
estimated by the final radial effective stress ratio Kc, expressed as (Randolph 2003):

Kc =

σ′rc
σ′
R  λ ⋅ µ ∆u i
= ri + ln1 +
⋅
σ′v 0 σ′v 0 µ 
R σ′v 0





(4.3)

in which R is the overconsolidation (or yield stress) ratio, and λ and µ are two
parameters proposed as 1 and 5 respectively in order to match measurements from field
pile tests carried out by Lehane (1992) and Chow (1997).
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Figure 4.10 External σr - u0 versus consolidation time after installation

Values of σ′rc were also measured in the centrifuge tests discussed here, corresponding
to σr - u0 at the end of consolidation. Variations of the measured external σr - u0 with
prototype time during consolidation in three typical tests installed by ‘SW + S’,
B11SOC (NC clay), B13SCC (LOC clay) and B14cyc (Sensitive clay), and one test
installed by jacking, B13JCC (in LOC clay), are presented in Figure 4.10. It can be
seen that σr - u0 decreased gradually during consolidation. The final radial effective
stress after consolidation, σ′rc, has been taken as the final value of σrc - u0, although the
gradient of the stress changes is still slightly above zero at the end of consolidation
suggesting minor stress relaxation is occurring.
A summary of Kc values is presented in Table 4.7 for some typical tests, together with
local external α values derived from measured radial stresses and the corresponding
local su. Corresponding results are also shown from the CEM (for various expansion
ratios) and FE analyses. For test B11SOC in NC clay, the Kc values from the CEM
analysis decreases by only 4 %, from 0.51 to 0.49, as the expansion ratio decreases from
1 (J) to 0.5 (SW + S). Even taking n as zero, the resulting Kc value is 84 % of that for n
of 1, confirming that the radial effective stress after consolidation is somewhat
insensitive to the installation method.

The Kc derived from the radial total stress

changes in the FE analysis (Table 4.5) is 0.52 (Table 4.7), which is close to both the Kc
values (0.49 and 0.56) deduced from CEM and measurements in the suction zone.
Values of Kc derived from the measured σ′rc are close for tests B13SCC (SW + S) and
B13JCC (jacked) (Table 4.7 - 0.76 versus 0.73), again showing that the installation
method has little influence on the external radial effective stress after consolidation.
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Table 4.7 Kc and α values derived from measurements, CEM and FE results
Test No.

B11SOC
(htip/d=2, NC
clay, SW+S,
su=7.4 kPaf)

Method

Measured

CEM
FEM

B13SCC
(htip/d=1.33,
LOC clay,
SW+S, su
=13.6 kPaf)
B13JCC
(htip/d=1.33,
LOC clay,
Jacking, su
=13.1 kPaf)
B14cyc
(htip/d=1.33,
Sensitive clay,
SW+S, su
=13.0 kPaf)

n

σ ri − u 0
σ ′v0

σ ′ri
σ ′v0

a

∆u i
σ ′v0

a

Kc

αa

-

-

-

-

0.56

0.93 (0.93b,
0.70c,0.78d,
0.94e)

1.0

0.98

0.19

0.79

0.51

0.85

0.5

0.87

0.19

0.68

0.49

0.81

0

0.65

0.19

0.46

0.43

0.72

0.42

1.02

0.19

0.83

0.52

0.86

-

-

-

-

0.76

0.95 (0.96b,
0.77d, 0.92e)

1.0

1.17

0.28

0.89

0.69

0.87

0.50

1.03

0.28

0.75

0.65

0.82

0

0.73

0.28

0.45

0.55

0.69

FEM

0.50

1.14

0.28

0.86

0.68

0.86

Measured

-

-

-

-

0.73

0.96 (0.68d ,
0.83e)

CEM

1.0

1.14

0.26

0.88

0.67

0.89

FEM

0.84

1.24

0.26

0.98

0.70

0.92

Measured

CEM

Measured

CEM

0.79 (0.83b,

-

-

-

-

0.72

1.0

1.09

0.18

0.91

0.52

0.58

0.5

0.97

0.18

0.79

0.50

0.55

0

0.73

0.18

0.55

0.45

0.49

0.65d, 0.80e)

FEM
0.51
0.88
0.18
0.70
0.48
0.53
Note: Local value derived from measurements or FE results using Equation 4.2.
b
Average value derived from the local value. c Average value derived from the uplift
capacity of unsealed pullout tests, assuming equal α values for both sides of the caisson
wall. d Average value derived from the uplift capacity of sealed pullout tests, assuming
Nc = 12. e Average value derived from the uplift capacity of sealed pullout tests,
assuming Nc = 11. f Local shear strength at the maximum depth of the TPT.
a

The local α value derived from the measured σ′rc (or Kc) in test B11SOC (NC clay) is
0.93 (Table 4.7), which is larger than the values of 0.81 derived from CEM (for n = 0.5)
and 0.86 deduced from FE analysis (Table 4.7), and is significantly greater than the α of
0.72 (after 100 % consolidation) recommended for kaolin by Andersen and Jostad
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(2002). Similar results are obtained for the LOC clay (Table 4.7 - Test B13SCC), but
the corresponding difference between the α values deduced from measurements and
results of CEM and FE analysis is somewhat larger in the Sensitive clay (Table 4.7 Test B14cyc). The main reason for this difference is due to the estimate of radial
effective stress after consolidation (or Kc value) from the FE and CEM analyses, which
is considerably lower than the measured value. This reflects inevitable limitations in
the theoretical methods described here, and the sensitivity of the results to particular
input parameters such as the rigidity index of the soil and the values of λ and µ in
Equation 4.3.
In Table 4.7, it can be seen that the local α values derived from the measured σ′rc of
tests B13SCC and B13JCC are 0.95 and 0.96, suggesting that the external shaft friction
ratio during loading is not significantly affected by the installation method. In fact, a
slightly greater difference would have been expected between these α values since
results of CEM and FE analysis in the suction-affected zone in LOC clay lead to α
values (0.82 and 0.86) that are slightly lower than those (0.89 and 0.92) in the jackingaffected zone (Table 4.7) although the differences are small.
It should be noted in Table 4.7 that the external α values (0.9 to 1.0 for NC and LOC
clays, and ~0.8 for Sensitive clay) derived from the locally measured external σ′rc
values are larger than the average α values (0.7 to 0.8 for NC and LOC clays, and ~0.65
for Sensitive clay) derived from the unsealed and sealed pullout capacity reported in
Chen and Randolph (2007b). The difference, and uncertainty in the true α value, arises
from two reasons (Jeanjean et al. 2006): 1) adopting equal α values on both internal and
external sides for unsealed caisson tests may result in conservative estimates of external
shaft friction, since measurements on double-skinned caissons suggest the external
friction is higher than the internal value; and 2) the average α values deduced from the
pullout resistance of sealed caissons are based on an upper bound reverse end-bearing
factor (Nc) of 12 in Chen and Randolph (2007b), while higher α values result by
adopting lower Nc values. Since peak friction is mobilised earlier than peak endbearing resistance (Jeanjean et al. 2006), a lower value of Nc is probably appropriate.
Indeed, adopting Nc = 11 would bring the derived α values close to those deduced from
the measured radial stresses in the all three clays (0.94 against 0.93 in NC clay, 0.92
against 0.96 in LOC clay and 0.80 against 0.83 in the Sensitive clay - Table 4.7),
suggesting that Nc = 11 may be more appropriate to use in caisson design.
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4.4.2 Local α along external shaft
Magnitudes of local α along the external shaft derived from the radial stresses from the
FE analysis for installation by jacking and by ‘SW + S’ are presented in Table 4.8. It
can be seen that the local α values vary slightly at various depths (z, expressed as z/d
here), and are close between the two installations. The derived average external α value
for jacked caissons in NC clay is 0.90, which is 6 % larger than the value of 0.85 from
the caissons installed by combined self-weight and suction.

The corresponding

difference is also small in the LOC clay (0.89 versus 0.85), and even smaller in
Sensitive clay (0.54 versus 0.53). The small differences between the two installation
methods agree well with test results reported by Raines et al. (2005) and Jeanjean et al.
(2006) who presented very similar ultimate pullout capacities for the two types of
installation, for sealed and unsealed caissons, respectively.
Table 4.8 External α values along caisson shaft estimated from FE results
External shaft friction ratio, α
z /d
1.0
2.0
3.0
Global

NC clay

LOC clay

Sensitive clay

Jacking

SW + S

Jacking

SW + S

Jacking

SW + S

0.88
0.89
0.90
0.90

0.87
0.86
0.85
0.85

0.87
0.88
0.90
0.89

0.88
0.87
0.85
0.85

0.52
0.53
0.54
0.54

0.52
0.53
0.53
0.53

According to the NGI method (Andersen and Jostad 2002), the external α value for
jacked installation can be determined from the API (1993), while for suction installation
in the soft clays discussed here, α is 0.64 for LOC clay, and 0.72 for NC and Sensitive
clays after 100 % consolidation following installation. This leads to an average α value
of unity for jacked installation, and 0.7−0.8 for installation by combined self-weight
(typically 50 to 60 % of the length) and suction. This difference is larger than those
presented in Table 4.8.

4.4.3 Discussion
In evaluating the methods for predicting pullout capacity for thin-walled suction
caissons in soft clay, there has been much debate as to the extent that the installation
mode affects the external shaft friction. While similar pullout capacities have been
measured for caissons installed by jacking or by suction (House 2002; Raines et al.
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2005; Chen and Randolph 2007b; Jeanjean et al. 2006), the study presented here shows
that it is too simplistic to conclude from this that the soil flow pattern at the caisson tip
is unaffected by the installation method.

On the other hand, differences in the

proportion of the caisson wall accommodated by outward movement of soil due to
jacked or suction installation, as identified by Andersen and Jostad (2002), Clukey
(2005), and Zhou and Randolph (2006), have been shown to lead to surprisingly small
differences in the eventual external shaft friction. The thin-walled nature of suction
caissons leads, even for jacked installation, to relatively low expansion-induced excess
pore pressure outside the caisson, with much of the excess pore pressure arising from
shearing and remoulding of the soil.
Overall, it appears that assuming expansion ratios of 1 for jacking (with the full caisson
wall accommodated by outward soil movement) and 0.5 for combined self-weight and
suction installation, gives estimates of radial stress changes and final external shaft
friction that are reasonably consistent with measured values.
For the design of typical caissons (with L/d ~ 4) that are installed half by self-weight
and half by suction, the study suggests that the average external α value lies in the range
0.85 (from analysis) to just over 0.9 (measured) for the NC and LOC kaolin clays
considered here, and 0.55 (from analysis) to 0.8 (measured) in the Sensitive clay. The α
values proposed for the NC and LOC clays are slightly higher than those suggested for
kaolin by the NGI method, which falls in the α value range for the Sensitive clay. The
low α value estimated from analysis for the Sensitive clay is due to the combination of
low radial stress values and a low residual interface friction angle for this clay. The
higher measured α values suggest that it may be unduly conservative to adopt such a
low residual friction angle after consolidation has been allowed.

4.5

Conclusions

In this paper, centrifuge tests, large deformation FE analysis and a cavity expansion
method were used to study the influence of installation method on the soil flow at the
caisson tip, resulting radial stress changes and final shaft friction at the external wall of
thin-walled caissons in soft clay. Less outward flow of soil at the caisson tip was found
for caissons installed by suction than by jacking. However, the installation method had
little influence on the external radial total stresses and excess pore pressures during
installation, since the expansion-induced excess pore pressure is small. The effect
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decreases further after consolidation, and the derived final external α values are close
for the two types of installation.
External α values during pullout of suction caissons can be estimated from the results of
the cavity expansion approach, taking the expansion ratio as 0.5 (corresponding to 50 %
of the caisson wall being accommodated by outward soil movement). Combined with
theoretical results derived from the FE analysis, this leads to average external α values
of ~0.85 for caissons in NC and LOC clays, and ~0.55 in the Sensitive clay (St = 4−5),
for typical caisson geometries used in practice. The latter value appears somewhat low
in relation to the value obtained from the model tests, perhaps due to the conservative
assumption of a low residual interface friction angle for the Sensitive clay.
For the end-bearing capacity, an Nc value of 11 provided the most consistent agreement
between average α values deduced from pullout capacity and those deduced from local
measurements of radial stress, and appears appropriate for use in design.
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CHAPTER 5
EFFECT OF CAISSON-TIP GEOMETRY ON FLOW
PATTERN OF SOIL PLUG

By: Hongjie Zhou and Mark F. Randolph

ABSTRACT: Soil movement around a flat or externally bevelled caisson tip was
investigated numerically using a large-deformation finite element (FE) approach.
Comparing the results, it was found that the bevel was effective in terms of displacing
more soil to the outside of the caisson, reducing the inside soil plug heave and giving a
slightly higher increase in total stresses along the outside of the caisson wall during
suction installation. During both self-weight embedment and suction-assisted
installation, the proportion of the caisson wall accommodated by inward soil flow
remained about 20% smaller for the bevelled caisson than for the flat-tipped one.
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Introduction

Suction caissons - also referred to as suction anchors or suction piles - are nowadays the
most popular type of offshore anchor throughout the deepwater hydrocarbon-producing
areas. They are so called because of the assistance of underpressure or suction to install
them, following penetration under self-weight. Compared with traditional anchor solutions, such as driven piles or drag anchors, they have significantly higher reliability and
economic efficiency.
Modern caissons are usually cylindrical units made of steel, open at the base and
equipped with a valve at their top lid, like inverted buckets. Mooring loads are applied
by anchor chains usually attached to pad-eyes on the sides of the caissons. Compared
with open-end piles, suction caissons are generally larger in diameter, shorter in length
and much thinner walled. Typical diameters range from 3 to 8m, with aspect ratios
(embedded length divided by diameter) of 2 to 6, and ratios of diameter to wall
thickness of 100 to 2001. It should be noted that the focus here is on relatively slender
caissons, installed in soft clay for anchoring floating structures, rather than short
suction-installed caissons (or skirted foundations), such as might be used in dense sands
as foundations for fixed structures.
For caisson design dominated by axial capacity, it is critical to assess the external shaft
friction accurately, since that provides some 40 to 50% of the transient uplift capacity
and an even greater proportion of sustained uplift capacity, where the reversed endbearing cannot be relied upon.
During caisson installation, positive excess pore pressures are generated in the
surrounding clay due partly to reduction in effective stress as the clay is sheared and
remoulded, and partly to the increase in total stress as the penetrating wall displaces the
soil outwards. After installation, consolidation, or ‘setup’, occurs and the shear strength
of the clay and local effective stresses increase. The amount of strength regain, the final
radial effective stress acting on the wall and the timescale for consolidation all depend
on the pore pressures generated during installation, which in turn are affected by the
magnitude of outward soil movement.
Accordingly, in practice some caissons have been fabricated with an external taper or
bevel at the tip in an attempt to push more soil outwards during penetration2, 3, 4, 5. The
aim is to negate the effect of suction installation, which may tend to draw a greater
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proportion of soil into the caissons and possibly cause reduction in the total stresses
along the outside of the caisson wall. In addition this simple treatment may reduce any
extra skirt length incorporated to accommodate soil plug heave inside the caisson.
Through field measurements during actual installation, Audibert et al.3 and Clukey4
concluded that the outward bevel on the caisson tip was effective in forcing the soil
displaced by the caisson wall to the outside of the caisson, although no direct
comparisons between bevelled and flat-tipped caissons were made. Note that for the
caissons used by Clukey4, the tip was fabricated with an internal flat portion of 22mm
and an outer of 29mm chamfered at an outward facing bevel of 4 (vertical) to 1
(horizontal). A more direct comparison was reported by Lee et al.5, who compared the
soil plug heave for caissons fabricated with a 45º half bevel and with a 55º full crosssection bevel. They found that the caisson with the full bevel led to much lower
estimated internal soil plug heave, although it was also installed to a shallower depth.
These observations consistently support the assumption that a bevelled tip is effective in
terms of displacing more soil outside the caisson than occurs for a flat tip. From field
measurements, however, it is almost impossible to quantify the effect of tapering on the
flow pattern of soil around the tip and the total stress changes along the external shaft of
the caisson. Using a small-displacement finite element (FE) formulation, Andersen et
al.6 evaluated the impact of a bevel, 45º outwards from a 6mm flat portion of a 33mm
thick skirt. They concluded that the bevel caused more soil to move outside the caisson
than for a flat tip, but the increase in total stresses was relatively modest: 12-14% for a
roughness factor of 0.25.
Small-strain analysis is not able to model the deep penetration associated with caisson
installation, and a large deformation approach is needed to investigate the impact of the
bevel. Large-deformation FE analysis is capable of simulating the relative motion
between the soil and the penetrating wall over several diameters of caisson installation,
and quantifying any slight deformation on the soil surface, such as due to soil plug
heave. As an extension of previous investigation7 into the effect of installation processes
on the soil plug movement and the total stress changes along the external caisson wall,
the present work focuses on assessing the impact of the bevel by comparing flat-tipped
and tapered caissons in terms of heave ratio and total stress changes. The tapered
caisson was characterised by an outward facing bevel of 4 (vertical) to 1 (horizontal),
across the external half of the wall thickness at the caisson tip. Due to the very
computational effort required for this type of analysis, the caissons were first ‘wished
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into place’ in normally consolidated clay at a certain embedment (1, 2 or 4D) before being penetrated further, typically by two diameters. Previous results7 have demonstrated
that the envelope of behaviour evaluated in this way is consistent with the response obtained by conducting a single extended penetration from, say, 1 to 6D, but has the
advantage of being able to conduct different incremental penetrations in parallel. In the
present study, the self-weight force acting during suction installation was fixed at the
value required to advance the caisson to an embedment of 2 diameters.

5.2

Large-Deformation Numerical Modelling

5.2.1 Remeshing and interpolation technique with small strain
As in the previous study7, the remeshing and interpolation technique with small strain
(RITSS) approach, proposed by Hu and Randolph8, 9, was adopted for the large-deformation analysis. This approach falls in the category of ‘Arbitrary LagrangianEulerian’ (ALE) methods, whereby a series of small-strain analysis increments is
followed by the remeshing and then interpolation of field quantities (stresses and
material properties) on Gauss points from the old mesh to the new mesh. Before
interpolation, the coordinate positions of the Gauss point in the old mesh are updated,
according to the cumulative displacements in the preceding increments of analysis. The
sequence of small-strain increments, remeshing and interpolation can be repeated until
the required displacement has been reached.
The RITSS may be linked with virtually any FE code, but here the AFENA FE
package10 is used with the non-linear analysis being conducted without iteration, so that
any out-of-balance forces at the end of an increment are carried forward into the next
incremental computation. The solution procedure and strategies for optimal mesh
density, increment size, frequency of remeshing and interpolation schemes have been
elaborated by Hu and Randolph8, 9, Hu et al.11 and Zhou and Randolph7, where the
robustness of this method has also been demonstrated.

5.2.2 FE discretisation
The detailed mesh of FE discretisation is shown in Figure 5.1. Using an axisymmetric
model, the caissons have an internal diameter, D, of 4 m and a wall thickness, t, of 0.04
m (D/100). The only difference between the flat-tipped and tapered caisson is the
outward bevel of 4 (vertical) to 1 (horizontal) across the external half of the wall
thickness at the caisson tip (Figure 5.1c and Figure 5.1d). No stiffeners within the cais5-4
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sons were included, in order to simplify initial mesh generation and subsequent
remeshing. The radius and height of the soil domain were 7.5D (30 m) and 12.5D (50
m), respectively (Figure 5.1a). The bottom boundary nodes were fixed in both the
vertical and radial directions, while the lateral boundary nodes were fixed in the radial
direction but free to move vertically. The upper surface nodes were left free. For the
caisson domain, only the side boundary nodes were constrained from moving in the
radial direction. Six-node triangular axisymmetric elements containing three Gauss
points were used throughout, and nodal joints were incorporated to simulate the caissonclay interface.
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For every remeshing step, a partial remeshing technique was adopted to facilitate
interpolation operations from old to new Gauss points7. During mesh regeneration, only
the part of the domain where the nodal displacements exceeded a certain value in
relation to the element size was remeshed, while for the remainder the nodal coordinates
were merely updated according to the displacements. A detailed explanation of this
approach can be found in Zhou and Randolph7.

5.2.3 Material properties
Considering the relatively rapid installation in the field, caisson penetration can be taken
as undrained and the clay was therefore modelled as an elastic-perfectly plastic material
with a Tresca failure criterion obeying an associated flow rule. The undrained shear
strength of the clay was taken as isotropic and increasing linearly with depth from the
seabed according to su = 4 + 1.5z kPa, where z is the depth (in m) below the seabed
surface. Poisson’s ratio was taken as 0.499 and the modulus ratio, E/su (E being
Young’s modulus), as 500. The initial stress state was set up based on a submerged unit
weight of γ’ = 6.5 kN/m3 and an assumed horizontal earth pressure coefficient of K0 =
0.8.
The caisson material was modelled as an isotropic linear elastic material with a Young’s
modulus, E, of 2.1×108 kPa. The interface between the caisson wall and the soil was
modelled using elasto-plastic nodal joints12. The joints have independently specified
shear and normal stiffness, with yield and plastic flow criteria consistent with the Tresca
soil model10. Here, the limiting interface shear strength, which in practice is normally
assumed as equal to the remoulded shear strength1, was taken as αsu with the interface
friction ratio, α, representing the inverse of the soil sensitivity, taken as 0.3.

5.2.4 Penetration simulation
The installation of suction caissons consists of two successive phases: self-weight
embedment and suction-assisted penetration. Typically self-weight embedment is 1 to 3
diameters in practice1. Here, the self-weight embedment was therefore taken as 2D, and
the self-weight embedment was simulated by increasing the pressure, pc, on the caisson
wall, jacking the caisson to the self-weight penetration depth. The self-weight of the
caisson was then deduced from the required pressure for jacking it to this depth.
Suction installation was initiated following self-weight penetration to 2D. As illustrated
in Figure 5.1b, the underpressure was simulated by applying upward traction, ps, on the
top of the clay plug and a corresponding downward pressure, pc, on the annulus of the
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Chapter 5: Effect of caisson-tip geometry on flow pattern of soil plug

Paper 3

caisson, maintaining the net external force constant at the self-weight value. Detailed
explanation in respect to this simulation has been documented by Zhou and Randolph7.
In order to hasten the very time-consuming computations, the caissons were first wished
in place at an embedment of 1, 2 or 4D, before being penetrated, respectively, by up to 2
diameters, rather than installing them completely from zero embedment. This shortcut
has been justified by Zhou and Randolph7; it avoids the excessive number of increments
required at very small penetrations of the caisson tip into the soil, and also allows a
number of analyses to be conducted on different computers in parallel.

5.3

Results and Discussions

5.3.1 Load-penetration responses
Figure 5.2 shows the overall load-displacement response of both caisson types for
installation between 1 and 6D. All the forces have been normalised by the product of
the cross-sectional area of the soil plug, As, and local undrained shear strength, su,tip, at
the current tip depth. The continuous envelope of results from the separate incremental
installations (1 to 2D, 2 to 4D and 4 to 6D) reinforces the adequacy of the analysis
approach.
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During the self-weight installation phase to 2D, the caisson was jacked by increasing pc
continuously while maintaining ps zero. The self-weights are deduced from the
normalised penetration resistance of 3.65 for the flat-tipped caisson and 3.60 for the
tapered caisson (Figure 5.2), leading to nominal loads of 734 and 724 kN, respectively.
Suction installation started beyond 2D, with pc rising from the self-weight value and ps
increasing from zero, maintaining the net external force constant at the self-weight. The
variation with penetration depth of the force applied to the caisson, the internal and
external shaft friction, and the tip resistance are illustrated in Figure 5.2, for both types
of caissons. Note that for the tapered caisson, the vertical component of shear force on
the bevel was included in the external shaft friction, and the vertical component of the
normal force on the bevel in the tip resistance.
In Figure 5.2, it can be seen that the penetration responses are almost identical for these
two types of caisson, but with a very slightly greater external shaft friction and
marginally smaller tip resistance for the tapered caisson due to the bevel, leading to
nearly the same total resistance. The normalised force applied on the caisson increases
approximately linearly with depth, from around 2.2 and 2.15 at 1D, to about 3.65 and
3.6 at the end of self-weight installation (2D) for the flat-tipped and tapered caisson,
respectively. Then it continues to rise to about 8.59 for both caissons at the final penetration depth of 6D during suction penetration. Note that, since the shear strength at the
caisson tip increases linearly with depth, the actual installation force for the caissons increases quadratically, as expected.
With respect to the shaft friction, both the external and internal normalised values rise
linearly from around 0.85 to 4.04 for the flat-tipped caisson and to around 4.05 for the
tapered caisson. The external shaft friction is slightly greater since the contact area with
soil outside the caisson is greater than that inside the caisson. These values are consistent with the assigned interface friction ratio, α, of 0.3. The total shaft friction
contributes 94.1 and 94.3% to the total resistance at the final depth for the flat-tipped
and tapered caisson, respectively.
Following a small increase during self-weight embedment, the normalised tip bearing
capacity decreases slowly throughout suction installation, from 0.62 to 0.51 for the flattipped caisson and 0.58 to 0.49 for the tapered caisson. This represents, respectively, 5.9
and 5.7% of the total resistance at the final depth for the flat-tipped and tapered
caissons.

5-8
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The tip resistance may also be expressed in terms of a conventional bearing capacity
factor, Nc, through the relationship

Nc =

qb − γ ′z
s u, tip

(5.1)

where qb is the soil resistance (average pressure) on the caisson tip. The computed Nc
for the flat-tipped (bevelled) caisson rises steadily from an initial value of about 11.6
(10.6) at 1 diameter embedment, to 12.25 (11.25) at the self-weight penetration depth,
whereas it reduces to 8.85 (8.35) at the final depth during suction installation.
Considering the relatively coarse mesh underneath the tip, the Nc values may be slightly
overestimated in absolute terms. The values are also much higher than the usual value
of around 7.5 assumed in design, based on the bearing capacity of a deep (smoothsided) strip footing as proposed originally by Skempton13. The high values of endbearing resistance may be attributed to the increased vertical stresses in the soil
surrounding the caisson tip, due to cumulative frictional resistance on the caisson wall.

5.3.2 Soil heave inside caisson
During every remeshing step, the coordinates of surface nodes of the soil plug and the
caisson tip were recorded. This allowed the soil heave inside the caissons to be deduced,
which is plotted in Figure 5.2 versus the tip depth. Note that the incremental manner of
conducting the installation essentially zeros the heave at the start of each penetration
phase, as indicated in Figure 5.3a. Assuming that the incremental penetrations may be
considered part of the continuous process, the heave results may be accumulated as
shown in Figure 5.3b. There are slight kinks at the connections of 2 and 4D since a
steady penetration state has not been achieved at the start of each penetration phase. A
more useful concept is the incremental heave volume ratio, i.e. the proportion of caisson
wall accommodated by inward soil flow, as shown in Figure 5.4. The procedure for
deducing the heave volume ratio has been detailed in Zhou and Randolph7 and will not
be reiterated here, but briefly is obtained by dividing the incremental heave volume of
soil plug by the corresponding volume of soil displaced by the advancing caisson wall.
It is evident that the bevel is effective in terms of forcing more soil out of the caisson,
whether during self-weight penetration or suction installation. In Figure 5.3, for the suction penetration from 2 to 6D, the total heave is 303mm for the tapered caisson (117
mm from 2 to 4D and 186 mm from 4 to 6D), which is only 68% of that for the flattipped caisson (totalling 445 mm).
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In Figure 5.4, the proportion of caisson wall accommodated by inward soil flow for the
tapered caisson remains about 20% less than that for the flat-tipped caisson throughout
the entire installation, but with a lightly narrowing gap. During self-weight penetration,
the ratios decrease after reaching the peak of about 19% for the tapered caisson and
46% for the flat-tipped caisson. Over the suction-installed stages, the ratios increase
from about 25 to 68%, respectively, for the bevelled caisson and from 48 to 81% for the
flat-tipped caisson.
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Figure 5.3 Soil plug heave versus penetration depth
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Figure 5.4 Heave volume ratio versus penetration depth

If the bevelled caisson is penetrated to 4D with the initial half by self-weight and the
other half by suction, the average heave volume ratio is around 31%, with about 23%
during self-weight penetration, and 39% for suction installation. Estimates of heave
volume ratio in the field range between 30 and 50% for bevelled caissons2, 4, which
agree well with the values obtained here. For the flat-tipped caisson, the corresponding
average heave ratio is around 55% (50% for self-weight penetration and 61% for
suction installation). This matches well with an overall heave ratio of 52–55% estimated
from centrifuge model tests by Chen and Randolph14.

5.3.3 Incremental displacements around caisson tip
Figure 5.5 illustrates the incremental displacement vectors for a single computational
increment when the caisson tip was at the final depth of 6D. The presence of
underpressure at the soil surface inside the caisson has a clear impact on the
displacement patterns of soil around the tip, with most of the soil below the tip showing
a tendency to flow inward.

5.3.4 Development of radial and mean total stresses during installation
As shown by the displacement patterns in Figure 5.5, the soil below the caisson tip is
forced away to accommodate the advancing caisson wall, which will lead to changes in
the total stresses within the soil surrounding the caisson. Of particular importance is the
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increase in radial total stress on the outside of the caisson, as this will influence the
long-term (post-consolidation) shaft capacity. Therefore, the changes in radial and mean
total stresses with penetration were monitored here at a point in the soil at a depth of 5D
and 2t (where t is the wall thickness) outside the caissons, as plotted in Figure 5.6. The
total stresses, σr and σm, were normalised, respectively, by the initial in situ stresses, σr0
and σm0, based on a submerged unit weight of γ’ = 6.5 kN/m3, a coefficient of horizontal
earth pressure of K0 = 0.8 and current depth below the mudline of 20 m. Note that since
these were total stress analyses, but based on the effective unit weight of the soil, the
initial stresses are effective stresses, but the stresses generated during installation of the
caissons are total stresses relative to hydrostatic water pressure.
Overall, the changes in the total stresses are similar for both types of caisson, but with a
marginally greater increase for the tapered caisson over the entire penetration. As the
caisson tip approaches the monitored point, a slight decrease is obvious in both the
radial and mean total stress. The stresses then rise dramatically as the caisson tips reach
the monitored depth (5D), after which the stresses reduce sharply with increasing
penetration until steady values are reached once the tips are 0.5D below the monitored
level. Compared with the initial stresses (before installation), the radial total stress at
steady state increases by about 28% for the flat-tipped caisson and 38% for the tapered
caisson, at the point 2t outside the caisson and depth of 5D. The corresponding
increases are 10 and 16% in respect of the mean total stress. The bevel therefore induces
8% greater radial total stresses (1.38/1.28) and 5% greater mean total stress (1.16/1.10),
compared with the flat tip.

26.02

26.08
26.06
26

26.04
26.02

Y

Y

25.98

26

25.98

25.96

25.96
25.94

25.94

25.92
25.92
1.96

1.98

2

2.02

2.04

2.06

25.9

1.94 1.96 1.98

2

2.02 2.04 2.06 2.08

2.1

2.12

X

X

a) Flat-tipped

b) Tapered

Figure 5.5 Incremental displacements around the caisson tip at the depth of 6D
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Figure 5.6 Changes in the total stresses versus penetration depth

5.3.5 Radial and mean total stress along the external shaft of the
caissons
Once the caisson tips reach the final depth of 6D, the magnitudes of the radial and mean
total stress were picked out at 11 locations along the caisson shaft and 2t outside; they
are plotted in Figure 5.7 in the normalised form. Consistent with the stress changes
shown previously in Figure 5.6, the total stresses are always higher for the tapered
caisson than for the flat-tipped caisson, with radial stresses around 8% greater and mean
stress 5% greater. The stress values are steady down to about 0.5D above the caisson tip
but then decrease slightly as the tip is approached, before surging to a peak at the same
depth as the caisson tips.
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Figure 5.7 Variation of the total stresses along the external caisson wall
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5.3.6 Radial and mean total stress contours
Figure 5.8 and Figure 5.9 show contours of the normalised radial and mean total
stresses at the final penetration depth of 6D. The stresses are higher outside the tapered
caisson than for the flat-tipped caisson. Inside the caissons the total stresses fall below
the in situ stress level, due to the effect of upward suction applied to the top of the soil
plug, with the effect extending outside the caisson wall below the tip. A bulb of
increased stress surrounds both types of the tips, but with higher values for the tapered
tip. This increase helps to explain the relatively high Nc values commented on earlier.
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5.3.7 Safety factor against plug failure
One of the design checks for suction caisson installation is to ensure that upward failure
of the soil plug does not occur. The proximity to plug failure can be quantified by
comparing the net upward force (or average pressure) at the base of the soil plug, to the
limiting pressure that would cause failure1. Here, this can be expressed as

FoSplug =

N cplug su,tip

(5.2)

ps − Fi /As

where Ncplug is the bearing capacity factor for plug failure and Fi is the total internal
shaft resistance. The value of Ncplug is typically taken as 9 in design. While a lower
value might be more appropriate at shallow embedment, this is compensated by
relatively greater strength increase within the potential reverse end-bearing failure zone.
Before showing the factor of safety (FoS) itself, Figure 5.10 shows the variation of
normalised base pressure as a function of the caisson embedment for the flat-tipped
caisson only, since there is almost no difference between these two types of caissons.
The net (average) plug pressure, pplug, is expressed as

pplug = Fi /As

(For self - weight installation)

p plug = − ( p s − Fi / As ) (For suction installation)
and has been normalised by the local value of su,tip at any given embedment.
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Figure 5.10 variation of normalised base pressure with penetration
5-15

(5.3)

Chapter 5: Effect of caisson-tip geometry on flow pattern of soil plug

Paper 3

During self-weight penetration, the normalised base pressure of the soil plug rises
steadily to about +1.5 at the depth of 2D due to growing internal friction. It then
decreases during suction-assisted installation to around –3.2 at the final depth of 6D.
Note that ‘+’ and ‘–’ denote downward and upward pressure, respectively.
The variations of the factors of safety, FoSplug, are summarised in Figure 5.11 for
penetration from 4 to 6D. The FoS reduces with increasing penetration to around 2.8 at
the final embedment, which is consistent with typical values from field measurements at
final penetration1. It may be noted that design recommendations suggest a minimum
factor of safety of 1.5, calculated in the manner of equation 5.2.
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5.4

Concluding Remarks

The objective of this study was to assess the effect of tapering the caisson tip on the soil
flow pattern and induced total stress changes during self-weight and suction installation.
The caisson installation process, including self-weight and suction penetration was
simulated using an axisymmetric large-deformation FE approach. The flat-tipped or
tapered caissons were first wished in place, within a soft clay profile at penetrations of
1, 2 or 4D, before being penetrated further down to a maximum of 6D, with the selfweight embedment being assumed as 2D.
Comparison of the results for these two different caisson tip configurations suggests that
the external bevel has a significant benefit in terms of displacing more soil to the
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outside of the caisson, both during self-weight and suction installation. The proportion
of caisson wall accommodated by inward soil flow remained about 20% smaller for the
tapered caisson than for the flat-tipped caisson. During suction-assisted penetration
from 2 to 6D, the heave volume ratios increase gradually from around 25 to 68% and
from about 48 to 81%, respectively, for the tapered and flat-tipped caissons.
More soil being forced outwards by the bevel induces a slightly greater increase in the
total stresses, with around 8% greater radial total stress and 6% greater mean total
stress, relative to the total stresses induced during the penetration of the caisson with a
flat tip. The radial total stress increased by about 28% for the flat-tipped caisson and
38% for the tapered caisson. For the mean total stress, the corresponding increases were
10 and 16%.
The increased stresses (which in real clay will initially be carried primarily by excess
pore water pressures) provide the potential for increased effective stresses and interface
friction following time for consolidation. However, increasing evidences from model
tests14, 15, 16 indicates that the small difference (6 to 8%) in total stress change had no
pronounced influence on the final uplift capacity. To fully assess the impact of the total
stress change on the shear strength along the caisson wall, a more sophisticated constitutive model for the soil would be needed, together with FE consolidation analyses
using the above results as initial conditions.
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CHAPTER 6
COMPUTATIONAL TECHNIQUES AND
SHEAR BAND DEVELOPMENT FOR
CYLINDRICAL AND SPHERICAL PENETROMETERS
IN STRAIN-SOFTENING CLAY

By: Hongjie Zhou and Mark F. Randolph

ABSTRACT: This paper addresses numerical simulation of deep penetration of fullflow penetrometers in strain-softening, rate-dependent, cohesive soil, and the observed
phenomenon of periodic shear bands. The analysis was conducted using a large
deformation finite element approach, modifying the simple elastic-perfectly plastic
Tresca soil model to allow strain-softening, with strain-rate dependency being
incorporated in order to avoid spurious mesh dependency. Parametric analyses were
carried out varying the strain-softening parameters (hence the relative brittleness of the
soil), the rigidity index of the soil, and the strain-rate parameter. Increased brittleness of
the soil led to reduction in the penetration resistance, but also to increasingly significant
oscillations in the resistance-penetration responses. The oscillation was found to result
from periodic shear bands evolving cyclically ahead of the advancing cylindrical and
spherical penetrometers. Analyses with different values of rigidity index confirmed
further that the periodic shear bands were a real material phenomenon, rather than due
to errors in numerical simulation. Similar phenomena have been observed for
continuous flow problems in granular materials. However, rising strain-rate dependency
tended to suppress the oscillations.

CE Database subject headings: Clays; Finite element method; Penetration resistance;
Strain rate; Strain softening; Banding.
Centre for Offshore Foundation Systems

School of Civil and Resource Engineering
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Introduction

The motivation for the work described here arose from the growing use of cylindrical
and spherical “full-flow” penetrometers to measure the shear strength profile in soft
sediments (Randolph 2004). Although plasticity solutions exist relating penetration
resistance to shear strength for simple rigid-plastic soil models, real soils exhibit strainrate dependency of shear strength, and also soften as they are remolded. Deep
penetration problems in geotechnical engineering are regarded as particularly
challenging due to the need to accommodate large deformations (large strains and large
relative displacement of the object and surrounding soil). Some form of large
displacement finite element (LDFE) analysis is therefore required, together with soil
models capable of simulating both strain-softening and strain-rate dependency.
The LDFE method is needed in order to model the gradual strength degradation of soil
as it is forced to flow around the advancing penetrometer. In analysis, the penetrometer
is advanced by several diameters, allowing a steady state pattern of partially remolded
soil to be established. For strain-softening soil, the penetrometer resistance was found to
oscillate in a stable manner, and this was linked to the periodic formation and growth of
distinct shear bands ahead of the penetrometer with eventual discarding of the shear
bands as the penetrometer advanced further. Particular care was needed in the choice of
the finite element mesh density and increment size in order to minimize spurious
numerical effects. The evolution of the periodic shear bands was explored in detail, in
relation to the oscillations in penetration resistance, and parametric studies were carried
out to investigate the effect on the penetration response of the relative brittleness (or rate
of softening) of the soil, and also of the rigidity index and the strain-rate parameter.

6.2

Background of Full-Flow Penetrometers

Full-flow penetrometers, such as the cylindrical T-bar and spherical ball (Fig. 6.1), have
been used increasingly in offshore site investigation as alternatives to the traditional
cone penetrometer, particularly in deep or ultra-deep water developments where the
seabed sediments are generally soft (Randolph et al. 1998; Hefer and Neubecker 1999).
Their advantages over the cone include reduced uncertainty and improved resolution of
the measured penetration resistance, and the existence of closely bounded plasticity
solutions relating penetration resistance to the shear strength of the clay (Randolph
2004). However, their potential to provide an accurate absolute measurement of the in
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situ shear strength is limited by factors such as the strain-rate dependency of shear
strength and strain softening as the soils are sheared during passage of the penetrometer
(Einav and Randolph 2005).

113 mm

Plate
80 mm

Balls
40 x 160 mm

T-bars
113 mm
40 x 250 mm

Cone
Fig. 6.1 Alternative full-flow penetrometers with cone

Previous studies (Randolph and Andersen 2006) have concluded that, although
empirical correlations between T-bar and ball penetration resistance and the average
shear strength of the soil have shown reasonably close agreement with theoretical T-bar
factors, the result appears to be due to compensating effects of the high strain rates
around the advancing penetrometer and degradation of strength due to partial
remolding. In order to quantify these effects, small strain analyses of “wished-in-place”
penetrometers were performed using the geotechnical finite element software Plaxis
(Randolph and Andersen 2006). Modeling of the effect of gradual strength degradation
on penetration resistance was achieved by assigning reduced (residual or fully
remolded) strengths within different postulated regions of the soil lying in the wake of
the flow mechanism. However, the inherent limitations of small strain analysis limit the
validity of these results.
The aim of the work described here was to use LDFE analysis to simulate the relative
flow of soil past the penetrometer, modeling both the increase in strength due to high
strain rates and also the gradual reduction in strength as the soil is remolded.
Previously, results from LDFE analyses have been reported by Lu et al. (2000, 2001)
for the T-bar and ball, but limited to a simple elastic-perfectly plastic model of the soil.
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They observed no significant differences between the small-strain and large deformation
analyses as no strain softening was accounted for.
Before describing the LDFE analyses, a brief review of shear bands in continuous flow
problems is presented, as the development of shear bands in softening soil can pose
significant problems in numerical analysis.

6.3

Shear Bands in Continuous Flow Problems

Shear bands are referred to as the localization of irreversible (plastic) deformation (Rice
1976) into narrow bands with intense shearing and highly concentrated strain. This
fascinating and widespread phenomenon has been studied extensively over many
decades. Many theoretical and experimental investigations and field observations have
been dedicated to the understanding and prediction of the onset and development of
shear bands, which is of particular interest in that it often acts as the direct precursor of
failure of materials including soils.
However, most published work in soil mechanics has concentrated on incipient
deformation problems, such as stability of slopes, bearing capacity of foundations,
laboratory soil element tests, and so forth. Only limited work has been reported on
strain localization in the context of steady or pseudo-steady flow, for example by
Butterfield and Andrawes (1972), Drescher and Michalowski (1984), Drescher (1989),
and Michalowski (1990). In reality, many engineering problems are associated with
“velocity discontinuities” within steady deformation states, such as soil cutting
processes, discharge of bulk materials from bins and hoppers, and continuous
penetration problems. In these cases, the material particles may travel through a strong
velocity discontinuity zone undergoing shear and dilation or contraction (termed as a
“shock”), as opposed to a shear band in incipient flow where the particles neither enter
nor leave the thin layer (Drescher 1989; Garagash et al. 2000).
A particular phenomenon, namely periodic shear bands, has been observed in granular
materials due to strain-softening (brittle) behavior, leading to oscillations in measured
failure load or penetration resistance. Butterfield and Andrawes (1972) showed an
example of this for a plane-strain continuous indentation problem in medium dense and
dense sands, with cyclic fluctuations in the values of penetration resistance. By means
of stereophotographs of displacement field taken through the side of the test tank, the
fluctuating resistance was found to correlate with the progressive development of a
series of distinct thin zones of velocity jumps (shear bands).
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Periodic shear bands also occur in the discharge of granular material from silos.
Michalowski (1990) presented results for a plane-strain container, and clearer X
radiographs were provided by Drescher (2004) and are reproduced here in Fig. 6.2. The
characteristic feature of the velocity fields was the appearance of a series of
discontinuous zones with large velocity gradients, which were considered as processes
and allowed to propagate, unlike incipient flow problems in which the discontinuities
are fixed in space. By incorporating the strain localization into a framework of limit
analysis, the authors predicted the periodic shear bands.

Fig. 6.2 X-radiographs of periodic shear bands [Drescher (2004), with permission]

The previous observations were on granular materials, where the shear bands were
revealed due to changes in density. Although not anticipated beforehand, similar
periodic shear bands were identified in the present numerical study of penetration of
full-flow probes in cohesive soil with strain softening. Periodic initiation and growth of
shear bands were observed in the vicinity of the advancing penetrometer, and were
linked directly to regular oscillations in the penetration resistance.
Conventional finite element analysis of strain localization, based on a rate-independent
and elastoplastic continuum model, suffer from an inherent shortcoming of mesh
dependence. This phenomenon is caused by the loss of mathematical well posedness of
initial or boundary value problems, and thus uniqueness of the solution, and a
consequential dependency of the solution on the boundary data. In an effort to rectify
this limitation for classic continuum models, three types of methods have been
suggested to preserve the ellipticity of governing equations while allowing for
localization of deformations. These approaches consist of: (1) nonlocal and gradient
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continuum models; (2) micropolar (Cosserat) continua; and (3) inclusion of rate
dependency into constitutive models, such as viscoplastic models (Needleman 1988;
Sluys and De Borst 1992; Oka 2005). An excellent overview of these methods has been
provided by De Borst et al. (1993).
These enhanced models can provide results independent of the size and alignment of the
finite element mesh. However, they can be very complicated and may induce other
computational difficulties, especially in LDFE analysis (Deb et al. 1996). Because of
this, but also because strain-rate dependency is an intrinsic aspect of deep penetration
problems, the third procedure of incorporating strain-rate effects in order to moderate
strain localization was adopted in the present analyses, but in a rather simple manner.
Strain-softening elastoplastic solids can be regularized successfully by introducing ratedependent material models, so that solutions of initial or boundary value problems no
longer exhibit pathological mesh sensitivity (Needleman 1988; Sluys and De Borst
1992).
In summary, this paper documents a numerical study of deep penetration of full-flow
probes into soft clay, taking account of both strain softening and rate dependency. In the
analyses, the penetrometers are advanced by several diameters, allowing a steady state
pattern of partially remolded soil to be established. Parametric analyses were carried out
to investigate the influences of the soil ductility, rigidity index, and strain-rate
dependency on the penetration response. Finally, the evolution of periodic shear bands
is explored in detail, in relation to the oscillations in resistance responses.

6.4

LDFE Modelling

6.4.1 Remeshing and interpolation technique with small strain
In this study, the LDFE modeling is implemented using the remeshing and interpolation
technique with small strain (RITSS), proposed by Hu and Randolph (1998b). This
method falls in the category of arbitrary Lagrangian-Eulerian (ALE) methods (Ghosh
and Kikuchi 1991), whereby a series of small-strain analysis increments are followed by
remeshing, and then interpolation of the field quantities (stress and material properties)
between the Gauss points in the new mesh and those in the old mesh. The coordinate
positions of the Gauss point in the old mesh are first updated, according to the
cumulative displacements in the preceding increments of analysis. The sequence of
small-strain increments, remeshing, and interpolation may be repeated until penetration
of several diameters has been achieved.
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Since the remeshing and interpolation aspects are essentially independent of the
incremental analysis, the procedure may be linked with virtually any finite element
code, here using the AFENA finite element package (Carter and Balaam 1995), and
complex constitutive models, without any particular difficulty other than the need for
very careful interpolation algorithms. Detailed discussion of strategies for the size of
increments and frequency of remeshing may be found in Hu and Randolph (1998a,b);
Lu et al. (2000, 2001), where the robustness of the method has also been demonstrated.

6.4.2 Combined effects of strain rates and strain softening on shear
strength
At this stage the strain-softening and rate-dependent model has deliberately been chosen
as simply as possible, aiming at quantifying the effects on the penetration resistance of
full-flow probes, and also exploring qualitatively the evolution of any shear bands
forming in the material around the probes. Further refinement will be needed in the
future to address problems such as anisotropy (accounting for the orientation of shear
strains relative to initial anisotropic shear strengths) and discriminating between damage
due to the shearing within concentrated shear bands and within diffuse shear zones
(Einav and Randolph 2005).
Accordingly, an isotropic model is employed, which is the same as that adopted by
Einav and Randolph (2005). It is a simple extension of the elastic–perfectly plastic
Tresca model, with the undrained shear strength at individual Gauss points being
modified according to the rate of maximum shear strain and accumulated absolute
plastic shear strain. The reduction in strength due to strain softening is coupled with the
enhancement due to high strain rate to give a net shear strength at any stage of the
analysis, given by

 max ( γ& max , γ& ref ) 
 δ rem + (1 − δ rem )e − 3ξ/ξ95 s u0
s u = 1 + µlog

&
γ

ref



[

]

(6.1)

where the first and second part represent, respectively, the effects of strain rate and
strain softening, with the parameters described in the following.
In the first part, the reference shear strain rate, γ& ref , is taken as 3 × 10-6 s-1 (~ 1 %/hour),
µ = the rate of strength increase per decade, with suggested range of 0.05-0.2 (Dayal
and Allen 1975; Graham et al. 1983; Biscontin and Pestana 2001) and here taken as
0.05. The maximum shear strain rate, γ&max , is deduced by dividing the computed
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maximum shear strain over n increments (between remeshing steps) by the notional
time period, n∆t, according to
γ& max =

∆ε1 − ∆ε 3
n∆t

(6.2)

where ∆ε1 and ∆ε3 = cumulative major and minor principal strains, respectively, over
the n increments, which are calculated based on the cumulative strains during one series
of small-strain analysis (n increments between remeshing steps). The time period, ∆t,
for each increment may be written as

∆t =

δ/d
v p /d field

(6.3)

where δ = specified incremental displacement for each increment; d and dfield =
respectively, the penetrometer diameters in the finite-element (FE) computations and
field tests; and vp = penetration rate in field. In the present analysis, typical dfield values
have been adopted of 40 mm for the T-bar and 80 mm for the ball (Peuchen et al. 2005).
The field penetration rate, vp, is 20 mm/s (0.02 m/s).
In the second part of Eq. (6.1), su0 = original shear strength at the reference shear strain
rate prior to any softening, δrem denotes the ratio of fully remoulded and initial shear
strength (i.e. the inverse of the sensitivity, St), ξ denotes the accumulated absolute
plastic shear strain at the Gauss point, and ξ95 represents the value of ξ for the soil to
undergo 95% remolding. Typical values of ξ95 have been estimated in the range of 1050 (i.e. 1000-5000% shear strain).
In the LDFE analysis, the adaptation of undrained shear strength is implemented by the
following procedures. First, the maximum shear strain and shear strain rate at each
Gauss point are calculated from the strain increments within each remeshing interval
before remeshing (or interpolation) steps. Considering that the elastic shear strain is
negligible compared with the plastic shear strain, the accumulated absolute shear strain
is approximated as the accumulated absolute plastic shear strain, ξ, and accumulated
while the corresponding Gauss point is at yield. Modification of the shear strength, su,
due to the effects of the strain rate and strain softening is then made during the
following remeshing step.
In the procedure to update the shear strength for each Gauss point, a particular difficulty
is that, as the shear strength is augmented due to high shear strain rate, any Gauss point
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that was previously at yield will revert to elastic conditions (as the stress state will now
fall inside the Tresca failure criterion). This will cause a sharp reduction in strain rate
during the next increment, and hence oscillation of the shear strength. After many
numerical tests in an effort to reduce the oscillation and retain the stability of
computation, a provision was adopted that damps the abrupt changes in shear strength
by adopting a strength value midway between the old and (calculated) new values.
As the shear strength decreases due to strain softening, the stress state for Gauss points
previously at yield will lie outside the Tresca failure criterion.

This necessitates

correcting the stress state back to the yield surface after updating the shear strength. For
plane strain (T-bar) analyses, this is achieved by maintaining the mean stress constant,
while for axisymmetric (ball) analyses the procedure proposed by Potts and Gens
(1985) is followed.
In reality, where the strength increases with rising strain rate, the material will attempt
to smear the strain jump over a finite width, leading to a diffuse shear band (or zone)
(Einav and Randolph 2006). By incorporating the rate dependency, it is possible to
obtain a mesh-objective solution for strain localization problems in strain softening
materials. Additional efforts have been made to improve the accuracy of the solutions
by adopting a suitable mesh rezoning technique, as demonstrated below.

6.4.3 Remeshing and interpolation strategy
The RITSS approach may be applied in large-deformation analysis with an h-adaptive
mesh generation technique. Initially, adaptive mesh refinement was carried out aiming
at concentrating the elements in those regions undergoing maximum shear strain rates.
However, this led to somewhat unpredictable evolution of the mesh during penetration
due to the effects of strain rate and softening, which led to difficulty in transferring
history-dependent variables accurately from one mesh to another.
Therefore, an alternative strategy was subsequently adopted, whereby a fixed mesh
relative to the penetrometer was used; this is possible since the T-bar or ball
penetrometer is assumed to be deeply buried, so that no effect of the soil surface need
be taken into account. This results in an essentially Eulerian method of analysis, but
where the advection of history parameters is accomplished by interpolation. In order to
ensure accurate solutions, meshes with very fine elements inside the flow mechanism
were used, as shown in Fig. 6.3 and Fig. 6.4 for the T-bar and ball, respectively. The
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locally refined zone is an inner region centered on the central point of the penetrometer
and extending to a radius of 3 times the T-bar radius or 2 times the ball radius.
The total mesh extends to a distance of 10d from the lower apex of the penetrometer, a
maximum height above the top of the penetrometer of 4d, and to a maximum width or
radius of 10d. The bottom boundary nodes are fixed in the vertical direction, but free to
move horizontally, while the lateral boundary nodes are fixed in the radial direction but
free to move vertically. The upper surface nodes are left free. The minimum size of the
smallest elements (surrounding the surface of the penetrometers), hmin, was taken as
2.5% of d, whereas the maximum element size near the boundary is about 150 times
larger. At the edge of the finer region of the mesh, the element size is around 3.5hmin
for the T-bar or 2.2hmin for the ball. Triangular six-noded elements with three Gauss
points were used in all the analyses.
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Fig. 6.3 Locally refined mesh for T-bar
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Fig. 6.4 Locally refined mesh for ball

Although the remeshing stage is omitted in the present analyses, the vital interpolation
step must still be undertaken, transferring variables from the old Gauss points (at their
updated position relative to the penetrometer) to the new Gauss points (at the original
positions relative to the penetrometer). For the LDFE methods, the interpolation
strategy is among the most critical aspects to ensure the stability and reliability of
solutions. Normally the interpolation step is carried out by triangulating the old and new
Gauss points and then interpolating field quantities linearly for each new Gauss point
from the triangle of old Gauss points within which it falls. For the few new (boundary)
Gauss points that fall outside the mesh of old Gauss points, special treatment is needed
to avoid an accumulating error during repeated remeshing and interpolation if these
points are assigned the field quantity values of the closest old Gauss point. After
extensive numerical tests, a provision was adopted whereby any new Gauss points
outside the mesh of old Gauss points were assigned a value obtained by using a linear
interpolation between the two old boundary Gauss points lying to either side of the new
Gauss point.
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6.4.4 Additional material properties
Apart from the parameters provided before, Poisson’s ratio was taken as 0.499 as the
penetration is assumed to occur under undrained conditions. The modulus ratio, E/su0,
was taken as 500 (i.e. a rigidity index of Ir = G/su0 of 167, where G = shear modulus and
su0 = intact undrained shear strength).

The interface between penetrometer and soil was modeled using a nodal joint approach
as described by Herrmann (1978), and was assigned infinitely large tensile strength in
order to prevent any gapping as the penetrometer advances through the soil. The
interface shear strength was taken as αsu0, independent of strain rate or softening of the
adjacent soil; α = interface friction ratio applicable to the penetrometer, normally taken
as the inverse of the sensitivity of the soil.

6.4.5 Increment size and remeshing frequency
In the AFENA program, the nonlinear analysis is conducted without iteration, with any
out-of-balance forces being carried forward into the next incremental computation.
Therefore, a sufficiently small increment is necessary to ensure accurate results. Here, a
series of small strain analyses were carried out to assess appropriate increment sizes.
Fig. 6.5 shows the computed penetration resistance (normalized by the soil shear
strength) for various increment sizes using the Tresca model with no effect of strain rate
or softening being taken into account.

Note that in these results, the penetration

resistance, q¸ corresponds to the force per unit projected area of the penetrometer [so F /
d for the T-bar, and F / (πd2 / 4) for the ball, where F = force or force per unit length].

It may be seen that all three curves for the T-bar are coincident, confirming that an
increment size of δ = 0.25 × 10-3d (δ/hmin = 0.01) was sufficient. For the ball, however,
an increment size of δ = 0.05 ×10-3d (δ/hmin = 0.002) was found to be necessary. Note
that these analyses were for a surface roughness of α = 0.2, and the numerical results of
Nq = 9.95 (T-bar) and 12.03 (ball) compare with latest analytical solutions of 9.89

[Lower Bound, Randolph and Houlsby (1984)] and 9.92 [Upper Bound, Einav and
Randolph (2005)] for the T-bar, and 11.95 [Lower Bound, Randolph et al. (2000)] and
12.34 [Upper Bound, Einav and Randolph (2005)] for the ball, respectively. The finite
element computations are sufficiently accurate.
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Fig. 6.5 Response of T-bar and ball for different increment sizes with small strain

Further, the effect of remeshing frequency on the resistance responses of the T-bar is
investigated with an increment size of δ = 0.25 × 10-3d. The results are shown in Fig.
6.6 for a rate-dependent and strain-softening soil, with a friction ratio, α, and a
remoulded strength ratio, δrem, of 0.2, a rate parameter, µ, of 0.05 and strain-softening
parameter, ξ95, of 25. As can be seen, the difference in resistance value is marginal for
various remeshing intervals. Corresponding analyses were not performed for the ball
penetrometer because of the very large computation times, although a similar
conclusion may be expected.
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Fig. 6.6 Response of T-bar for different remeshing intervals
in rate-dependent and strain-softening soil
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In summary, the increment size and remeshing interval were taken as 0.25 × 10-3d (δ /
hmin = 0.01) and n = 30 (0.3hmin) for the T-bar and 0.05 × 10-3d (δ / hmin = 0.002) and n =

100 (0.2hmin) for the ball. Adopting these parameters, the LDFE analyses gave
resistance factors of 9.95 and 12.01 for the T-bar and ball, respectively. Compared with
the above plasticity solutions, these results are adequately accurate.

6.5

Results and Discussion

6.5.1 Effect of soil ductility
Parametric analyses were carried out to evaluate the effect of soil ductility by varying
the strain-softening parameter, ξ95, between 10 and 50, but maintaining the friction
ratio, α, and remolded strength ratio, δrem, as 0.2 (St = 5), and a rate parameter, µ, of
0.05. The results are plotted in Fig. 6.7.
It may be observed that the rapidity of strain-softening has a very significant effect on
the resistance factor, which declines with decreasing strain-softening parameter, ξ95, (or
increasing soil brittleness). As stressed before, oscillations occur in the solutions, and
become more marked and frequent as the relative ductility of the soil decreases. The
amplitude of oscillations appears to be marginally smaller for the ball analyses,
compared with those for the T-bar with the same ductility of soil. The reasons are
explored in detail in the following.
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Fig. 6.7 Resistance-displacement responses with different ductility of soil

6.5.2 Details of the periodic shear bands
In order to obtain more insight into the periodic nature of the resistance response, it is
helpful to examine the contours of strength reduction, since these indicate the
development and passage of successive shear bands. While the term “shear band”
originates from plane strain problems, where the bands are usually regarded as
inextensible, similar concentrations of shear strain also occur for the axisymmetric
problem of the ball penetrometer considered here, although because of hoop strains the
‘bands’ of concentrated shearing are not inextensible. Taking a typical case as an
example (with friction ratio, α, and remoulded strength ratio, δrem, of 0.2, rate
parameter, µ, of 0.05 and strain-softening parameter, ξ95, of 10), the periodicity of
resistance responses for both T-bar and ball was explored in detail. The resistancepenetration responses are plotted in Fig. 6.8. Example contour plots of shear strength
(calculated based on accumulated plastic shear strain) normalized by original strength,
su0, are presented for the T-bar and ball analyses in Fig. 6.9 and Fig. 6.10, respectively,

for the points A-H marked in Fig. 6.8. Note that the strength ratio su2 / su0 shown on
Fig. 6.9 and Fig. 6.10 represents only the reduction due to softening, ignoring the ratedependent term in Eq. (6.1). Specific values of normalised resistance, N = q / su0, are
tabulated on Fig. 6.9 and Fig. 6.10 to reflect the relationship between resistance and
corresponding distributions of softened shear strength.
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Fig. 6.10 Variation in pattern of shear strength contours due to strain softening
for the ball
As may be seen in Fig. 6.8, for the same soil, the oscillations in the resistance factors of
T-bar or ball show almost the same frequencies, although the frequencies are different
for soils with different softening rapidity as shown before. This is related to the
similarity in the evolution of the shear bands in the T-bar and ball mechanisms, as
illustrated in Fig. 6.9 and Fig. 6.10.
For the T-bar, at Point A, a curvilinear shear band (which can be identified from the
significantly more severe softening in strength, compared with the adjacent soil) has just
formed ahead of the advancing T-bar, which has a relatively higher penetration
resistance. That mechanism continues to grow, passing by Point B, with further
softening and slight advance, leading to a gradual decrease in the resistance factor. The
lowest resistances occur at the point where the softened region has been fully developed
(Point C). With further advancement of the T-bar, the fully developed softened band
moves from below the penetrometer to beside it, which forces a new mechanism to be
generated with a rising resistance factor. At Point D, the newly generated mechanism
starts to become evident ahead of the T-bar. Finally, it will become similar to that at
Point A as a new cycle begins. The cyclic period is about 0.25d. The maximum
resistance factor is around 8.53 at the peak and the minimum factor about 7.62 at the
trough.
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A similar periodicity may be observed for the advancing ball. Compared with the T-bar,
the mechanism lies much closer to the ball surface, with the maximum resistance of
10.39 corresponding to when a new mechanism is forced in front of the ball (Point E).
The minimum resistance of 10.04 occurs once the soil within that mechanism has
softened, by which stage the outer shear band has moved up relative to the ball (Point
G). There it is about to be replaced by a new mechanism in advance of the ball (Point
H), which eventually evolves further to reach a similar state to that at Point E.
In addition, Fig. 6.9 and Fig. 6.10 also show that the T-bar and ball show significant
differences in the extent of the disturbed zone and the distribution of softened shear
strength (or accumulated plastic shear strain). During continuous penetration (from the
original wished-in-place position), both the lateral extent of the full-flow mechanism
and the magnitude of the penetration resistance show considerable reduction as the
surrounding soil is remolded gradually. Initially the T-bar and ball show disturbed zones
extending laterally to a radius approximately 2.8 and 2.4 times the penetrometer radius,
respectively. However, once steady state conditions have been reached, the
corresponding widths are about 1.8 and 1.6 radii. These widths are noted in Part D of
Fig. 6.9 for the T-bar, and Part H of Fig. 6.10 for the ball. Regarding the distribution of
accumulated plastic shear strain, as signified by the magnitude of strength degradation,
the shear band in the T-bar mechanism is more concentrated and distant from the
penetrometer surface than for the ball mechanism, which explains why the oscillation in
the T-bar response is more pronounced than for the ball. Some additional analyses were
conducted to assess the sensitivity of the solutions to mesh refinement. It was found that
the average resistance was essentially unchanged, but there was a slight tendency for the
magnitude of the oscillations to increase (with a small increase in frequency) as the
mesh was refined further.

6.5.3 Effect of rigidity index
Both Lu et al. (2000) and Einav and Randolph (2005) found that the soil rigidity index
had minimal effect on the limiting resistance for deep penetration of either T-bar or ball
in homogeneous and isotropic undrained soil. However, it does change the displacement
needed to reach the limiting value. The higher the rigidity, the smaller is the
displacement required to reach the limiting resistance and the more pronounced is the
yield point on the load–displacement curve.
Here, the effect of rigidity index is examined again, but focusing on its influence on the
oscillations in resistance response. The results are presented in Fig. 6.11, for rigidity
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index, Ir = G / su0 = 75, 167, and 500, but maintaining the friction ratio, α, and remolded
strength ratio, δrem, as 0.2 (St = 5), a rate parameter, µ, of 0.05, and a strain-softening
parameter, ξ95 = 15 for the T-bar and ξ95 = 10 for the ball. As may be seen, the
amplitude of oscillations reduces with increasing rigidity index, which can be explained
from the evolution of shear bands as shown above. Increasing rigidity smears the
difference in resistance values during the intervals when the shear band below the
advancing probe is initiated, grows and develops fully. This result further confirms that
the periodic shear bands occurring during the penetration of full-flow probes in cohesive
materials are a real phenomenon. The resistance-displacement curve for the T-bar also
becomes less smooth with increasing high frequency oscillations as the rigidity index is
increased, indicating that smaller increment is necessary for higher rigidity.
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Fig. 6.11 Resistance-displacement responses with different rigidity indices
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The rigidity index has a small effect on the average penetration resistance, which
increases slightly as the rigidity index increases, reflecting the reduction in the ability to
make use of each generation of shear band before a new one must be initiated. For the
T-bar, the frequency of the oscillations has a marginal and consistent rise with
increasing rigidity. However, this variation is not consistent for the ball, with a slight
increase in frequency as the rigidity index increases from 75 to 167, then a reduction
again for Ir = 500.

6.5.4 Effect of rate parameter
The effect of the rate parameter, µ, on the penetration responses was examined with a
friction ratio, α, and remoulded strength ratio, δrem, as 0.2 (St = 5), but a strain-softening
parameter, ξ95 = 15 for the T-bar and ξ95 = 10 for the ball. The results are plotted in Fig.
6.12. As may be seen, the oscillations are easily suppressed by an increase in the strainrate dependency. Other analyses have indicated that, for identical softening parameters,
the oscillations are suppressed more readily for the ball than the T-bar.
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Fig. 6.12 Resistance-displacement responses with different rate parameter, µ

6.6

Conclusions

An application of large deformation finite element analysis to deep penetration of fullflow T-bar and ball penetrometers has been presented. The particular advantage of this
approach over the conventional small-strain finite element method is that it can model
the combined effects of both the increase in strength due to high strain rates and the
gradual reduction in strength as the soil is remolded gradually. In essence, it captures
the relative motion of the penetrometer and surrounding soil, and the transition from
intact undisturbed soil ahead of the penetrometer to partially remolded soil in the wake
of the penetrometer.
The parametric analyses with various soil ductility show that the resistance factor
reduced significantly with decreasing strain softening parameter, ξ95 (or increasing soil
brittleness). Meanwhile, the oscillations in resistance factors became increasingly
pronounced. Further detailed investigation shows that the oscillations are due to
periodic shear bands within the mechanism surrounding the penetrometers. The peaks
and troughs in the resistance-penetration response correspond to periodic generation of
new shear bands in advance of the penetrometer, followed by severe softening within
the band and finally penetration of the penetrometer ahead of the shear band and
initiation of a new one. These periodic shear bands are a similar phenomenon to those
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noticed previously in free-draining granular materials, such as in silo flow. Analyses
have shown that increasing soil ductility (reduced brittleness) or increasing strain-rate
dependency of shear strength tended to suppress the oscillations in the penetration
resistance.
From the distribution of the softened shear strength, it was also observed that as the Tbar and ball were penetrated from their initial wished-in-place positions, the extent of
the disturbed zone reduced significantly due to gradual strength degradation of soil
surrounding the probes. The steady state conditions showed widths of 1.8 (T-bar) or 1.6
(ball) times the respective diameters. In addition, the distribution of the accumulated
plastic shear strains is also different, with most shear strain concentrating around the
penetrometer surface for the ball, but a more distinct shear band occurring relatively
distant from the penetrometer surface for the T-bar. That is why the oscillation in the Tbar penetration resistance is more significant than for the ball.
Overall, this study has focused on numerical techniques of analysis for cylindrical and
spherical penetrometers in strain-rate dependent, strain-softening material. In addition
to assessing suitable computational parameters, the study included a qualitative
investigation into the full-flow mechanism for the T-bar and ball probes, in particular
the development of shear bands.
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CHAPTER 7
RESISTANCE OF FULL-FLOW PENETROMETERS
IN RATE-DEPENDENT AND STRAIN SOFTENING
CLAY

By: Hongjie Zhou, and Mark F. Randolph

ABSTRACT: Accurate determination of in situ shear strength using full-flow
penetrometers (cylindrical T-bar and spherical ball) requires thorough investigation into
soil characteristics such as strain rate dependency and strain softening, which have been
shown to have a significant influence on the resistance factors relating penetration
resistance to the soil shear strength measured in laboratory tests. In this paper, these
effects have been quantified using a large deformation finite element technique,
modelling both the strength enhancement due to high strain rate and gradual
degradation of soil during penetration disturbance.
A parametric study confirmed that the separate factors quantifying effects of high strain
rate and partial softening may be multiplied together to predict the combined effect, in
order to derive a resistance factor for a given soil. Simple expressions are presented
allowing the resistance factors for T-bar and ball penetrometers to be expressed as a
function of rate and strain-softening parameters.

By considering average strength

conditions during penetration and extraction of these full-flow penetrometers, an
approximate expression is derived that allows estimation of the hypothetical resistance
factor with no strain-softening, and hence an initial estimate of the rate-dependency of
the soil.
Keywords: clays; in situ testing; numerical modelling and analysis; offshore
engineering; shear strength
Centre for Offshore Foundation Systems

School of Civil and Resource Engineering
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Introduction

Over the last decade, full flow penetrometers, such as cylindrical T-bar and spherical
ball, have become increasingly popular as an alternative to conventional cone
penetrometers for characterising the strength of soft sediments, particularly for offshore
developments (Randolph et al., 1998; Hefer & Neubecker, 1999).

They may be

fabricated simply by replacing the cone head with a cylindrical bar, around which the
flow of soil may be idealised as plane strain, or an axisymmetric spherical ball, with
projected areas typically 10 times that of the shaft (Figure 7.1). The penetrometer
shapes allow soil to flow fully around the probe (apart from a small region where the
probe head connects to the shaft), hence being termed ‘full-flow’ devices. They offer
several important advantages over the cone, including improved resolution of the
measured resistance, reduced uncertainty due to correction for the overburden stress
compared to a cone penetrometer, and (for ideal perfectly plastic soil) the existence of
closely-bracketed plasticity solutions for the resistance factor relating penetration
resistance to the shear strength of the clay (Randolph, 2004).

113 mm

Plate
80 mm

Balls
40 x 160 mm

T-bars
113 mm
40 x 250 mm

Cone

Figure 7.1 Alternative full-flow penetrometers with cone (Zhou & Randolph, 2007)
The relatively simple geometry of cylindrical and ball penetrometers has allowed more
detailed analysis compared with the cone, from which has emerged the important
influence of the very high strain rates occurring locally in the soil, and also the gradual
softening of the soil as it flows past the probe.

Other field tests, such as cone

penetrometer tests and vane shear tests, also induce very high strain rates and invoke a
degree of remoulding of the soil during penetration, but they have proved less amenable
to detailed analysis.
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Einav & Randolph (2005) provided an analytical investigation of the combined effects
of strain rate and strain softening, which tend to have compensating effects on the
penetration resistance, by combining established upper bound mechanisms (Randolph &
Houlsby, 1984; Randolph et al., 2000; Martin & Randolph, 2006) with a strain path
approach to estimate the total plastic work. The analysis was based on the kinematic
mechanism applicable for rate-independent and non-softening soil, and was not
optimised to allow for the actual distribution of shear strength due to the high strain
rates and gradual strain softening. Consequently, the penetration resistance obtained
using this approach was higher than that from the numerical analyses presented here.
During penetration, the strength enhancement due to high strain rates around the
advancing penetrometer is counteracted partly by the strength degradation due to
disturbance. However, the net effect will vary among different types of soil types
according to the degree of strain-rate dependency, ductility and sensitivity.

The

objective of the present numerical study is therefore to quantify the separate and
combined effects on the penetration resistance of T-bar and ball penetrometers of strainrate dependency and strain softening, using the large deformation finite element (LDFE)
approach described previously by Zhou & Randolph (2007).

This technique can

simulate the relative flow of soil past the penetrometer, modelling both the increase in
shear strength due to high strain rates and the gradual strength degradation as the soil is
remoulded. Note that the first aspect (strain rate dependency) can be quantified by
conventional small-strain computation, but the large deformation approach is essential
to model the gradual remoulding as the soil is forced to flow around the advancing
penetrometer.

7.2

Modelling Details

7.2.1 RITSS approach
The LDFE modelling is implemented using the RITSS approach (remeshing and
interpolation with small strain: Hu & Randolph, 1998a, 1998b), which falls in the
category of ‘Arbitrary Lagrangian-Eulerian’ (ALE) methods.

The whole process

consists of a series of small-strain analysis increments, followed by remeshing, and then
interpolation of the field quantities (stresses and material properties) on the Gauss
points from the old mesh to the new mesh. The sequence of small-strain increments,
remeshing and interpolation can be repeated until the required displacement has been
reached.
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Since the remeshing and interpolation aspects are essentially independent of the
incremental analysis, the procedure may be linked virtually with any finite element
code, and complex constitutive models, without any particular difficulty other than the
need for very careful interpolation algorithms. Detailed discussion of strategies for
optimal mesh density, size of increments, frequency of remeshing, and interpolation
schemes may be found in Hu & Randolph (1998a, 1998b), Randolph et al. (2000), Lu et
al. (2000, 2001), and Zhou & Randolph (2007), where the robustness of this method has
also been demonstrated.

7.2.2 Strain rate-dependent and strain-softening model
A brief description of the rate-dependent and strain-softening soil model is given here
for completeness, although a more detailed discussion may be found in Zhou &
Randolph (2007). This soil model is a simple extension of the elastic-perfectly plastic
Tresca model, with the undrained shear strength at individual Gauss points being
modified according to the rate of maximum shear strain and accumulated absolute
plastic shear strain.
The reduction in strength due to strain softening is coupled with the enhancement due to
high strain rate to give a net shear strength at any stage of the analysis, given by

 max ( γ& max , γ& ref ) 
 δ rem + (1 − δ rem )e − 3ξ/ξ95 s u0
s u = 1 + µlog

&
γ
ref




[

]

(7.1)

where the first and second parts represent the effects of strain rate and strain softening
respectively, with the parameters described below.
In the first part, γ& ref is the reference shear strain rate, which is taken as 3 x 10-6 s-1
(~ 1 %/hour), and µ is the rate of strength increase per decade, with suggested range of
0.05 to 0.2 (Dayal & Allen, 1975; Graham et al., 1983; Biscontin & Pestana, 2001).
The maximum shear strain rate, γ&max , is deduced according to:
γ& max =

∆ε1 − ∆ε 3
n∆t

(7.2)

where ∆ε1 and ∆ε3 are the cumulative major and minor principal strains, respectively,
over the n increments (between remeshing steps). The notional time period, ∆t, for each
increment may be written as
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(7.3)

where δ is the specified displacement for each increment, d and dfield are respectively the
penetrometer diameters in the FE computations and field tests, and vp is the penetration
rate in field. In the present analysis, typical dfield values have been adopted of 40 mm
for the T-bar and 80 mm for the ball (Peuchen et al., 2005). The field penetration rate,
vp, is 20 mm/s (0.02 m/s).
In the second part of Equation (7.1), su0 is the original shear strength at the reference
shear strain rate prior to any softening, δrem denotes the ratio of fully remoulded and
initial shear strength (i.e. the inverse of the sensitivity, St), ξ denotes the accumulated
absolute plastic shear strain at the Gauss point, defined by Einav & Randolph (2005)
and calculated here as the sum of incremental maximum shear strain (i.e. ∆ε1 - ∆ε3)
throughout the analysis, being accumulated while the corresponding Gauss point is at
yield (Zhou & Randolph, 2007). Note that the elastic shear strains (which are ~0.5 %)
have been ignored, so that effectively ξ represents the cumulative total absolute shear
strain. ξ95 represents the value of ξ for the soil to undergo 95 % remoulding, thus
reflecting the relative ductility of the soil. Typical values of ξ95 have been estimated in
the range of 10 to 50 (i.e. 1000 % to 5000 % shear strain) by comparison with cyclic
penetration and extraction data.
The net penetration resistance was calculated from the LDFE analysis for different
combinations of rate parameters, µ, and strain-softening parameters, ξ95 and δrem, by
advancing the penetrometer by several diameters to establish a steady-state pattern of
partially remoulded soil and reach a steady (average) penetration resistance.

7.2.3 Discretisation details and material properties
In order to ensure accurate solutions, meshes with very fine elements inside the flow
mechanism were used, as shown in Figure 7.2 for the T-bar and ball, respectively. The
locally refined zone is an inner region centred on the central point of the penetrometer
and extending to a radius of 3 times the T-bar radius or 2 times the ball radius,
according to the widths of flow mechanism during deep penetration. The sensitivity of
the solutions to mesh refinement was examined in Zhou & Randolph (2007), showing
that the mesh is sufficiently fine for the current analysis.
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Figure 7.2 Locally refined mesh
The entire mesh extends downward to a distance of 10d from the lower apex of the
penetrometer, a maximum height above the top of the penetrometer of 4d, and to a
maximum width or radius of 10d. The bottom boundary nodes are fixed in the vertical
direction, but free to move horizontally, while the lateral boundary nodes are fixed in
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the radial direction but free to move vertically. The upper surface nodes are left free.
The minimum size of the smallest elements (surrounding the surface of the
penetrometers), hmin, was taken as 2.5 % of d, while the maximum element size near the
boundary is about 150 times larger. At the edge of the finer region of the mesh, the
element size is around 3.5hmin for the T-bar or 2.2hmin for the ball. Triangular 6-noded
elements with 3 Gauss points were used in all the analyses.
In remeshing step, the mesh regeneration was simplified by merely translating the initial
mesh downward with the penetrometer, remaining a fixed mesh relative to the
penetrometer. This is appropriate since the probes are assumed to be deeply buried, so
that no effect of the soil surface needs be taken into account.
Considering the relatively fast penetration of field penetrometers, the large deformation
analysis was designed to model undrained conditions. As previously mentioned, the
clay was simulated using the rate-dependent and strain-softening Tresca model. The
modulus ratio, E/su0, was taken as 500 (i.e. a rigidity index of Ir = G/su0 of 167), and
Poisson’s ratio as 0.499. The initial effective stress state was computed based on a unit
effective weight, γ', with su0/γ'd = 1.33, although this was not strictly relevant since no
gapping was permitted as the penetrometer advanced. The coefficient of horizontal earth
pressure at rest, K0, was taken as 1. Analyses were also carried out with a K0 of 0.6, and it was
found that the stable penetration resistance was unaffected by the value of K0, even for strainsoftening soil.

The interface between penetrometer and soil was modelled using elasto-plastic nodal
joints as described by Herrmann (1978). The force-displacement relations for the nodal
joints are specified at each pair of initially coincident nodes that form the common
penetrometer-soil boundary. Thus in effect the joint elements are formed by a coupled
pair of shear and normal springs; these have independently specified shear and normal
stiffness, with yield and plastic flow criteria consistent with the Tresca soil model
(Carter & Balaam, 1995). Here the limiting interface shear strength, which in practice
is commonly assumed as equal to the remoulded shear strength, was taken as αsu0,
independent of strain rate or softening of the adjacent soil; α is the interface friction
ratio applicable to the penetrometer, commonly taken as the inverse of the sensitivity of
the soil.
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Results and Conclusions

7.3.1 Validation of large deformation analysis
Firstly checks were made between FE solutions and available lower and upper bound
plasticity solutions (Randolph & Houlsby, 1984; Einav & Randolph, 2005; Martin &
Randolph, 2006), for the ideal rate-independent and non-softening soil. The increment
size and remeshing interval were taken, respectively, as 0.25 x 10-3d (δ/hmin = 0.01) and
n = 30 (0.3hmin) for the T-bar and 0.05 x 10-3d (δ/hmin = 0.002) and n = 100 (0.2hmin) for
the ball, according to previously numerical tests (Zhou & Randolph, 2007).
Results for a friction ratio of α = 0.2 are summarised in Table 7.1, in the form of
resistance factors, NTbar-ideal or Nball-ideal, deduced by normalising the penetration
resistance by the original shear strength, su0.

The magnitude of the penetration

resistance was obtained from the penetration-resistance response once a steady state was
reached (see, for example, the uppermost curves shown later in Figures 7.4a and 7.4b).
The subscript ‘ideal’ denotes that the values are derived for an ideal rate-independent
and non-softening material. It may be seen that for a given mesh the large deformation
FE results are essentially identical to the small strain result. The results agree to within
0.4 % for the T-bar and 1 % for the ball, but over-estimating the penetration resistance
in the former case and under-estimating the average plasticity solution in the latter case.
For the ball the results fall within the range of the currently available lower and upper
bound solutions.

Table 7.1 Results of analyses for friction ratio of α = 0.2

FE solutions

Plasticity solutions

NTbar-ideal

Nball-ideal

Small strain

9.95

12.03

Large deformation

9.95

12.01

Lower bound

9.89

11.95

Upper bound

9.92

12.34

LDFE analyses were also performed for other values of friction ratios, α, within a range
between 0.1 and 1. The results are summarised for the T-bar and ball in Table 7.2 and
the comparisons with plasticity solutions (lower and upper bound) are shown in Figure
7.3. The results for the T-bar show slight over-estimation and lie within 0.4 % of the
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upper bound values. The slight overestimate is typical of results from displacementbased FE analysis, which will overestimate the true solution and with slow convergence
as the mesh is refined. The FE values, which are within 0.7 % of the lower bound
values, are considered sufficiently accurate. For the ball, all the FE results lie within the
plasticity solutions, and fall close to the average of the lower and upper bound values.

16

NT-bar and Nball

15

Upper bound (ball)

14
Lower bound (ball)

13

Upper bound (T-bar)

12
11

Lower bound (T-bar)

10
9
0

0.2

0.4

0.6

0.8

1

roughness

Figure 7.3 Plasticity bound solutions and FE solutions of resistance factors as
function of surface roughness
Table 7.2 Results of large deformation FE analyses for different interface friction
Friction ratio, α

0.1

0.2

0.333

1.0

NTbar-ideal

9.60

9.95

10.38

11.99

Nball-ideal

11.54

12.01

12.61

15.13

Plasticity

NTbar-ideal

9.53 - 9.58

9.89 - 9.92

solutions

Nball-ideal

LDFE results

10.32 - 10.35 11.94 (exact)

11.47 - 11.86 11.95 - 12.34 12.56 - 12.96 15.10 - 15.31

7.3.2 Strain rate dependency
Strain rate effects with no strain softening were quantified for a rate parameter, µ, of
0.05, 0.1, 0.15 and 0.2, keeping the sensitivity at St = 5 and friction ratio, α = 1/St = 0.2;
the fully remoulded strength ratio, δrem was set to 1 to preclude any strain-softening.
The results are summarised in Table 7.3, with µ = 0 representing the ideal rateindependent and non-softening case in Section 7.3.1.
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Table 7.3 Effect of strain rate with no strain softening (α = 0.2, δrem = 1)
Rate parameter, µ
T-bar

Ball

0

0.05

0.1

0.15

0.2

NTbar

9.95

12.44

14.70

16.97

19.24

Increase (%)

-

+ 25.0

+ 47.7

+ 70.6

+ 93.4

Nball

12.01

15.03

17.91

20.70

23.46

Increase (%)

-

+ 25.1

+ 49.1

+ 72.4

+ 95.3

Obviously, the strain rate has a marked effect on the penetration resistance, which is
nearly doubled for µ = 0.2. Compared with the cylindrical T-bar, the penetration
resistance of the spherical ball has slightly higher strain-rate dependency.

7.3.3 Strain softening
The effect of varying the relative soil ductility, but keeping the sensitivity fixed at St = 5
(i.e. δrem = α = 0.2), was investigated by varying the strain-softening parameter, ξ95,
between 10, 15, 25 and 50. The results are summarised in Table 7.4, with ξ95 = Large
representing the ideal case in Section 7.3.1. The resistance – penetration responses are
plotted in Figure 7.4. Note that where the solution oscillates, the tabulated value has
been taken as the average of the peak and trough values of the resistance-penetration
curves (and similarly throughout the paper).

Table 7.4 Effect of varying strain-softening parameter, ξ95 (α = δrem = 0.2, µ = 0)
Strain-softening parameter, ξ95
T-bar

Ball

Large

50

25

15

10

NTbar

9.95

8.99

8.21

7.17

6.37

Increase (%)

-

- 9.6

- 17.5

- 27.9

- 36.0

Nball

12.01

11.05

10.24

9.21

8.08

Increase (%)

-

- 8.0

- 14.7

- 23.3

- 32.7
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Figure 7.4 Resistance-displacement responses, varying ξ95 (α = δrem = 0.2)
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As may be seen, the rapidity of strain-softening has a very significant effect on the
resistance factor, working in the opposite direction to that of strain rate effect.
Compared with the T-bar, the ball has marginally less decrease in the penetration
resistance for the same ductility. In Figure 7.4, it may be seen that oscillations in the
solutions become more significant as the strain-softening parameter, ξ95, decreases. As
have been investigated extensively by Zhou & Randolph (2007), this oscillation is
related to the periodic shear bands evolving ahead of the advancing cylindrical and
spherical penetrometers with a periodicity of about 0.25d. The shear bands are a real
material phenomenon, rather than due to numerical errors in simulation. Similar
phenomena have also been identified recently from centrifuge modelling of a shallowly
penetrating pipe (Dingle et al., 2007; Zhou et al., 2008).

Table 7.5 Results with different δrem (ξ95 = 10, µ = 0)
δrem = α

NTbar

Nball

0.1

0.2

0.333

1.0

Base value*

9.60

9.95

10.38

11.99

Softened value**

5.58

6.37

7.47

11.99

Softened / Base

0.581

0.640

0.720

1.0

Base value*

11.54

12.01

12.61

15.13

Softened value**

6.60

8.08

9.57

15.13

Softened / Base

0.572

0.672

0.759

1.0

Note:
* Resistance factor in ideal elastic-perfectly plastic soil, with no effect of strain rate or
softening being taken into account
** Resistance factor in strain-softening and rate-independent soil

Additional analyses were carried out for different sensitivity values by varying the
fiction ratio, α, and fully remoulded strength ratio, δrem, (but keeping α = δrem), with a
constant strain-softening parameter, ξ95, of 10. The resistance – penetration responses
are plotted in Figure 7.5 and the resistance factors are tabulated in Table 7.5. Similar to
the strain-softening parameter, ξ95, oscillations in the solutions become more significant
as the remoulded strength ratio, δrem, decreases. Increased remoulding occurs with
increased sensitivity or decreased fully remoulded strength ratio, δrem.
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Figure 7.5 Resistance-penetration responses, varying α = δrem (ξ95 = 10)

7.3.4 Combined rate-dependency and strain softening
The penetration resistance for a T-bar or ball may be considered as made up of a base
value, corresponding to the classical plasticity solution for the given interface friction
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ratio, α, modified by two factors representing the effects of rate dependency (quantified
by the rate parameter, µ) and strain softening (quantified by δrem and ξ95). Thus, the net
resistance may be expressed as

N Tbar = N Tbar −ideal (α ) × f rate (µ ) × g softening (δ rem , ξ 95 )
′ (µ ) × g ′softening (δ rem , ξ 95 )
N ball = N ball −ideal (α ) × f rate

(7.4)

Before any attempt is made to express the functions f (f') and g (g') in terms of the strain
rate and softening parameters, it is first necessary to confirm that the principle expressed
in Equation (7.4) holds when the two effects are coupled together. This can be achieved
by comparing the predicted resistance values from the separate FE analysis, with those
FE solutions under combined effects of rate dependency and strain softening.
The predicted resistance values for coupled effects of strain rate and softening were
plotted as lines in Figure 7.6, obtained by simply multiplying the separate effects of rate
dependency given in Table 7.3 (adopting an average rate of increase of 24 % for each
0.05 increase in µ) and strain softening given in Table 7.4 (taking the specific offsets for
each value of ξ95). The combined FE solutions were plotted as individual points in
Figure 7.6, computed with different combinations of rate dependency and strain
softening by varying the rate parameter, µ, between 0.05 and 0.2, and the strainsoftening parameter, ξ95, between 10 and 50, but maintaining the sensitivity at St = 5,
i.e. δrem = α = 0.2.
It appears that the multiplicative superposition principle indicated in Equation (7.4)
gives reasonably high accuracy, with the resistance factors for combined rate and
softening effects being marginally larger than values predicted using the separate factors
for rate or softening alone. The average error between the actual FE results for
combined rate and softening with those predicted using the superposition principle is
only about 2 % and 1 %, respectively, for the T-bar and ball; the maximum error is
about 5 % for the T-bar (µ = 0.2 and ξ95 = 10) and around 3 % for the ball (µ = 0.15 or
0.2, with ξ95 = 10).
The above discrepancies can be attributed to the enhancing effect of high strain rate on
the shear strength, which leads to a decrease in the accumulated plastic shear strain and
consequently some reduction in the magnitude of strain softening. In parallel, any
strength degradation due to strain-softening will tend to concentrate strains, leading to
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locally increased strain rate (and hence enhanced shear strength). This explanation is
supported by the observation that the discrepancy between actual FE and predicted
results increases for higher values of the rate parameter, µ, and lower values of the
strain-softening parameter, ξ95.

25
NTbar
20

No strain
softening

ξ 95 = 50
ξ 95 = 25
ξ 95 = 15
ξ 95 = 10

15
10

α = δ rem = 0.2

5
0

0.05

0.1
0.15
Rate parameter µ

0.2

0.25

a) T-bar
25
Nball

ξ95 = 50
ξ95 = 25

No strain
softening

20

ξ95 = 15
ξ95 = 10

15
10

α = δ rem = 0.2

5
0

0.05

0.1
0.15
Rate parameter µ

0.2

0.25

b) Ball

Figure 7.6 Combined FE solutions vs. predicted results from separate FE analysis

7.3.5 Comparison with upper bound analysis
In order to express the adjustment factors f and g in Equation (7.4) directly in terms of
the parameters µ, δrem and ξ95, the formulation proposed by Einav & Randolph (2005) is
adopted here. They expressed the calculated resistance factors in the form
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)

N Tbar ≈ (1 + R Tbarµ ) δ rem + (1 − δ rem )e −1.5ξ Tbar /ξ 95 N Tbar − ideal

(

)

N ball ≈ (1 + R ballµ ) δ rem + (1 − δ rem )e −1.5ξ ball /ξ 95 N ball − ideal

(7.5)

where the coefficients RT-bar and Rball, which represent the orders of magnitude by which
the shear strain rates during T-bar and ball penetration exceed the reference laboratory
strain rate, were evaluated as 6.7 and 4.8 respectively. The parameters ξTbar and ξball
reflected the average magnitude of shear strain undergone by soil elements passing
through the respective mechanisms.

These were estimated as 3.85 and 2.05

respectively. Note that the coefficient 1.5 in the exponential term (compared with the
coefficient 3 in the basic strength degradation formulation of Equation (7.1)) was
argued on the basis that the average strength during first passage of the penetrometer
corresponded to degradation by half of the total shear strain, ξTbar or ξball.
In arriving at the above relationship, Einav and Randolph commented on some
uncertainty in respect of the rate coefficient, 6.7, for the T-bar, since the plasticity
solution for rate independent material gives infinite shear strains around the edge of the
mechanism. The coefficient was therefore based on a comparative study of the shear
band width for a vane test in rate-dependent material. Concern was also expressed in
estimating the effect of strain softening, particularly in the case of the ball, because of
the very high shear strains concentrated around the edge of the ball itself. It was
considered that rapid reduction in strength of the material adjacent to the ball might
allow the failure mechanism to adapt, leading to a lower resistance than calculated
based on the original kinematic mechanism for non-softening soil.
The results from the large deformation finite element analyses are compared with the
above approach in Figure 7.7. In order to match the data, the rate coefficient for the Tbar has been reduced from 6.7 to 4.8, while that for the ball remains at 4.8. In order to
match the effects of softening, the parameter ξT-bar has been decreased from 3.85 to 3.7
and ξball has been increased from 2.05 to 3.3. These changes lead to reasonably good
matches between the FE results and the simplified relationship, expressed now as:

(

)

N Tbar ≈ (1 + 4.8µ ) δ rem + (1 − δ rem )e −1.5ξ Tbar / ξ95 N Tbar − ideal

(

N ball ≈ (1 + 4.8µ ) δ rem + (1 − δ rem )e

−1.5ξ ball / ξ 95

)Nball−ideal

with ξTbar taken as 3.7 and ξball taken as 3.3 (for a friction ratio of α = 0.2).
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(a) Results for T-bar
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5
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0.1
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Rate parameter µ
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(b) Results for ball

Figure 7.7 Modelling effects of combined strain rate and strain softening
For other values of α and δrem (i.e. other sensitivity of soil, St), the rate parameter is
likely to remain largely unchanged, but the factors ξTbar and ξball will decrease slightly
with increasing value of the interface friction ratio, α (Einav & Randolph, 2005).
The rate factor of 1 + 4.8µ, which is similar for T-bar and ball, implies that the average
rate of strain experienced by soil flowing past either penetrometer is some 104.8 (i.e. five
orders of magnitude) greater than the reference strain of 1 %/hour. The factor may be
adjusted accordingly where penetration resistance is to be compared with tests
conducted at a different rate.
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7.3.6 Modelling resistance factors during extraction
For many design problems, it is useful to be able to separate the two effects of rate
dependency and softening in the penetration resistance.

This requires a further

measurement, which is provided by the extraction resistance. Equation (7.6) may be
extended to predict the resistance factors for the extraction following the initial
penetration, with the coefficient 1.5 being replaced by 4.5 in the exponential term since
the average strength during the first extraction of the penetrometer corresponds to
degradation by one and a half times the total shear strain, ξTbar or ξball, undergone in
each passage of the soil past the penetrometer. The predicted results are compared with
those from the large deformation analyses for some combinations of strain rate and
softening effects in Figure 7.8. Again, excellent superposition is demonstrated.
20
No strain softening
gradient = 4.8

NTbar
15

ξ95 = 50
ξ95 = 25
ξ95 = 15

10

ξ95 = 10
Parameters
α = δ rem = 0.2
ξTbar = 3.7

5
0
0

0.05

0.1
0.15
Rate parameter µ

0.2

0.25

(a) Results for T-bar
25
No strain softening
gradient = 4.8

Nball
20

ξ 95 = 50

15

ξ 95 = 25

10

ξ 95 = 10

ξ 95 = 15
Parameters
α = δ rem = 0.2
ξ ball = 3.3

5
0
0

0.05

0.1
0.15
Rate parameter µ

0.2

0.25

(b) Results for ball

Figure 7.8 Resistance factors during extraction, predicted values vs. results from
large deformation analyses
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7.3.7 Estimation of equivalent resistance without softening
The penetration resistance factor given by Equation (7.6) may be expressed in terms of
an equivalent (rate dependent) resistance factor that would be obtained without any
softening. Thus

(

)

N k ≈ δ rem + (1 − δ rem )e −1.5ξ k /ξ 95 N k , no softening

(7.7)

where the subscript k stands for either T-bar or ball. A similar expression may be
written for the extraction resistance, with the exponential coefficient 1.5 being replaced
by 4.5, from which the ratio of extraction to penetration resistance may be expressed as

q out N k, out δ rem + (1 − δ rem )e −4.5ξ k /ξ 95
=
=
q in
Nk
δ rem + (1 − δ rem )e −1.5ξ k /ξ 95

(7.8)

where qin and qout represent penetration and extraction resistance, respectively, and Nk,out
is the extraction resistance factor. Ignoring δrem as small, Equations (7.7) and (7.8) may
be combined to estimate the penetration resistance factor that would be expected if there
was no softening (but still rate dependence), as

N k, no softening = (1 + 4.8µ )N k, ideal ≈

Nk
N k or
N out

q in
Nk
q out

(7.9)

Note that although the derivation of Equation (7.9) is based on assuming δrem is zero,
the accuracy is better than 95 % (within the idealisations represented by Equation (7.7)
and (7.8)) for values of δrem as high as 0.5 provided ξk/ξ95 is less than 0.25.
The accuracy of this expression in terms of the actual LDFE results is explored in
Figure 7.9, where values of the relevant ratios are plotted for ball and T-bar for values
of sensitivity, St, of 2.5, 5 and 10. The parametric study covered a range of the rate
parameters, µ, between 0.05 and 0.2, and ductility parameter, ξ95, between 10 and 25. The
correlation is reasonably good, with the maximum error about 10 % for combinations of
low rate dependency (µ = 0.05) and low ductility (ξ95 = 10). On average, the actual
value of Nk for no softening is about 3 % higher than predicted, with a coefficient of
variation of 4.5 %. Although points for T-bar and ball are not distinguished, for any
given set of parameters they plot close together.
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Figure 7.9 Estimation of non-softening resistance factor from penetration to
extraction ratio

7.4

Concluding Remarks

This paper continues previous work on the application of LDFE (large deformation
finite element) analysis of deep penetration problems for T-bar and ball penetrometers
and has summarised the penetration resistance in rate-dependent and strain-softening
soil. Compared with conventional small-strain FE analysis, the particular capability of
LDFE approach is that it captures the relative motion of the penetrometer and
surrounding soil, and the transition from intact undisturbed soil ahead of the
penetrometer to partially remoulded soil in the wake of the penetrometer.
In the present work, separate and coupled effects of strain rate and strain softening on
the penetration resistance were quantified. The increase in strength due to strain rate
was modelled using a simple logarithmic function of shear strain rate, with the key
parameter, µ, denoting the rate of strength increase per decade of increase in strain rate.
The degradation in shear strength as soil is remoulded gradually was taken as an
exponential function of the cumulative absolute plastic shear strain, in which the key
parameters are the sensitivity, St, (or the inverse of sensitivity, δrem, the remoulded shear
strength ratio) and the cumulative shear strain, ξ95, required to reduce the strength by
95 % of the total reduction from peak to remoulded strength. The strength was modified
during each remeshing (or interpolation) step, based on the current strain rate and
cumulative shear strain.
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The ability to superimpose the separate effects of strain rate and softening in order to
predict the penetration resistance when both effects are present was checked by
comparing predicted results with direct FE solutions for various combinations of rate
parameter, µ and strain-softening parameter, ξ95 (but constant sensitivity of St = 5). It
was shown that multiplication of the separate factors gave reasonable accuracy
compared to the finite element result, although the latter was always slightly higher due
to the interaction between high strain rate and gradual strain softening.
The results were modelled using a simple formulation with the resistance factor
expressed using adjustment factors expressed directly in terms of the parameters µ, δrem
and ξ95. Extending that formulation to the extraction resistance led to an approximate
method to estimate the hypothetical resistance factor for non-softening soil, based on
the ratio of the measured ratio of penetration to extraction resistance. Essentially this
allows the separate effects of strain-rate and softening to be evaluated from penetration
and extraction tests, and thus estimation of the rate parameter, µ. The rate parameter
itself can be assessed in the field by varying the penetration rate over some segment of
the penetration test, or in a duplicate test.
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CHAPTER 8
NUMERICAL INVETIGATIONS INTO CYCLING OF
FULL-FLOW PENETROMETERS IN SOFT CLAY

By: Hongjie Zhou, Mark F. Randolph, and Knut H. Andersen

ABSTRACT: T-bar and ball full-flow penetrometers have important potential in
evaluating the remoulded shear strength in situ, by means of cyclic penetration tests.
This paper presents numerical investigations into repeated penetration and extraction of
the penetrometers in soft clay, using both small strain and large deformation finite
element formulations.
The small strain analysis calculated the resistances under post-cyclic conditions by
postulating different extents of the fully remoulded zone around a ‘wished-in-place’
penetrometer until the failure mechanism just lay within that zone. Then resistance
factors were deduced for the post-cyclic conditions, taking account of the degree of
disturbance outside the fully remoulded zone and strain rate effect.

The large

deformation approach was able to uncover remoulding mechanisms and resulting
gradual strength degradation of soil from intact to fully remoulded states by modelling
the entire process of cyclic penetration and extraction. Analyses showed that a cyclic
range of 3 diameters of the penetrometers were sufficient to avoid overlap of the failure
mechanism at the extremes and mid-point of the cyclic range.

The resistance

degradation curves could be fitted accurately by simple expressions consistent with the
strain-softening soil model adopted. The strain-rate dependency was similar in intact or
post-cyclic soil for a given rate parameter. The resistance factor for the post-cyclic
condition is higher than that for the initial conditions, to some degree depending upon
soil sensitivity and brittleness parameter.
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Introduction

T-bar and ball full-flow penetrometers are now widely used for offshore site
characterisation in soft sediments as an alternative or supplement to conventional
piezocone tests. An important advantage of full-flow penetrometers is their potential to
evaluate the remoulded shear strength in situ, by means of cyclic penetration and
extraction tests. Such tests are generally carried out after the penetrometer has been
advanced to a given depth, with the probe being cycled several times within a narrow
depth range of, say 0.5 to 1 m, in order to remould the soil locally within a rectangular
slot (T-bar) or cylindrical column (ball). The remoulded undrained shear strength can
then be assessed by adopting a suitable remoulded resistance factor, Nk,rem, relating the
remoulded penetration resistance to the remoulded shear strength, sur. Subsequently the
soil sensitivity may be deduced as su0/sur, where su0 is the intact undrained shear strength
measured in the same type of test as for sur.
Over the last decade, extensive empirical and theoretical investigations have been
conducted into correlations between the initial penetration resistance for T-bar and ball
penetrometers and the intact undrained shear strength (Randolph, 2004; Einav and
Randolph, 2005; Lunne et al., 2005; Martin and Randolph, 2006; Randolph and
Andersen, 2006; DeGroot et al., 2007; Zhou and Randolph, 2007a, b). However, the
resistance factor will be different for intact and remoulded due to changes in the spatial
distribution of soil strength and flow mechanisms.

During initial penetration, the

resistance is partly affected by strain softening so that the resistance factor depends on
the sensitivity and ductility of the soil, in addition to rate dependency of the soil shear
strength (Einav and Randolph, 2005; Randolph and Andersen, 2006; Zhou and
Randolph, 2007a, b). In contrast, for the final penetration at the end of a cyclic test,
little further softening occurs, so that the shear strength is uniform immediately around
the probe, but within a limited zone beyond which the soil may be partially softened.
Additionally, there is also uncertainty in respect of the rate dependency of penetration
resistance for intact and remoulded soil conditions.
Results of cyclic penetrometer tests have been compared with different measures of
remoulded shear strength from a number of soft clay sites (Randolph and Andersen,
2006; Yafrate and DeJong, 2006), but show a very wide scatter with resistance factors
ranging between 7 and 37 when compared with strengths estimated from remoulded fall
cone tests. Randolph and Andersen (2006) suggested an average T-bar resistance factor
8-2

Chapter 8: Numerical investigation into cycling of full-flow penetrometers in soft clay

Paper 6

of 13 for remoulded strengths taken as the average of residual vane and remoulded fall
cone strengths. Theoretical analysis has progressed gradually from classical plasticity
solutions based on simple rigid-plastic soil response (Randolph and Houlsby, 1984;
Randolph et al., 2000; Martin and Randolph, 2006) to consideration of the effects of
strain-rate dependency of shear strength and strain softening (Einav and Randolph,
2005; Randolph and Andersen, 2006, Zhou and Randolph, 2007a, b). So far, though,
these have been limited to monotonic penetration through initially undisturbed soil, due
to the computational complexity of modelling the effects of cyclic penetration and
extraction.
The purpose of this paper, therefore, is to present results from both small strain and
large deformation finite element (FE) analyses that have been undertaken to explore
theoretical resistance factors for remoulded shear strength, Nk,rem, and uncover internal
mechanisms during cyclic penetration and extraction of full-flow penetrometers in soft
clay. In the small strain analysis, Nk,rem is estimated based on pre-defined shear strength
regions (an inner remoulded zone confined by an outer partially disturbed zone). The
extent of the remoulded zone is determined by noting when the failure surface just starts
to enter the outer zone. For the large deformation analysis, previous studies on deep
penetration of cylindrical and spherical penetrometers (Zhou and Randolph, 2007a, b)
have been extended to simulate cyclic penetration and extraction. This approach is able
to simulate the relative flow of soil past the penetrometer, modelling both the increase
in shear strength due to high strain rates and the gradual strength degradation as the soil
is remoulded by accumulated shear strain.

8.2

Small Strain Analyses

8.2.1 Modelling details
The small strain FE analyses of an initially ‘wished-in-place’ T-bar or ball were
performed with the FE program PLAXIS, version 8 (PLAXIS, 2002). A typical mesh is
illustrated in Figure 8.1. The top of the T-bar and the ball was 9 diameters from the
upper mesh boundary, while the bottom allowed a clear space of 1 diameter. The
horizontal extent of the mesh was 2.5 diameters. Due to symmetry, only half the T-bar
and a radial plane of the ball were modelled, with the points on the lines of symmetry
free to move vertically but restrained horizontally. The boundary nodes at the bottom
and the outer vertical were fixed. The analyses assumed a plane strain model for the Tbar and an axisymmetric model for the ball, discretising the domain into 15-node, cubic
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strain, triangular elements, with 10-point integration, and with interface elements
distributed around the penetrometer boundary. The soil was modelled as a simple
isotropic elastic-perfectly plastic material with a Tresca failure criterion (constant shear
strength with depth), adopting a rigidity index of Ir = 150 and Poisson’s ratio, ν = 0.49.
The probes themselves were modelled as an elastic material with a modulus 900 times
the clay modulus, while the interface elements were assigned limiting shear strength of
0.5 times the shear strength in the adjacent remoulded clay.
Remoulded zone

a)

Disturbed zone

b)

Figure 8.1 Typical FE model for T-bar / ball penetrometer analyses in remoulded
clay: a) Full model; b) Detailed mesh around the T-bar / ball
Analyses were undertaken for ‘sensitivities’, St-dist, of 2.5 and 5, where St-dist is the
strength ratio between the outer (assumed partly disturbed) material and the inner
remoulded material. For each value of St-dist, different radius ratios of the remoulded
zone to the T-bar (or the ball), Rrem/RTbar (or Rrem/Rball), were considered so as to find
the extent of the remoulded zone based on the assumption that the critical failure surface
should lie just within the remoulded zone, touching but not entering the outer zone. The
resistance factor, NTbar,FE (or Nball,FE), was determined by loading the T-bar (or ball)
vertically to failure and dividing the limiting force by the cross-sectional area of the
probe and the shear strength in the inner zone.
8-4

Chapter 8: Numerical investigation into cycling of full-flow penetrometers in soft clay

Paper 6

8.2.2 Results for ‘wished-in-place’ T-bar
Incremental shear strain contours from the FE analyses of the T-bar in remoulded clay
with sensitivities of St-dist = 2.5 and 5 are presented in Figure 8.2, for various radius
ratios of the remoulded zone to the T-bar. It can be seen that the shearing zone does not
cut into the intact clay when the extent of the remoulded zone is 1.4 (St-dist = 2.5) or 1.1
(St-dist = 5) times the radius of the T-bar or larger, while it does so for smaller radius
ratios. The equilibrium condition thus occurs for an extent of the remoulded zone
between 1.2 and 1.4 times the radius of the T-bar for St-dist = 2.5, and 1.05 and 1.1 times
the T-bar radius for St-dist = 5. This is further illustrated for St-dist = 2.5 in Figure 8.3
which shows the incremental displacement vectors for remoulded zones of 1.2 and 1.4
times the T-bar radius.

Remoulded Disturbed

Rrem / RTbar = 2.4, NTbar,FE = 10.85

Remoulded Disturbed

Rrem / RTbar = 1.4, NTbar,FE = 14.8

Remoulded Disturbed

Rrem / RTbar = 1.2, NTbar,FE = 18.3

(a)
Remoulded Disturbed

Rrem / RTbar = 2.4, NTbar,FE = 10.85

Remoulded Disturbed

Rrem / RTbar = 1.1, NTbar,FE = 28.1

Remoulded Disturbed

Rrem / RTbar = 1.05, NTbar,FE = 31.9

(b)
Figure 8.2 Shadings of incremental shear strains around T-bar at failure for
various radius ratios between remoulded zone and T-bar: a) St-dist= 2.5; b) St-dist= 5
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Remoulded Disturbed

a)

b)

Figure 8.3 Incremental displacements at failure around the T-bar (upper figure)
and along horizontal section through its centre (lower figure) for a sensitivity of Stdist

= 2.5: a) Before shear zone extends into disturbed clay, Rrem/RTbar = 1.4, NTbar,FE

= 14.8;b) After shear zone extends into disturbed clay, Rrem/RTbar=1.2,NTbar,FE=18.3

The introduction of a narrow zone of remoulded soil forces the optimum kinematic
mechanism much closer to the penetrometer, resulting in higher resistance factors
(relative to the remoulded shear strength) as indicated in Figure 8.2.

For the

equilibrium condition, NTbar,FE falls between 14.8 and 18.3, with a mean value of 16.5
for St-dist = 2.5, and between 28.1 and 31.9, with a mean value of 30 for St-dist = 5.
The calculated NTbar,FE value is 10.85 for St-dist = 1 or where the outer zone is far enough
away to have no influence on the failure surface (beyond 2.4 times the radius of the Tbar).

8.2.3 Results for ‘wished-in-place’ ball
The incremental shear strain contours for the ball in remoulded clay with sensitivities of
St-dist = 2.5 and 5 are presented in Figure 8.4. It can be seen that the extent of the
remoulded zone is between 1.2 and 1.1 times the radius of the ball for St-dist = 2.5 and
closer than 1.05 times the radius for St-dist = 5. The closely confined mechanisms result
in values of Nball,FE between 19.2 and 22.8, with a mean value of 21 for St-dist = 2.5, and
37.2 for St-dist = 5.
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Remoulded Disturbed

Rrem / Rball = 1.1, Nball,FE = 22.8

(a)
Remoulded Disturbed Remoulded Disturbed

Rrem / Rball = 2.0, Nball,FE = 13.3

Rrem / Rball = 1.1, Nball,FE = 26.5

Remoulded Disturbed

Rrem / Rball = 1.05, Nball,FE = 37.2

(b)
Figure 8.4 Shadings of incremental shear strains around ball at failure for various
radius ratios between remoulded zone and ball: a) St-dist = 2.5; b) St-dist = 5

The calculated Nball,FE value is 13.3 for St-dist = 1 or where the outer zone is far enough
away to have no influence on the failure surface (beyond 2.0 times the radius of the
ball). The values of NTbar,FE and Nball,FE for St-dist = 1 are in close agreement with
analytical lower bound solutions from Martin and Randolph (2006) and Randolph et al.
(2000).

8.2.4 Interpretation of analyses of T-bar and ball in remoulded clay
The N values obtained above are summarised in Figure 8.5 for the T-bar and ball.
Trends are also shown for interface friction ratios of 0 and 1 (rather than 0.5), which
decrease and increase the N values by between 10 and 17 %. Before these can be
applied to estimate N values appropriate for the fully remoulded (post-cyclic)
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conditions, it is first necessary to estimate what proportion, βdist, of the original soil
strength should be assumed in the outer region, which will have undergone some
disturbance during the initial penetration of the penetrometer, and hence the ‘disturbed’
sensitivity:

S t −dist = β distS t

(8.1)

40

Nk,FE

30
Ball, a=1.0
Ball, a=0.5
Ball, a=0.0
T-bar, a=1.0
T-bar, a=0.5
T-bar, a=0.0

20

10

0
1

2

3

4

5

St-dist
Figure 8.5 NTbar,rem and Nball,rem as function of ‘disturbed’ sensitivity, St-dist = βdistSt

The resulting value of Nk,FE from Figure 8.5 (where k refers to either T-bar or ball) must
then be adjusted for effects of strain-rate, essentially allowing for differences between
the strain rate in the penetrometer test and that in the test by which the remoulded shear
strength is obtained (or alternatively the application for which the remoulded shear
strength is required). The relevant value is therefore expressed as
N k , rem = β rate N k , FE

(8.2)

where βrate is the rate adjustment factor.
Values of βdist and βrate have been discussed in detail in Appendix A of NGI-COFS
(2006), with the former factor estimated to decrease from about 0.5 to about 0.25 as the
sensitivity, St, increases from 2.5 to 5, giving St-dist ~ 1.25. Values for βrate for a
standard 40 mm diameter T-bar penetrated at 20 mm/s were estimated as around 1.3 for
comparisons with standard field vane or fall cone tests, and 1.7 for typical UU tests
where the sample is brought to failure in around 5 minutes. Applying these factors
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would result in an NTbar,FE value of 11.5 (Figure 8.5), and thus NTbar,rem ranging from 15
(for remoulded shear strength from vane or fall cone test) to 20 (UU test). These values
are reasonably close to values of NTbar,rem back-calculated from measurements at Onsøy
and Burswood (Lunne and Andersen, 2007), noting that both theoretically and
experimentally derived N values are sensitive on the one hand to the assumed
adjustment factors and on the other hand to scatter in the experimental data.
For a 113 mm diameter ball penetrated at 20 mm/s the differences in geometry would
give Nball,FE ~ 1.15-1.18·NTbar,FE (Figure 8.5) and βrate,ball ~ 0.92·βrate,Tbar. The net effect
would thus be Nball,rem ~ 1.07·NTbar,rem.

8.3

Large Deformation Analysis

8.3.1 RITSS and strain rate-dependent and strain-softening model
A major limitation of the small strain FE approach described above was the assumption
of an abrupt change from remoulded to (partially) disturbed shear strength, which will
tend to exaggerate the reduction in extent of the failure mechanism and thus increase in
penetration resistance.

In parallel, therefore, large deformation FE analyses were

undertaken to investigate the gradual remoulding of soil around cylindrical and
spherical penetrometers, during cyclic penetration and extraction. The capability of the
large deformation approach in capturing relative flow of soil past the penetrometers is
critical for modelling the evolving non-uniform distribution of shear strength due to
strain-softening at different locations relative to the penetrometer.

A detailed

description of the numerical approach has been given by Zhou and Randolph (2007a, b),
where the robustness of the method was demonstrated, so only a brief description is
provided here.
The large deformation analysis is implemented using RITSS (remeshing and
interpolation technique with small strain: Hu and Randolph, 1998a, 1998b), which falls
in the category of ‘Arbitrary Lagrangian-Eulerian’ (ALE) methods. The whole process
consists of a series of small-strain analysis increments, followed by remeshing, and then
interpolation of the field quantities (stresses and material properties) on the Gauss
points from the old mesh to the new mesh. The sequence of small-strain increments,
remeshing and interpolation can be repeated until the required displacement has been
reached.
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The rate-dependent and strain-softening soil model is a simple extension of the elasticperfectly plastic Tresca model, following Einav and Randolph (2005). The undrained
shear strength at individual Gauss points is modified according to the current rate of
maximum shear strain and accumulated absolute plastic shear strain, given by


 max ( γ& max , γ& ref ) 
 δ rem + (1 − δ rem )e − 3ξ/ξ95 s u0
s u = 1 + µlog

γ& ref




[

]

(8.3)

where the first bracketed term represents the enhancement due to high strain rates
relative to a reference value (here taken as 1 %/hour, or 3 x 10-6 s-1), following a
logarithmic law with a rate parameter, µ.

The second term models the strength

degradation from the intact condition to a fully remoulded state according to an
exponential function of accumulated plastic shear strain, ξ. ξ95 denotes the value of ξ
for the soil to undergo 95 % remoulding, thus reflecting the relative ductility of the soil.
The magnitude of ξ95 may be deduced from laboratory test data, taking account of nonhomogeneous strains within the sample, or from interpretation of cyclic penetration and
extraction tests using full-flow penetrometers, with typical values of around 10 to 50
(Randolph, 2004; Einav and Randolph, 2005). δrem is the strength ratio of soil between
fully remoulded and intact state (inverse of sensitivity, St). su0 is the original shear
strength at the reference shear strain rate prior to any softening.
Before presenting the results, it should be acknowledged that the adopted soil model is
somewhat idealised. The simple logarithmic rate law may well not fit experimental data
over several orders of magnitude of strain rate, and a power law relationship may
provide a better fit (Biscontin and Pestana, 2001). For the strength degradation model, a
two-stage model would be better for a structured or cemented soil, which requires only
small plastic shear strains to destroy part of the intact strength while the remainder still
needs much larger strains to be fully remoulded (Randolph et al., 2007).

8.3.2 Partial remeshing technique
For monotonic penetration analyses (Zhou and Randolph, 2007a, b), FE meshes with
very fine elements inside the flow mechanism were used, in order to ensure accurate
solutions. The mesh regeneration at each remeshing step was simplified by merely
translating the initial mesh downward with the penetrometer, maintaining a fixed mesh
relative to the penetrometer.
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However, it was found that this remeshing strategy was not entirely suitable for
modelling repeated penetration and extraction, because of limitations in the
interpolation technique adopted. The interpolation step is conducted by triangulating
respectively the old and new Gauss points, and then interpolating field quantities
linearly for each new Gauss point from the triangle of old Gauss points within which it
falls (Zhou and Randolph, 2007a). For linearly distributed history variables such as the
initial depth, this linear interpolation scheme is sufficiently accurate. However, for
variables with higher-order or discontinuous distribution, particularly the plastic shear
strain (or strength loss) occurring with progressive deformation, the linear interpolation
led to accumulating error during repeated remeshing and interpolation, tending to
smooth the distribution thus causing gradual diffusion of the disturbed region.

For

monotonic penetration analysis, the error is tolerable since it is very limited inside the
failure mechanism where very fine elements are used. For multiple penetration and
extraction, the interpolation error becomes increasingly less tolerable since larger errors
outside the flow mechanism during penetration (or extraction) will fall within the
mechanism during subsequent extraction (or penetration), which will affect the
resistance.

Instead, a partial remeshing technique was adopted here to facilitate

interpolation operations from old to new Gauss points; a similar technique was used
previously for simulating caisson installation (Zhou and Randolph, 2006).
As its name implies, partial remeshing means that only part of the domain is rediscretised, while for the remainder the nodal coordinates are merely updated according
to the displacements. This technique is illustrated in Figure 8.6, after the T-bar had
penetrated by 2.5 diameters. The solid lines denote the zone for remeshing bounded by
a thick curved line, with the remaining mesh shown by dashed lines. In this way the
new Gauss points in the non-remeshed zone lie directly on the corresponding old points,
removing interpolation error in that zone.
Theoretically the partially remeshed zone could be very small, limited to a region with
very fine elements so as to minimize the interpolation error, provided that there are no
excessively distorted elements in the non-remeshed domain. However, in practice,
taking the T-bar analysis for example (Figure 8.6), a smaller remeshed zone leads to
smaller elements on the boundary between the zone and the remainder, which in turn
requires similarly small elements within the passage swept by the T-bar to permit a
smooth transition of element size from the partially remeshed zone to the remaining
domain. Consequently a compromise was reached between a sufficiently small partially
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remeshed region and a practicable computation effort. The radius of the remeshed zone
was set at about 2.9 and 2.2 times that of the T-bar and the ball respectively. Even so,
the computation was still arduous, taking about 2 days to finish one stroke of 3
diameters and 3 weeks in total to complete one ‘numerical’ cyclic ball test, using a
personal computer with a 3.4 GHz Intel Pentium Processor.
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Depth / Diameter
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0
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7.5
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0

0.5

1

1.5

2

X / Diameter

X / Diameter
a)

b)

Figure 8.6 FE mesh of T-bar and partial remeshing technique:
a) Entire mesh; b) Close-up

A comparison of interpolation accuracy between translating the initial mesh with the
penetrometer, as used previously by Zhou and Randolph (2007 a, b) (left half in each
figure) and the partial remeshing approach (right half in each figure) is illustrated in
Figure 8.7. The figure shows contour plots of shear strength, sus (calculated based on
accumulated plastic shear strain), normalized by the original strength, su0, around a Tbar after initial penetrations of 2.25 and 3 diameters, respectively. It may be seen that
the partial remeshing technique minimises the interpolation pollution effectively,
reducing diffusion of the zone of reduced shear strength. Figure 8.7 also illustrates
nicely the reduction in width of the failure mechanism between the original ‘wished-inplace’ position with homogenous shear strength, and that during steady-state penetration
with softened material around the T-bar.
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T-bar
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Figure 8.7 Comparison of interpolation accuracy before (left half figure) and after
(right half figure) using partial remeshing technique: a) Penetration = 2.25D; b)
Penetration = 3D

8.3.3 Discretisation details and material properties
Due to symmetry, only a half penetrometer was modelled using plane-strain elements
for the T-bar or axisymmetric elements for the ball, without taking the shaft into
account. The cylinder or sphere was first placed in the interior of a fine FE mesh, and
then penetrated continuously by 4 diameters to establish a steady-state pattern of
partially remoulded soil along the passage and reach a steady (average) penetration
resistance. The penetrometer was then moved up and down repeatedly over a range of 3
diameters until the resistance became stable. The determination of a suitable cyclic
range was based on the extent of the flow mechanism around the penetrometer, as
discussed later.
The initial entire mesh extended downward a distance of 9 diameters and upward by 5
diameters, respectively, from the lower and upper apex of the penetrometer, and to a
maximum semi-width or radius of 10 diameters. After the penetrometer was advanced
by 4 diameters to the lowest position, the clearance became 5 diameters between the
lower apex of the probe to the mesh bottom, and 9 diameters between the top of the
probe to the mesh surface. Figure 8.6 shows a typical T-bar mesh after penetration by
2.5 diameters (with coordinates normalised by the penetrometer radius). Triangular 68-13
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The bottom

boundary nodes were fixed in the vertical direction, but free to move horizontally, while
the lateral boundary nodes were fixed in the radial direction but free to move vertically.
The upper surface nodes were left free. The minimum size of the smallest elements
(surrounding the surface of the penetrometers), hmin, was taken as 2.5 % of the diameter,
while the maximum element size near the boundary was about 140 times larger. As
mentioned before, fine elements were used along the penetrometer passage in order to
facilitate the partial remeshing.
The elastic properties of the soil were taken as shear modulus, G = 167su0 and Poisson’s
ratio, ν = 0.499. The shear modulus value has minimal effect on the limiting resistance
for deep penetration of either T-bar or ball, although it does change the displacement
needed to reach the limiting value (Lu et al., 2000; Einav and Randolph, 2005, Zhou
and Randolph, 2007a). The penetrometer-clay interface was modelled using elastoplastic nodal joints, with a limiting interface shear strength being taken as αsu0,
independent of strain rate or softening of the adjacent soil. It should be noted that in
reality the interface strength is likely to be rate-dependent, just as the clay strength is,
and also the ratio of limiting interface friction to the local softened clay strength may
change as degradation proceeds. The present assumption is a simplification, and may
have led to slight underestimation of the resistance values. Unless otherwise stated, the
friction ratio α was taken as identical to δrem or the inverse of the sensitivity.

8.3.4 Extent of flow mechanism and cyclic ranges
The cyclic displacement range was limited by the high computational effort, but ideally
should be large enough to avoid overlapping between the flow mechanisms at the midpoint of the cyclic range and at the highest (or lowest) position, as discussed at length
later.

A suitable value, therefore, was determined according to the extent of the

mechanism during steady-state penetration (or extraction).
As noted from Figure 8.7, the failure mechanism contracts with initial penetration in
order to make use of the softened soil surrounding the probe, and stabilised after
establishing a steady-state pattern of partially remoulded soil. The stable width of the
mechanism increased with increase in the rate parameter, µ, the soil ductility, ξ95, or the
remoulded strength ratio, δrem, (or interface friction ratio, α). For a set of parameters of
µ = 0.2, ξ95 = 25 and St = 5 (i.e. δrem = α = 0.2), the steady-state flow mechanisms are
illustrated in Figure 8.8 for the T-bar (left-half of figure) and the ball (right-half), in
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contours of incremental displacements normalised by specified displacement increment.
The vertical extent of the mechanisms is 1.8 diameters for the T-bar and 1.45 diameters
for the ball, and ideally the cyclic range should be double that extent to avoid overlap.
However, the cyclic range of 3 diameters is believed sufficient for the following three
reasons: (1) the effect of overlapping will be minimal since the zone is relatively small
and at the edge of the mechanism; (2) for most parameter combinations, the extent of
the steady-penetration mechanism is smaller than that in Figure 8.8; (3) the mechanism
width was found to reduce further during early cycles. The recommendation of a
minimum cyclic range of 3 diameters compares with field evidence, admittedly in
highly sensitive clays, where similar degradation curves were obtained for all cyclic
ranges exceeding about 1 diameter (Yafrate and DeJong, 2005).
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Figure 8.8 Contours of incremental displacements

8.3.5 Results
8.3.5.1 Resistance – displacement responses and degradation during cycling

The ‘numerical’ cyclic tests were performed over a cyclic range of 3 diameters for 5 or
6 cycles to fully remould the soil, following initial penetration by 4 diameters.
Parametric analyses were conducted by varying the rate parameter, µ, between 0.05 and
0.2, the ductility parameter, ξ95, between 10 and 25, and the sensitivity, St, between 2.5
and 10 (thus the remoulded strength ratio, δrem, and friction ratio, α, between 0.4 and
0.1). Typical resistance – displacement responses are plotted respectively for the T-bar
and the ball in a) and b) of Figure 8.9 ~ Figure 8.13 with solid lines. Values of Ncycle i,
defined as qTbar/su0 (or qball/su0) at the mid-point of each penetration and extraction
stroke, and the value of Ncycle i normalised by the value during the final penetration, are
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also shown respectively in c) and d). As pointed out by Randolph et al. (2007),
although it is customary to plot the degradation of resistance during a cyclic
penetrometer test starting from a cycle number of 0.5 for initial penetration, and 1 for
first extraction, it is more logical to label the initial penetration as 0.25 and the first
extraction as 0.75, based on the fact that the average plastic shear strain undergone by
the soil during penetration and subsequent extraction, respectively, accounts for 25 and
75 % of the total shear strain undergone in one full cycle of penetration and extraction.
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Figure 8.9 Resistance – displacement responses and degradation curves for

µ = 0.2, ξ95 = 25, and St = 2.5
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Figure 8.11 Resistance – displacement responses and degradation curves for

µ = 0.1, ξ95 = 15, and St = 10
It is observed that all the responses show similar trends for both the T-bar and the ball,
although with consistently higher penetration and extraction resistance for the latter.
The values of Ncycle i decrease dramatically within the early cycles, with more rapid
degradation for more brittle soil (smaller ξ95), but then continue to reduce in an
asymptotic manner with further cycling. The degradation curves for the T-bar and the
ball, in respect of the normalised values of Ncycle i, are virtually coincident. However,
the calculated ‘penetrometer sensitivities’, i.e. ratios of Ncycle i between first and last
penetration, are all less than the true sensitivities for the soil, reflecting the higher
resistance factor under remoulded conditions compared with initial penetration.
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A series of additional analyses were performed for the last penetration stroke (starting
from the end of the previous extraction cycle) with the soil parameters being adjusted in
order to eliminate either or both of the strain rate effect or any further softening. The
responses are included in a) and b) of Figure 8.9 ~ Figure 8.13, with the dashed line plus
diamond-shaped symbols representing the final penetration response without further
strain-softening (but including rate effect) and the dash-dot line denoting that without
either.

The curves without further softening are almost coincident with the final

penetration response, showing that effect of any further softening during the last
penetration is essentially negligible.
A summary for a typical cyclic penetration results, with a sensitivity of St = 5, a rate
parameter of µ = 0.15, and a ductile softening parameter, ξ95 = 15, is provided in Table
8.1, where the normalised resistance, qT-bar/su0 (or qball/su0), and width of the flow
mechanism (normalised by the penetrometer diameter, D) are tabulated together with
some key ratios.
Table 8.1 Summary of a typical cyclic penetration results
Ν

T-bar

Ball

µ

δrem, ξ95

qT-bar/su0

Width/D

qball/su0

Width/D

N1

0

1, -

11.99

3.08

15.13

2.07

0

1, -

9.95

2.45

12.01

1.86

Monotonic (rate, no softening)

N2
N3

0.15

1, -

16.97

-

20.70

-

First penetration

N4

0.15

0.2, 15

12.94

2.54

16.30

1.70

Second penetration

N5

0.15

0.2, 15

5.82

1.94

7.78

1.56

Last penetration

N6

0.15

0.2, 15

4.21

2.28

5.25

1.78

Last (no rate or further softening)

N7

0

(0.2),15

2.54

-

3.34

-

Last (rate, no further softening)

N8

0.15

(0.2), 15

4.22

-

5.29

-

Analysis Details

ο.

Monotonic penetration (α = 1)
Monotonic penetration (α = 0.2)

Rate effect during penetration in non-softening soil: (N3/N2)

1.71

1.72

Rate effect in post-cyclic and non-softening soil: (N8/N7)

1.66

1.58

Degradation during first penetration: (N4/N3)

0.76

0.79

Actual softening by last penetration: (N4/N6)

3.07

3.10

True softening by last penetration (no rate): (N1/N7)

4.72

4.53

The ratios regarding the strain-rate effect are summarized in the lower part of Table 8.1
for the example case, and also in Table 8.2 for all the cases analysed. The strain-rate
dependency in non-softening soil, or in fully remoulded soil, is obtained by dividing the
rate-dependent penetration resistance by that in rate-independent soil. Consistently, all
the results indicate that there is almost no change in the rate-dependency between
penetration in intact and fully remoulded (post-cyclic) soil, if anything with a tendency
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to reduce during the cycling (except for one T-bar case with St = 2.5, µ = 0.05 and ξ95 =
10, where the rate effect increases very slightly during penetration in post-cyclic soil).
In addition, there is a minimal but consistent increase in the rate-dependency with rising
sensitivity (or decreasing roughness).
Table 8.2 Rate-dependency in non-softening or post-cyclic soil
Sensitivity, St
Ductile strain-softening parameter, ξ95
T-bar
Nonsoftening Ball
0.05
T-bar
Postcyclic
Ball
T-bar
Nonsoftening Ball
0.1
T-bar
PostRate
cyclic
Ball
parameter,
T-bar
Nonµ
softening Ball
0.15
T-bar
Postcyclic
Ball
T-bar
Nonsoftening Ball
0.2
T-bar
Postcyclic
Ball

10

1.24
1.20

-

-

1.81
1.80

2.5
15
1.23
1.25
1.45
1.46
1.45
1.40
1.66
1.64
1.88
1.89
-

25

10

1.23
1.20

1.23
1.20

-

-

-

-

1.82
1.79

1.83
1.78

5
15
1.25
1.25
1.48
1.49
1.45
1.39
1.71
1.72
1.66
1.58
1.93
1.95
-

25

10

1.22
1.20

1.18

-

-

-

-

1.85
1.78

-

10
15
1.27
1.50
1.51
1.45
1.37
1.76
1.55
1.97
1.99
-

25

1.19

-

-

1.86
1.74

For the example case in Table 8.1 with the ductility parameter, ξ95 = 15, the penetration
resistance reduces by a factor of about 3.1 over 5 cycles, compared with the true
sensitivity of 5.

There are three main explanations for the smaller reduction in

penetration resistance:
(1) Some softening of the soil occurs during initial penetration, so that the resistance is
lower than the ideal value for a non-softening soil. For the soil in Table 8.1, the
resistance for the first penetration is only 76 and 79 % of that in a rate-dependent
and non-softening soil for the T-bar and the ball, respectively.
(2) The resistance for the last penetration corresponds to that for a fully rough
penetrometer, rather than one with a friction ratio of α = 1/St, since in all the
analyses the interface limiting friction was maintained as a friction ratio, α, times
the initial shear strength of the soil (with α independent of strain rate). Once the
surrounding soil is fully remoulded, since δrem = α the ratio of interface friction to
local shear strength increases towards unity, hence the penetrometer becomes
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essentially rough, ignoring any enhancement of the local shear strength due to rate
effects. The effect of increasing roughness accounts for factors of 1.20 (T-bar) and
1.26 (ball) for a sensitivity of 5, with higher factors with increasing sensitivity. In
reality, the true interface friction ratio may stay below unity, but will probably be
much closer to unity than during initial penetration.
(3) The width of the flow mechanism slightly exceeds the extent of the fully remoulded
zone, which is demonstrated in Figure 8.12 and Figure 8.13 for the above example
cases. The right-hand figures of both Figure 8.13a and Figure 8.13b are close-up
views with refinement of the strength contours in the left-hand figures, so as to
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identify the fully remoulded zone.
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Figure 8.12 Evolution of mechanism widths in the format of contours of
incremental displacements normalised by specified displacement increment in the
middle of penetration: a) T-bar; b) Ball
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Figure 8.13 Extent of remoulded zones halfway during the final penetration:
a) T-bar; b) Ball

As may be seen, the extent of the failure mechanism exceeds the width of the fully
remoulded zone by some 20 %. An interesting feature of the results is the evolution of
failure mechanisms during cyclic penetration (Figure 8.12).

The width of the

mechanism reduces around 24 % and 8 % respectively for the T-bar and the ball, from
first to second penetration, presumably as a result of rapid softening of the material
close to the penetrometer, encouraging a more compact failure mechanism. In later
cycles, however, material further away from the penetrometer continues to soften, and
the mechanism grows in size towards the optimum appropriate for a fully rough
penetrometer (since the interface friction is assumed equivalent to the remoulded shear
strength in the present analyses). As such, the fully remoulded resistance is achieved
rather slowly as the material at the edge of the expanding mechanism is gradually
softened.
As a consequence of the assumption of constant interface friction, it is also of interest to
assess the reduction in penetration resistance by comparing the (ideal) resistance
relevant for a fully rough penetrometer in intact soil with that in post-cyclic soil. These
resistance ratios are calculated as 4.72 for the T-bar and 4.53 for the ball (Table 8.1),
slightly less than the sensitivity of 5, which is due to the third factor above, namely the
failure mechanism extending beyond the fully remoulded zone during the final (fifth)
penetration.
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The net effect of the above three factors is that the ‘sensitivity’ observed in a cyclic
penetrometer test may be only about 60 % of the true soil sensitivity for the example
case (N6/N4 in Table 8.1), depending largely upon the strain-softening parameters, ξ95
and δrem. Equally, considering values N6 relative to N4 in Table 8.1, the Nk,rem value
relating the penetrometer resistance to the remoulded shear strength (for a standard
laboratory rate of shearing) will be correspondingly higher than the Nk value relating the
initial penetration resistance to the undisturbed shear strength.
8.3.5.2 Rate of resistance degradation during cycling

The gradual degradation in resistance during penetration and extraction cycles may be
modelled by analytical expressions as an aid to interpretation of cyclic testing in the
field. The objectives are to provide a methodology to quantify separately the effects of
strain rate and softening, allowing estimation of an equivalent ‘no-softening’
penetration resistance, and also to allow direct estimation of the resistance factor, Nk,rem,
for remoulded conditions.
The resistance data are presented in a normalised format for all the cases analysed in
Figure 8.14 ~ Figure 8.16, dividing the resistance, Ncycle i, for each penetration or
extraction stroke, by that for the initial penetration, Ncycle

0.25,

and by that for the

monotonic penetration including only the strain rate effect, Nk,no softening. Theoretical
curve fits to the degradation results are also shown, given by

(

)

N cycle i = δ′rem + (1 − δ′rem )e −6iξ k /ξ 95 N k, no softening

(

)

N cycle i = δ"rem +(1 − δ"rem )e −3(2i−0.5)ξ k /ξ 95 N cycle 0.25

(8.4)
(8.5)

where the parameter, ξk, reflects the average magnitude of plastic shear strain
undergone by soil elements passing through the flow mechanism during each
penetration or extraction stage, given by ξTbar = 3.4, 3.7 and 3.9 and ξball = 3.1, 3.3 and
3.7, for sensitivities of St = 2.5, 5 and 10, respectively. The form of these fits reflects
that adopted for the soil strength itself (Equation 8.3) but with δ'rem and δ''rem
representing the final (post-cyclic) resistance relative to the initial resistance in nonsoftening and strain-softening soil respectively, expressed by

(

δ′rem = δ rem 1 + 0.3 × (1 − δ rem )1.5

(

)

)

δ"rem = δ'rem δ′rem + (1 − δ′rem )e −1.5ξ k /ξ 95 = q in, rem / q in
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The bracketed term in Equation 8.6 reflects the effect of increased roughness on the
penetrometer-soil interface, which becomes rough relative to the surrounding fully
remoulded soil. The bracketed term in Equation 8.7 represents the disturbance during
the initial penetration.

From Figure 8.14 ~ Figure 8.16, it is evident that the

relationships given by Equations 8.4 and 8.5 provide excellent fits to the degradation
results.
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Figure 8.14 Resistance degradation curves for St = 2.5
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Figure 8.15 Resistance degradation curves for St = 5
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Figure 8.16 Resistance degradation curves for St = 10
Zhou and Randolph (2007b) suggested an approximate method to evaluate the
theoretical resistance factor with no softening, Nk, no softening, as a ratio of the actual
resistance factor, Nk, during initial penetration, taking the ratio as the square root of the
ratio of penetration to (first) extraction resistance,

N k /N out or

qin / q out . A more

accurate approach is to extrapolate Nk, no softening from Equation 8.5 by taking i = 0,
related it to the value for first penetration, Nk (= Ncycle 0.25) by

(

)

N k, no softening = Ncycle 0 = δ"rem +(1 − δ"rem )e1.5ξ k /ξ 95 N k
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The accuracy of this expression is demonstrated in Figure 8.17, plotted as solid markers,
in comparison with the approximate relationship of Zhou and Randolph (2007b), plotted
as open markers. The parametric study for the T-bar and the ball covered a range of
sensitivity, St, between 2.5 and 10, rate parameter, µ, between 0.05 and 0.2, and
ductility parameter, ξ95, between 10 and 25. The accuracy is improved significantly
compared with the previous relationship, with a maximum error of about 6 %. The
poorer estimates occur for combinations of low rate dependency (µ = 0.05) and low
ductility (ξ95 = 10).
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Figure 8.17 Estimation of non-softening resistance factor from degradation curves
of cyclic penetrometer tests
1.8
1.7
1.6

N k, no softening
Nk

St = 5

1.5
1.4
1.3

St = 2.5

St = 10

1.2
1.1
1
1

1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8

Extrapolation based on δ"rem = q in,last

(

q in or

δ"rem = δ'rem δ'rem +(1 − δ'rem )e −1.5ξ k /ξ95
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Similar accuracy may also be reached by replacing δ''rem in Equation 8.8 by qin,last/qin,
where qin,last represents the resistance for the last penetration, plotted as open markers in
Figure 8.18. This provides a useful approach experimentally, making use of the final
degradation ratio to extrapolate back to an ideal no-softening resistance. Note that, in
practice, qin,last will be slightly larger than the fully remoulded resistance, qin,rem, due to
the finite number of cycles.
8.3.6

Estimation of Nk,rem value

For the example large deformation analysis summarised in Table 8.1, the final values of
Nk,rem, relative to the remoulded shear strength, may be obtained by multiplying N6 (or
N8) by the sensitivity of 5, to give 21.1 (T-bar) and 26.3 (ball). These values include a
rate effect of around 1.6, based on a reference shear strain rate of 1 %/hour and rate
parameter of µ = 0.15.
A simple, but direct, estimation of Nk,rem may be arrived at by applying a rate factor
directly to the Nk values obtained from classical plasticity solutions. Since the rate
effect appears similar for intact and remoulded conditions, this results in (Randolph et
al. 2007):

N k ,rem = (1 + R kµ )N k ,ideal ( high α )

(8.9)

The parameter, Rk, represents the logarithm (to base 10) of the operative strain rate
within the failure mechanism, relative to a given reference rate. Zhou and Randolph
(2007b) found Rk = 4.8 for both T-bar and ball, based on a reference shear strain rate of
1 %/hour, giving an operative shear strain rate of 0.18 s-1. Their results were based on a
parametric study where the sensitivity was 5, but the rate effect is likely to be similar for
other values of sensitivity. The ‘ideal (high α)’ value of Nk in Equation 8.9 reflects the
expectation that, once the soil has been remoulded locally, the interface friction is likely
to be between 70 and 80 % of the remoulded soil strength. Applying this approach to
the example summarised in Table 8.1, using ideal Nk factors of 11.9 and 15.3 (because
of the assumption of a fully rough interface), leads to Nk,rem values of 19.5 and 25.1 for
the T-bar and ball. These are marginally lower than those in Table 8.1, as the simple
approach ignores the effect of the narrower mechanism (comparing mechanism widths
for N1 and N6 in Table 8.1).
The value of Rk in Equation 8.9 should be reduced for estimation of resistance factors
based on remoulded shear strengths measured in vane or fall cone tests, or UU tests, as
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discussed earlier. For UU tests, where the strain rate is more typically ~20 %/hour, the
value should be reduced to 3.5, while for vane and fall cone tests, where the strain rate
has been estimated as about 2 orders of magnitude lower than in a penetrometer test, a
value of 2 is appropriate.
In addition to evaluating Nk,rem directly, it is useful to consider the ratio between
resistance factors in remoulded and intact conditions, which also represents the ratio
between the true sensitivity of the soil and the ‘penetrometer-based sensitivity’ (ratio of
initial to post-cyclic penetration resistance). Taking the limit of Equation 8.4 for large i,
and combining with Equation 8.8 leads to

N k, rem
Nk

=

St
q in /q post −cyclic

(

= 1 + 0.3(1 − α )

1.5

)(δ"

rem

+ (1 − δ"rem )e1.5ξ k /ξ95

)

(8.10)

where the more general interface friction ratio, α, has been substituted for δrem. For the
range of parameters investigated here, this ratio varies between 1.28 and 2.04,
increasing with increasing sensitivity, and also as ξ95 decreases (i.e. increasing
brittleness).

8.4

Concluding Remarks

This paper has presented results of numerical investigations into the interpretation of
cyclic T-bar and ball penetrometer tests in soft clay, using a small-strain FE and a largedeformation FE approach. The conventional small strain analysis considered the effect
of remoulding due to cycling by pre-defining different shear strength regions around a
‘wished-in-place’ penetrometer. The large deformation finite element method captured
the relative motion between the penetrometer and surrounding soil, modelling the entire
process of cyclic penetration and extraction and the resulting gradual strength
degradation of soil from intact to fully remoulded states.
The assumption of a sharp transition between fully remoulded and partially disturbed
soil in the small strain analyses restricts the failure mechanism and may give resistance
factors on the high side, although it is conceivable that such a situation could arise in
soil of high sensitivity. Indeed, the very high NTbar,rem values reported by Yafrate and
DeJong (2006) in the highly sensitive Gloucester and Louisville clays in Canada
support such a model.
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In the large deformation analyses of deep penetration in soils with more moderate
sensitivity, the width of the failure mechanism contracts initially, but then expands
again with final widths in excess of 2 diameters for the T-bar and around 1.8 diameters
for the ball, slightly exceeding the extent of the fully remoulded zone. The reason for
the expansion appears to be the increase in roughness ratio as the shear strength is
degraded. The widths deduced from the small strain approach are smaller than these,
partly due to the assumption of a sharp transition in strength, and partly due to adopting
a constant interface roughness of 0.5 in the small strain analyses.
By inspecting the overall height of the failure mechanism in the large deformation
analyses, it was found that a minimum cyclic displacement range of about 3 diameters
of the penetrometer was sufficient to give separation of the failure mechanisms at the
extremes and mid-point of the cyclic range. The rate of cyclic degradation should
therefore remain constant for larger cyclic ranges, but would reduce for smaller
displacement ranges, particularly for the T-bar, which has a more extensive failure
mechanism than the ball.
Both analysis approaches gave higher resistance factors for the ball than for the T-bar,
but the resistance – displacement responses showed similar trends for the two
penetrometer types, and the cyclic degradation curves, where the resistance was
normalised by the monotonic value, were indistinguishable and could be fitted
accurately by simple expressions consistent with the strain-softening soil model
adopted.

In addition, it was found that, for a given rate parameter, µ, the rate-

dependency of penetration resistance is similar for intact and remoulded soil conditions.
This allows the rate parameter to be estimated by varying the penetration rate during the
final stage of a cyclic test, once strain softening is largely completed.
Because of the partial softening induced during initial penetration, and the different
failure mechanisms during initial penetration and after cycling, the ‘sensitivity’
observed in a cyclic penetrometer test is considerably less than the true soil sensitivity.
Equally, the Nk,rem value relating the post-cyclic penetrometer resistance to the
remoulded shear strength is higher than the Nk value relating the initial penetration
resistance to the undisturbed shear strength. In the large deformation analyses the ratio
of the resistance factors ranged between 1.3 and 2.0, and depended on the strainsoftening parameters, δrem (inverse of the soil sensitivity) and the brittleness
parameter ξ95.
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Example application of the results from the small strain analyses suggests NTbar,rem
values ranging from about 15 for remoulded shear strength from standard vane or fall
cone tests to about 20 for standard UU tests. This difference is due to rate effects and
illustrates the importance of relating Nk to the type of strength test. For remoulded
conditions, the resistance factor, Nk,rem, may be estimated directly from classical
plasticity solutions for high interface roughness augmented by the rate effects
appropriate for the difference in strain rate between the penetrometer test and the given
strength test.
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CHAPTER 9
PHYSICAL AND NUMERICAL SIMULATION OF
SHALLOW PENETRATION OF
A CYLINDRICAL OBJECT INTO SOFT CLAY

By: Hongjie Zhou, David J. White, and Mark F. Randolph

ABSTRACT: This paper describes two advanced techniques that provide powerful
visualizations of geotechnical processes: centrifuge modeling coupled with image
analysis and large deformation finite element analysis. These techniques are applied to
the undrained soil response during partial embedment of a cylindrical object simulating the initial penetration of a T-bar penetrometer or the laying of an on-bottom
pipeline. Images captured during a model test show deformation patterns that resemble
classical plasticity solutions, but with additional phenomena associated with strain
softening behavior including intermittent development of localized shear bands on
opposite sides of the pipe. Finite element analysis was undertaken to simulate this
behavior, using a rate-dependent and strain-softening soil model. The strain-softening
behavior was found to have a strong influence on the pattern of soil deformation, and
also the surface heave. The numerical simulation was calibrated to provide good
agreement with the measured penetration resistance and captures the intermittent shear
band shedding. However, the localization appears stronger within the model test and
the calculated profiles of surface heave differ significantly.
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Introduction

The purpose of this paper is to illustrate two sophisticated techniques for simulating
large-deformation geotechnical processes: (i) numerical analysis using the finite
element method combined with remeshing and a simple Tresca soil model extended to
capture the effects of strain rate and remolding on soil strength, and (ii) experimental
analysis in which images captured during a centrifuge model test are processed using
particle image velocimetry (PIV) and close range photogrammetry to explore the
deformation mechanisms in detail.
These two techniques are used to investigate shallow penetration of a cylindrical object
into soft clay - a problem of particular relevance to deep-water oil and gas
developments. Export pipelines, which in deep water are generally laid unburied on the
seabed, represent an increasingly significant fraction of the capital expenditure, due to
the increasing distance to shore and the trend towards subsea processing.
The most challenging geotechnical design issues associated with offshore pipelines are
lateral buckling and axial ‘walking’ due to thermal expansion and contraction during
operation. Accurate estimation of the as-laid embedment is important in order to assess
the soil resistance to axial and lateral motion of the pipeline (Bruton et al. 2007, White
& Randolph 2007). As the pipe is laid on the seabed it penetrates the soil under a
combination of self-weight and additional loading during the laying operation. This is a
large deformation problem, associated with large strains and changing geometry, rather
than a bearing capacity problem. Plasticity solutions for the near-surface penetration
resistance (Murff et al. 1989, Aubeny et al. 2005) do not to take account of the local soil
heave on either side of the pipeline, although this has a significant impact on the
predicted collapse load, and also the subsequent lateral breakout resistance. The effect
of soil heave on the penetration resistance was explored previously using large
deformation finite element (LDFE) analysis, but with a simple elastic perfectly plastic
soil model (Barbosa-Cruz and Randolph 2005).
Centrifuge modeling of a shallowly penetrating pipe (Dingle et al. 2007) showed that,
although the soil flow mechanism resembled the classical plasticity solutions of Murff
et al. (1989), intermittent shedding of localized shear bands on alternating sides of the
cylinder was observed, associated with strain softening behavior. Similar behavior was
identified during analysis of deep penetration of a cylinder or sphere in strain-softening
clay (Zhou & Randolph 2007). These observations instigated the work described here,
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in which the shallow penetration of a long cylinder into strain-softening soil is
simulated using LDFE analysis, extending previous analyses by including a ratedependent and strain softening soil model.

9.2

Large Deformation Finite Element Modelling

9.2.1 RITSS approach
The large deformation analysis used the RITSS (remeshing and interpolation technique
with small strain: Hu and Randolph 1998), which falls in the category of ‘Arbitrary
Lagrangian-Eulerian’ (ALE) methods (Ghosh and Kikuchi 1991). The whole process
consists of a series of small-strain analysis increments, followed by remeshing, and then
interpolation of the field quantities (stresses and material properties) on the Gauss
points from the old mesh to the new mesh. The sequence of small-strain increments,
remeshing and interpolation can be repeated until the required displacement has been
reached. The technique was implemented here using the AFENA finite element package
(Carter and Balaam 1995).
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Fig. 9.1. FE mesh and partial remeshing technique (embedment = 0.35D)
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Detailed discussion of strategies for optimal mesh density, size of increments, frequency
of remeshing, and interpolation schemes may be found in Hu and Randolph (1998), Lu
et al. (2000), and Zhou and Randolph (2007), where the robustness of this method has
also been demonstrated. In the present analysis, rather than remeshing the entire
domain, remeshing was limited to an area centered on the cylinder with a radius of
about 3 times that of the cylinder. In Fig. 9.1, solid lines denote the zone of remeshing.
Outside that region (indicated by dashed lines) the nodal coordinates were merely
updated according to the displacements.

9.2.2 Strain rate-dependent and strain-softening model
The rate-dependent and strain-softening soil model is a simple extension of the elasticperfectly plastic Tresca model (Einav & Randolph 2005, Zhou & Randolph 2007). The
undrained shear strength at each Gauss point is modified according to the rate of
maximum shear strain and accumulated absolute plastic shear strain, given by

 max ( γ& max , γ& ref ) 
 δ rem + (1 − δ rem )e − 3ξ/ξ95 s u0
s u = 1 + µlog

&
γ

ref



[

]

(9.1)

where the first bracketed term represents the enhancement due to high shear strain rates
following a logarithmic law with a rate parameter, µ.

The reference shear strain

rate, γ& ref , is taken as 3 x 10-6 s-1 (~ 1 %/hour), and µ is suggested between 0.05 and 0.2
(Biscontin & Pestana 2001). The rate of maximum shear strain, γ&max , is deduced by
linking the maximum shear strain to the normalized increment size, and the increment
rate to the penetration rate in the centrifuge tests, which was 0.015D s-1, where D is the
model pipe diameter. The second term models strength degradation from the intact
condition (shear strength, su0) to a fully remolded state (shear strength δremsu0) according
to an exponential function of accumulated plastic shear strain, ξ. ξ95 denotes the value
of ξ for the soil to undergo 95 % remolding, thus reflecting the relative brittleness of the
soil.

9.2.3 Discretisation details and material properties
The cylinder size and soil properties were chosen to be consistent with those in the
centrifuge tests (Dingle et al. 2007). The cylinder was simplified as a cylindrical
boundary, being advanced into the soil by specified displacement increments from an
initial penetration of 0.5 % of the diameter, D. Due to symmetry, only half of the
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domain was modeled, using six-noded triangular elements with three Gauss points (see
Fig. 9.1). Elasto-plastic nodal joints were used to model the cylinder-soil interface.
The shear strength profile was taken as su0 = 2.3 + 2.88 z/D kPa, where z/D is the depth
normalized by the cylinder diameter, to match that measured in the centrifuge model. A
rigidity index of Ir = G/su0 of 167 and Poisson’s ratio of 0.499 were adopted and initial
isotropic geostatic stresses were based on an effective unit weight for the soil of γ′D =
5.2 kPa. The interface shear strength was taken as αsum, independent of the strain rate
or softening of the adjacent soil, with sum the shear strength at the mud line, and the
interface friction ratio, α, taken equal to δrem, the inverse of the soil sensitivity.
Calculating the interface strength based on sum is believed reasonable due to entrapment
of the surface soil as the pipe penetrates.

9.3

Centrifuge Modeling

9.3.1 Experimental arrangement
The paper focuses on the vertical embedment stage of one of a suite of pipe-soil
interaction tests undertaken as part of the SAFEBUCK Joint Industry Project, which is
concerned with the design of offshore pipelines (Bruton et al. 2007). The test program,
carried out at 40 g in the centrifuge at the University of Western Australia, adopted a
dual-test format to obtain both high quality load-displacement data, and also high
quality images of the soil deformation. One test was conducted within the central area
of a large test chamber, to provide load-displacement data. In a second test, the pipe
movements were repeated, with the pipe fitted tightly against an observation window
(Fig. 9.2). The second test gives anomalous load data because of friction between the
pipe and the window, but provides high quality images of the deformation behavior.
The model pipe was 20 mm in diameter and the black annulus visible close to the outer
rim of the pipe in the images on the right is an O-ring to provide a tight seal against the
window. The soil sample was kaolin clay, consolidated from a slurry in the centrifuge.
A surface layer was scraped off after consolidation, leading to the strength profile of su0
= 2.3 + 2.88 z/D kPa.

9.3.2 Image analysis techniques
The image capture and subsequent PIV and photogrammetric techniques are described
by White et al. (2003, 2005).

The images are divided into ∼10,000 interrogation

patches, each covering a zone of soil approximately 1 mm square and tracked using a
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correlation algorithm, to identify the movement of that patch of soil between a pair of
images. The soil surface is covered with colored powder to provide a variation in
brightness on which the image analysis can operate. The result is a displacement field
of ∼10,000 vectors. Sub-pixel interpolation of the correlation peak provides a precision
of ∼0.1 pixels or better. Photogrammetry is used to generate a rigorous transformation
for converting from pixel measurements to object space data.

Fig. 9.2. Image analysis centrifuge test arrangement and example image

9.4

Results – Comparisons between Modeling Methods

9.4.1 Penetration resistance profiles
A parametric study was undertaken using the LDFE approach to assess the optimal
values of the parameters for the rate-dependent and strain-softening model to match
both the penetration resistance profile and the soil deformation patterns from the model
tests. A relatively good agreement was obtained for the following combination of
parameters: α = δrem = 0.3125, µ = 0.1 and ξ95 = 10 (see Fig. 9.3). Also shown (Fig.
9.3) are penetration resistance profiles calculated using the upper bound plasticity
solution described by Randolph & White (2007). Note that the resistances are
normalized by the initial shear strength at the level of pipe invert. Different methods
were used within the upper bound calculations to account for the effect of soil selfweight and heave:
1. Weightless case, no heave: the soil surface remains flat during pipe embedment
and self-weight is ignored.
2. Self-weight, no heave: the soil surface remains flat during pipe embedment, but
the net change in potential energy of the soil and the resulting increase in
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penetration resistance is calculated. This calculation reflects the buoyancy of the
embedded part of the pipe relative to the soil submerged unit weight.
3. Self-weight, heave: heave of the soil surface as the pipe penetrates obtained
from the LDFE analyses is treated as a surcharge (ignoring the internal strength)
in the penetration resistance calculation. This approach correctly accounts for
the additional potential energy required to lift soil within the pre-existing heave
profile, which is an important adjustment for pipe penetration.
These three methods highlight the importance of correctly accounting for heave, and the
influence of self-weight on penetration resistance. None of these methods account for
the resistance that arises from shearing within the heaved soil, but the good agreement
between the weighty and weightless UB calculations and the equivalent FE results for
rate-independent non-softening soil suggests that this contribution is small.
However, the penetration resistance measured in the centrifuge test exceeds predictions
from the UB and FE calculations. By modifying the FE parameters to include ratedependence and softening, good agreement can be reached (Fig. 9.3).

Penetration resistance, V/su0D
0

0

1

2

3

4

5

6

7

Centrifuge data

Pipe invert embedment, w/D

0.05

LDFE, St=3.2
µ=0.1, ξ95=10

0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45

LDFE, self-weight
UB, self-weight with
heave surcharge
UB, self-weight
no heave
LDFE, weightless
UB, weightless
no heave

Fig. 9.3. Vertical load – embedment profiles
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9.4.2 Instantaneous soil velocity fields
The velocity fields calculated in the FE analysis and observed in the centrifuge test at an
embedment of 0.35D are shown in Fig. 9.4. The close agreement between the two
techniques is to be expected, given that the resistance profiles match. However, this
comparison of the internal deformation rather than simply the boundary force, provides
more detailed validation of the numerical simulation. A distinct shear band is evident at
the instant show. In the centrifuge test, this velocity discontinuity did not translate
smoothly downwards as the pipe embedded deeper. Instead, the shear band jumped
downwards intermittently, and fresh shear bands were generated on alternate sides of
the pipe. This behavior is reminiscent of vortex shedding in fluid mechanics and is
evidence of strain-softening behavior, which supports the use of a softening soil model
within the FE simulation. When a softening soil model is adopted within the FE
analysis, a similar pattern of shear-band shedding is observed.

9.4.3 Patterns of overall soil deformation
The shear band formation can be best observed from the deformed shape of ‘virtual’
marker strips added to the image analysis data during post-processing. The virtual
marker strips are analogous to the lead threads or spaghetti strands which have been
used previously to track net soil movement in centrifuge model tests. With modern
image analysis techniques, these markers can be added artificially after the test is
conducted, by interpolation from the calculated deformation field.
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Fig. 9.4. Velocity fields at a pipe embedment of 0.35D (left half is from the large
deformation FE analysis and right half from the centrifuge test)
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In the LDFE analysis, same effect is achieved by attaching the initial horizontal and
vertical positions of the nodes or Gauss points as history-dependent variables to the
respective points. The values are then mapping from the old (deformed) mesh to the
new mesh during each interpolation step.
The cumulative horizontal and vertical movement calculated in each analysis is shown
in Fig. 9.5 and Fig. 9.6, respectively, for a pipe embedment of 0.35D. Some differences
between the cumulative deformation patterns are evident. The shear bands are more
distinct in the model test compared to the LDFE, and the behavior is asymmetric, with
the primary shear band on the right side of the pipe extending slightly deeper and wider
than the primary shear band evident on the left of the pipe. The start of a new deeper
shear band can be identified on the left side of the pipe from the deformation of the
vertical marker strips. In the LDFE results, symmetric shear bands are enforced by the
symmetry of the analysis.
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Fig. 9.5. Deformed vertical marker strips at an embedment of 0.35D
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Fig. 9.6. Deformed horizontal marker strips at an embedment of 0.35D
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Fig. 9.7 shows a contour plot of shear strength, normalized by the original strength, su0,
reduced due to the accumulated plastic shear strain. The intermittent shear bands are
indicated by zones of more intense softening compared with the adjacent soil. In the
dominant shear zones (such as the bands extending from the pipe surface at a depth of
z/D = 0.15) the soil strength is reduced to ∼50% of the initial value. The shear band
spacing in the FE analysis is closer than in the centrifuge model test data.
The patterns of surface heave calculated from each analysis are shown in Fig. 9.8, for an
embedment of 0.35D. The asymmetry from the centrifuge model test is clearly evident,
comparing the profile on the left side (PIV, LHS) and that on the right (PIV, LHS). The
model test heave profiles also extend more widely than the FE results. The FE results
that include the effects of strain rate and softening (LDFE) show greater and more
localized heave.

Surprisingly, the heave profile for the case without these effects

(LDFE - ideal) is similar to those from the centrifuge test.
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Fig. 9.7. Softened shear strength
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Fig. 9.8. Comparisons of surface heave

The stronger localization and more widely-spaced shear bands in the centrifuge model
test data suggest that the real soil softens more dramatically than the simulated soil. A
two-stage strength degradation model therefore may be more suitable, as suggested by
Randolph et al. (2007), with a significant proportion of the initial strength destroyed by
only small plastic shear strains, while much larger strains are needed to fully remold the
soil.

Incorporation of non-linear response prior to failure would also soften the

response of the soil between the shear bands, which might lead to increased spacing as
each shear band could remain active for longer before becoming unacceptable
kinematically.
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Conclusions

This paper has described two powerful techniques for the modeling and visualization of
large-deformation geotechnical processes, illustrated by the boundary value problem of
a cylindrical object penetrating into soft clay. This large-deformation process is highly
relevant to the behavior of offshore pipelines.
Centrifuge model test data, analyzed using PIV and photogrammetry, has provided
highly detailed measurements of soil deformation, revealing intermittent shear band
shedding and quantifying heave shapes for the first time. FE analysis with remeshing
and a soil strength model that accounts for strain rate and remolding has been shown to
reproduce well the load-penetration response, and capture the shear band shedding
mechanism. However, the frequency of the shear band generation and the exact shape
of the heave profile are not correctly captured by either the FE analysis or more simple
upper bound calculations, which are limited by the adopted soil model.
These image analysis techniques provide new information, which allows more
challenging validation of numerical and analytical techniques. In this example, the
observed force-displacement response at the boundary of the problem – i.e. the
penetration resistance profile – was very well captured by the numerical simulation,
despite the relative simplicity of the soil model. In addition, the mechanism of shear
band shedding was reproduced by the numerical technique, although the deformation
patterns within the soil showed distinct differences between the simulation and the
measurements. As a result, the profiles of soil surface heave were poorly predicted.
This exercise illustrates that parallel advances in experimental and simulation
techniques are raising both the level of simulation realism, and also the rigor of the
validation process.

As simulations are becoming more sophisticated, so are the

experimental observations that provide the benchmarking.
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CHAPTER 10
CONCLUDING REMARKS

10.1 Original Contributions and Main Findings
This thesis has described a numerical study of some challenging geotechnical
penetration problems in offshore engineering. The large deformation FE approach,
RITSS, was adopted and developed further to accomplish the research goals. The major
contributions and findings made in this research are summarised below.

10.1.1 Developments of the RITSS approach
As has been detailed in Chapter 2, the main development of the RITSS approach
involved mesh generation strategies, interpolation schemes, post-processing technique,
and finally some problem-specific modifications. In addition to previously implemented
h-adaptive mesh generation and regeneration, the program was modified to achieve
automatic mesh generation in the remeshing step where the element size is controlled by
one or several pre-designed density control functions, respectively for different regions
requiring different mesh refinement.
During interpolation, an improved interpolation scheme, NUEM, was introduced, where
firstly a Gauss mesh was formed by Delaunay triangulation of all the Gauss points in
the old mesh. The values on the new Gauss points were then linearly interpolated from
the Gauss triangle within which the new Gauss point falls. For a few new edge Gauss
points close to boundaries, and falling outside the mesh of the old Gauss points, values
were obtained by using a linear interpolation between the two old edge Gauss points
lying to either side of the new Gauss point.

Following the modifications in the

interpolation scheme, the search algorithm was optimised to minimise the computation
time for locating the query points.
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Another useful, but not critical modification, was to employ Tecplot as a post-processor.
Comparing with the Felpa program used previously, Tecplot greatly facilitates the
checking and visualisation of results from the large deformation analyses.
The final main developments were respectively for modelling the suction-assisted
installation of caissons and a rate-dependent and strain-softening soil. The loading
scheme in AFENA was extended to model the penetration by suction which was
implemented by applying upward traction on the soil surface inside the caisson and a
corresponding downward pressure on the annulus of the caisson, maintaining the net
external force constant at the self-weight. To quantify the effects of strain-rate
dependency and strain softening on the resistances of penetrometers or other objects, the
Tresca model was modified to account for these effects.

10.1.2 Installation of suction caisson foundations
In Chapter 3 and 4, the effect of installation method on soil flow pattern and resulting
external radial total stress changes was investigated for caisson foundations in soft clay
with various strength profiles. The caissons were installed entirely by jacking or with a
combination of self-weight and suction as is used in the field. In these two cases the
flow pattern in the soil is different, although the total installation force is similar for
jacked and suction installation. The pattern of incremental displacements around the
caisson tip indicates that, during suction penetration, the proportion of soil displaced by
the advancing caisson that is drawn inwards into the caisson, is greater than during
jacking. For different profiles of soil strength, the ratio varied but with similar trends
for a given method of installation. In jacked installation, the proportion reduces
continually with increasing penetration depth. In contrast, during suction penetration it
increases steadily after jumping initially to above 50%. As a result, the soil plug heave
induced inside the caisson is significantly greater for suction penetration than for jacked
penetration. This result was also compared with data from centrifuge tests, showing
excellent agreement.
The reduced volume of soil being forced outwards from the caisson during suction
installation compared with jacking induces lower total stresses outside the caisson.
However, the difference in the resulting external radial total stress changes or
penetration-induced excess pore water pressure is relatively less significant, since the
expansion-induced excess pore pressure is smaller for thin-walled caissons than for
driven piles. After subsequent consolidation, the influence of installation method
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reduces further, and the final shaft friction ratios are close for the two installation
methods.
Chapter 5 presented a comparison between caissons with a flat tip and with an
externally bevelled tip. It was found that the bevel was effective in terms of displacing
more soil to the outside of the caisson, reducing the inside soil plug heave and giving a
slightly higher increase in total stresses along the outside of the caisson wall during
suction installation. During both self-weight embedment and suction-assisted
installation, the proportion of the caisson wall accommodated by inward soil flow
remained about 20% smaller for the bevelled caisson than for the flat-tipped one. More
soil being forced outwards by the bevel induced a slightly greater stress increase with
around 8% greater radial total stress and 6% greater mean total stress, relative to the
total stresses induced during the penetration of the caisson with a flat tip. The increased
stresses (which in real clay will initially be carried primarily by excess pore water
pressures) provide the potential for increased effective stresses and interface friction
following time for consolidation. However, the small difference in total stress change is
considered unlikely to have any pronounced influence on the final uplift capacity.

10.1.3 Resistance of full-flow penetrometers
Chapter 6 described the large deformation FE simulation of deep penetration of
cylindrical T-bar and spherical ball full-flow penetrometers in rate-dependent and
strain-softening clay. As the T-bar and ball were penetrated from their initial wished-inplace positions, the extent of the disturbed zone reduced significantly due to gradual
strength degradation of soil surrounding the probes. For the ball most shear strain
concentrated close to the penetrometer surface. For the T-bar, however, a more distinct
shear band occurred which was relatively distant from the penetrometer surface.
The parametric analyses showed that the resistance factor reduced significantly with
increasing soil brittleness or decreasing strain-rate dependency. Meanwhile, oscillations
in penetration resistance became increasingly pronounced. Further investigation shows
that the oscillations are due to periodic shear bands evolving cyclically ahead of the
advancing cylindrical and spherical penetrometers. Analyses with different values of
rigidity index confirmed further that the periodic shear bands were a real material
phenomenon, rather than due to errors in numerical simulation. However, increasing
the soil ductility or strain-rate dependency tended to suppress the oscillations in the
penetration resistance.
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Following the successful application of the large deformation FE method in modelling
the deep penetration of the T-bar and ball in rate-dependent and strain-softening soil, a
parametric study was undertaken in Chapter 7 to quantify separate and coupled effects
of the strain rate and strain softening on the penetration resistance. It was confirmed
that multiplication of the separate factors gave reasonable accuracy compared to the FE
result, although the latter was always slightly higher due to the interaction between high
strain rate and gradual strain softening. Simple expressions were then presented
allowing the resistance factors to be expressed as a function of rate and strain-softening
parameters. By considering average strength conditions during penetration and
extraction of these full-flow penetrometers, an approximate expression was derived that
allows estimation of the hypothetical resistance factor with no strain-softening, and
hence an initial estimate of the rate-dependency of the soil.
The simulations of cyclic penetration and extraction tests are described in Chapter 8.
During cycling, the width of the failure mechanism contracts initially, but then expands
again with final widths greater for the T-bar than for the ball, slightly exceeding the
extent of the fully remoulded zone. The reason for the expansion appears to be the
increase in roughness ratio as the shear strength is degraded. By inspecting the overall
height of the failure mechanism in the large deformation analyses, it was found that a
minimum cyclic displacement range of about 3 diameters of the penetrometer was
sufficient to give separation of the failure mechanisms at the extremes and mid-point of
the cyclic range.
The analyses gave higher resistance factors for the ball than for the T-bar, but the
resistance-displacement responses showed similar trends for the two penetrometer
types, and the normalised cyclic degradation curves were indistinguishable and could be
fitted accurately by simple expressions consistent with the strain-softening soil model
adopted. More accurate approaches were proposed to deduce the resistance factor with
no strain-softening, compared with those previously suggested in Chapter 7.
Because of the partial softening induced during initial penetration, and the different
failure mechanisms during initial penetration and after cycling, the ‘sensitivity’
observed in a cyclic penetrometer test is considerably less than the true soil sensitivity.
Equally, the resistance factor for the post-cyclic condition is higher than that for the
initial conditions, to some degree depending upon soil sensitivity and brittleness
parameter. The rate-dependency of penetration resistance is similar in intact or
remoulded soil conditions for a given rate parameter.
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10.1.4 Shallow penetration of a cylindrical object
Chapter 9 described the simulation of partial embedment of a cylindrical object - the
initial penetration of a T-bar penetrometer or the laying of an on-bottom pipeline. The
results were compared with results from centrifuge model tests coupled with image
analysis. Large deformation FE analysis with the rate-dependent and strain-softening
model reproduced well the load-penetration response, and captured the shear band
shedding mechanism. However, the frequency of the shear band generation and the
exact shape of the heave profile were not correctly captured, probably due to limitations
in the soil model adopted.

10.2 Suggestions for Future Research
The capability of the RITSS-based large deformation FE analysis has been
demonstrated in this research and other research mentioned in Chapter 2. It can be
employed to solve a variety of problems associated with very large deformations.
However, currently this approach is limited to relatively simple elastic-perfectly plastic
material. With more advanced (and complicated) constitutive models, such as the
Modified Cam-Clay (MCC) model, significant improvement is still necessary. The
main challenge for more complex soil models, which typically have a large number of
state variables to be interpolated, is to improve the interpolation quality of the historydependent variables and make appropriate corrections for the interpolated results, such
as correcting yield surface drift, to ensure that every Gauss point has a reasonable stress
state.
Despite the enormous difficulties, it is of great importance to incorporate more
advanced soil models into the RITSS approach to take account of consolidation. As far
as suction caissons and penetrometers are concerned, it would be very beneficial if their
penetration process could be modelled using the MCC model. In this way, the capacity
of suction caisson foundations could be assessed based on accurate simulation of
consolidation following installation.
For penetrometers including T-bar, ball and cone, the effect of partial consolidation on
penetration resistances needs to be quantified to help interpretation of penetration tests
in intermediate soils where partial consolidation occurs during penetration. Through a
series of parametric analyses with varying penetration rate, a ‘backbone’ curve of
normalised penetration resistance versus non-dimensional velocity can be deduced,
which helps to evaluate the coefficient of consolidation for a particular soil. In addition,
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it is also of interest to model dissipation tests using RITSS coupled with the MCC
model, which first requires penetration by several diameters to establish a steady-state
distribution of excess pore water pressure around the penetrometers prior to dissipation.
Another important issue associated with the RITSS approach is how to minimise the
very high computation times. Some improvements may be achieved by designing
optimal meshes and using faster computers, but this is not entirely adequate. As far as
the AFENA-based RITSS is concerned, most of the computation time is spent in
solving equations during the series of small strain analysis, where a direct solver is
adopted with efficient skyline storage. This direct solver in AFENA is well suited for
two-dimensional problems. Therefore parallelisation of the direct solver is probably
worth trying, in order to speed up the solution. For three-dimensional problems, an
iterative solver would be more convenient to use and accordingly would require a
corresponding parallelisation technique.
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