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Abstract

As new subsea structures, such as seabed cables or pipelines, are often founded within
the uppermost few meters of the seabed, which is often comprised of relatively soft soil,
reliable characterisation of the corresponding near-surface soil properties is becoming
increasingly important. Assessing the mechanical behaviour of soft surficial soil with
conventional site investigation tools (e.g. CPT or T-bar) is challenging due to: (i) the
low soil strength often encountered near-surface; and (ii) the requirement for correcting
test measurements to account for the effects of shallow embedment. Alternatively,
recovering tube or box-core samples offshore, which are then transported to and tested
in an onshore laboratory, may be adversely affected by significant sampling and
transport induced disturbances. Apart from the cost of transport and importation of the
samples, such tests (e.g. triaxial or shear box tests) should ideally be performed at very
low stress levels, comparable to those found beneath shallow offshore structures, which
creates a further challenge.
Alternatively, near-surface soil properties can be measured in-situ offshore using
shallow penetrometers, such as the hemiball or toroid, which are two novel sensor
concepts previously conceived at the Centre for Offshore Foundation Systems (COFS).
With adequate interpretation techniques the probes are envisaged to infer the following
soil properties for use in design: (i) the undrained shear strength profile from the
recorded penetration resistance; (ii) the consolidation characteristics deduced from the
penetration induced excess pore pressure dissipation response; and (iii) the undrained,
transitional and drained friction parameters for the soil-device interface, or the friction
parameters of the sediment in the case of a fully rough penetrometer. Due to the
continuously logged excess pore water pressures, effective stress interpretations of the
test measurements are also viable, thus providing the opportunity to directly evaluate
the failure envelope of the sediment being tested. Another promising and economical
site investigation tool is the parkable piezoprobe, an elongated sphere equipped with
various pressure transduces, which has the capability of directly measuring the
consolidation characteristics of soft surficial soil.

iii

The objective of this thesis is to further develop our understanding of the abovementioned sensor concepts, through a combination of laboratory experiments, numerical
Finite Element (FE) modelling and offshore field-testing, such that their measurements
can be used to rapidly assess the soil properties required for subsea infrastructure
design, such as subsea pipelines or shallow foundations.
Initially, the capabilities of the parkable piezoprobe are investigated in more detail.
Results of small scale centrifuge experiments and an extensive numerical parametric
study, using Large Deformation FE (LDFE) modelling techniques in combination with
the Modified Cam Clay (MCC) soil model, are presented. The outcomes of the study
yield a practical interpretation method that can be used to gain reliable estimates of the
coefficient of consolidation.
The remainder of the thesis outlines the development of the novel box-core hemiball
and toroid penetrometers, covering all aspects from design and manufacture through to
application of the technology offshore on a site investigation survey vessel (on live
commercial projects). At first, the design and development process of the probes and the
actuation system used to operate the sensors is explained in detail. Thereafter, results of
comprehensive laboratory testing campaigns in commercial kaolin clay and
reconstituted carbonate silt are presented, alongside LDFE analyses, which eventually
yield new interpretation methods to back-analyse test data. Finally, the transition from
laboratory use to the real world offshore is demonstrated via in-situ testing performed in
a box-core recovered from the seabed. These field measurements provide a compelling
demonstration that the box-core penetrometers, combined with the newly developed
interpretation methods, are capable of reliably characterising surficial offshore soil, thus
providing a rapid and potentially technically superior alternative to current de-facto
industry standard methods.
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Chapter 1: Introduction & Literature Review
cv

coefficient of consolidation

D

pipe or probe diameter

FA

axial resistance

FA,res

axial residual resistance

FA,res,d

drained residual resistance (axial direction)

FA,res,u

undrained residual resistance (axial direction)

fs

sleeve friction (cone penetrometer)

k

soil permeability

ms

SHANSEP exponent

OCR

over-consolidation ratio

p

pipe-soil contact arc length

qc

cone tip resistance (cone penetrometer)

rpipe-soil

pipe-soil roughness factor

St

soil sensitivity

su

undrained shear strength

su-int,res

undrained residual interface friction

su,rem

remoulded undrained shear strength

ui

location of pore pressure transducer (CPT: u1, u2 and u3)

V

vertical pipe-soil force

x

axial displacement

xmob

axial mobilisation displacement

xres

mobilisation displacement required to mobilise axial residual resistance



interface friction angle

res

residual interface friction angle



slope of elastic compression line (MCC stiffness parameter)



slope of virgin compression line (MCC stiffness parameter)

gap

gap friction coefficient (shear box)

σ′n

effective normal stress

σ′v

effective vertical stress

u,int

undrained interface friction

′

soil friction angle
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Chapter 2: Parkable Piezoprobe
Anom

nominal area

a, b

fitting parameters

ch

operative coefficient of consolidation

ch0

initial operative coefficient of consolidation at invert level

ch0,nc

initial ch0 at invert level (converted to normally consolidated conditions)

cv

coefficient of consolidation

cv0

initial coefficient of consolidation at invert level

D

device diameter

e0

initial void ratio

ecs

void ratio on critical state line at p′ = 1kPa

fb

buoyancy factor

fk

influence factor for anisotropic flow conditions

fRI

influence factor for rigidity index

fst

influence factor for operative stiffness

fw

influence factor for embedment depth

G

shear modulus

G0

initial shear modulus

IR

rigidity index

K0,nc

earth pressure coefficient at rest (NC-soil)

K0,oc

earth pressure coefficient at rest (OC-soil)

k0

isotropic permeability

kh

horizontal permeability component

ksu

undrained shear strength gradient

kv

vertical permeability component

M

slope of critical state line in q-p′ space

m, m*

fitting parameter for consolidation solution

mv

coefficient of volume compressibility

Nc,nom

nominal bearing capacity factor

NT

bearing capacity factor for T-Bar

nk

permeability ratio

np

isotropic over-consolidation ratio

OCR

over-consolidation ratio

p′

mean effective stress

p′0

initial mean effective stress

q

deviator stress

r

ratio of pressures on normal compression and critical state line

su

undrained shear strength

su0

initial undrained shear strength

su,avg

average undrained shear strength

xvii

su,m

undrained shear strength at mudline

T

dimensionless time

T

*

adjusted dimensionless time

T50

dimensionless time to reach 50% of dissipation

T *50

adjusted dimensionless time to reach 50% of dissipation

t

time (dimensional)

t50

time to reach 50% of dissipation

V

dimensionless velocity

Vb

soil buoyancy

Vgeot

geotechnical soil resistance

Vtot

total soil resistance

vsub

submerged volume

w

embedment depth



exponent regarding stiffness contributions

β

exponent regarding influence of rigidity index

Δu

excess pore water pressure

Δui

initial excess pore water pressure

γ′

effective unit weight

γsat

saturated bulk unit weight

γw

unit weight of water

η

stress ratio q/p′

′

internal friction angle

 ′cv

constant volume friction angle



slope of elastic compression line

Λ

plastic compression ratio



slope of virgin compression line

ν

Poisson ratio

σ′v

effective vertical stress
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A,B

fitting parameters (effective stress failure criterion)

Ac

surface contact area

Anom

nominal area

a,b,c

coefficients for approximation of β

ch

operative coefficient of consolidation

cv

coefficient of consolidation

cv0

initial coefficient of consolidation at probe invert

xviii

D

device diameter

dx

horizontal displacement (shear box) respective shear displacement

e0

initial void ratio

ecs

void ratio on critical state line at p′ = 1kPa

F

equivalent axial friction

fb

soil buoyancy factor

K0

earth pressure coefficient at rest

k

soil permeability

ksu

gradient of undrained strength profile

L

lever arm (toroid penetrometer)

M

slope of critical state line in q-p′ space

m

fitting parameter (dissipation solution)

mave

fitting parameter (periphery consolidation solution)

ms

SHANSEP exponent

mv

coefficient of volume compressibility

N

total normal load (chapter 3) or cycle number (chapter 4, 5, 6)

N′

effective normal load

N50

cycle number corresponding to 50% hardening

Nb

bearing capacity factor for ball penetrometer

Nc,nom

bearing capacity factor

Nt

bearing capacity factor for T-bar penetrometer

n

fitting parameter (backbone curve)

OCR

over-consolidation ratio

p′

mean effective stress

p′0

initial mean effective stress

patm

atmospheric pressure

pi

coefficients for approximation of β (p1 - p9)

q0

surcharge at mudline

R

normally consolidated strength ratio

Rc

critical state spacing ratio

reff

effective radius

St

soil sensitivity

su

undrained shear strength

su0

undrained shear strength at penetrometer invert

su,avg

average undrained shear strength

su,c

consolidated undrained shear strength

su,int

undrained shear strength at probe interface

sum

undrained shear strength at mudline

su,rem

remoulded undrained shear strength

T

mobilised torque

Tdis

dimensionless time (dissipation stage)

xix

Tdis,50

dimensionless time at 50% consolidation

Tdis,50,ave

dimensionless time at 50% consolidation (periphery dissipation)

Tdis,x

dimensionless time at x% consolidation (dissipation stage)

Trot

dimensionless time (rotation stage)

Trot,50

dimensionless time, 50% of excess pore pressures dissipated

Trot,x

dimensionless time at x% consolidation (rotation stage)

t

time (dimensional)

tdis

dissipation time

trot

rotation time

Um

degree of consolidation

u

pore water pressure

V

vertical penetration resistance or applied vertical load

Vb

resistance due to soil buoyancy

Vgeot

geotechnical resistance

Vmax

bearing capacity load (end of penetration stage)

Vpen

dimensionless velocity (penetration stage)

Vrot

dimensionless velocity (rotation stage)

Vs

submerged penetrometer volume

vpen

vertical penetration speed

vpen,ud

vertical penetration speed (undrained rate)

vrot

velocity during rotation stage

vrot,eff

velocity during rotation stage at effective radius reff

w

embedment depth

w′

effective embedment depth



rotation angle

β

scaling factor regarding excess pore pressure

γ′

effective unit weight

γw

unit weight of water

u

excess pore water pressure

uave

average excess pore water pressure

u i

initial excess pore water pressure at consolidation start

uini

initial excess pore water pressure

uinv

excess pore water pressure at probe invert

upos

excess pore pressure at specific sensor location

δ

drained interface friction angle



wedging factor



local inclination regarding vertical

m

semi-angle of embedded segment



slope of elastic compression line

xx

Λ

plastic volumetric strain ratio (critical state model)



slope of virgin compression line

μ

interface friction coefficient

μ′

effective friction coefficient

μdr

drained friction ratio

μu

undrained friction ratio

ν

Poisson ratio

σn

total normal contact stress

σ′n

effective normal contact stress

σ′no

effective normal stress (at the start of the rotation phase)

σn,ave

averaged normal stress at penetrometer interface

σ′n,ave

averaged effective normal stress at probe interface

τ

shear stress

τave

average shear stress at probe interface

τu

undrained interface friction

τu,int

undrained interface friction

ϕ′

angle of internal friction

ϕ ′cv

constant volume friction angle

ψ

consolidation index (or drainage index)



angular velocity
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Chapter 1

Introduction & Literature Review

CHAPTER 1
INTRODUCTION & LITERATURE REVIEW

1.1. RESEARCH MOTIVATION
Infrastructure essential to the extraction of hydrocarbons entrapped beneath the ocean
floor, or the transport of renewable energy captured offshore – such as pipelines or
seabed cables, respectively – is increasingly founded in shallow depths of very soft soil.
Adequate design of such offshore structures is extremely dependent on the ability of
gathering reliable near-surface soil parameters (e.g. Westgate et al., 2012 & 2013;
Chatterjee et al., 2012; Feng et al., 2013 or Cocjin et al., 2014).
Accurate characterisation of the mechanical response of these uppermost soil layers is
difficult with conventional probe tests, such as for instance T-bar, ball or cone
penetration tests, whether deployed from a survey vessel or via a submerged seabed
frame. This is mainly due to the low soil strengths of 1-10 kPa (Stanier & White,
2014), typically found in these surficial layers. The sensor elements of the abovementioned probes are often not sensitive enough to gain data of adequate resolution.
Furthermore, such tests are challenging to interpret at shallow embedment, as they
require significant near-surface corrections to account for soil buoyancy effects and the
changing failure mechanism when transitioning from a shallow to a deeper flow-round
mechanism (e.g. White et al., 2010a; Morton et al., 2014).
Box-core or tube samples recovered in-situ offshore that are then examined in an
onshore laboratory, using conventional element testing protocols (e.g. shear box or
triaxial apparatus), may suffer from substantial sampling induced disturbances (Clayton
et al., 1998; Hover et al., 2013). Additionally, these experiments should ideally be
executed at the very low stress levels applicable to shallow offshore infrastructure. As a
consequence, results from laboratory experiments performed at very low stress levels,
such as the interface shear box test (ISB) that is considered the de-facto standard
protocol for assessing pipe-soil interaction properties (White et al., 2015; Boukpeti &
White, 2017), require adjustment to account for the effect of system friction and the
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weight of the upper shear box (Lehane & Liu, 2013). The magnitude of adjustment
required to account for spurious system friction is difficult to determine, as it depends
on a number of assumptions, which can only be speculated on post-test. For instance,
when correcting for the frictional losses between the two halves of a shear box, the
friction coefficient adopted, characterising the interface friction between the two halves
of a shear box, largely depends on whether soil ingress occurred or not. The appropriate
value of gap is itself uncertain and the relationships reported by Lehane & Liu (2013)
are used to illustrate the impact of this uncertainty.
Figure 1.1 shows the impact of the assumed gap friction coefficient, gap, for a drained
test on fine-grained soil. A horizontal shear force, which yields a soil friction angle, ′,
of 20 degrees assuming soil ingress after Lehane & Liu (2013), is adopted for all
calculations. Such an assumption (i.e. gap = tan′) yields a lower limit of the soil
friction angle. Consequently, an underestimation of the gap-friction (i.e. gap < tan′)
would lead to an over-prediction of the friction angle (i.e. ′ > 20 degrees), especially at
low effective stress levels, where the self-weight of the upper shear box (weight: 1305
grams for shear box used within this project and assumed in calculations) significantly
affects test results, as illustrated in Figure 1.1. For these reasons, incorrect assumptions
can easily lead to discrepancies in the inferred friction angles of up to several degrees,
thus making interpretation of shear box measurements (gathered from tests performed at
low stress levels) extremely difficult. It is also clear in this figure that the uncertainty on
the inferred soil friction angle is exacerbated by both effective normal stress level and
the friction mobilised in the gap between the halves of the shear box.
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Figure 1.1: Effect of gap friction between shear boxes on the inferred friction angle.

Other laboratory testing techniques, such as the tilt table (Pedersen et al., 2003) or the
Cam-Tor apparatus (Kuo et al., 2015), are better suited to determine soil properties
representative of the low stress conditions expected to be found around shallow offshore
infrastructure. However, sample disturbances experienced during the recovery process
and the time and costs associated with transportation of the samples to an onshore
laboratory negatively affect both test results and the time required to attain initial design
parameters.
Alternatively, surficial soil properties can be measured in-situ offshore using shallow
penetrometers, such as the toroid and hemiball (Yan et al., 2010; Yan et al., 2011; Yan,
2014; Stanier & White, 2014). With appropriate interpretation methods, these probes are
envisaged to be able to reliably infer near-surface soil properties via three main testing
stages: (i) an undrained penetration phase where excess pore pressures are generated;
(ii) a consolidation phase monitoring the dissipation response of those excess pore
pressures; and (iii) a rotation stage where the torque, generated as the device is rotated,
is measured. These three phases yield: (i) the undrained strength; (ii) the consolidation;
and (iii) the interface friction properties of the surficial sediment, respectively. Similar
to the Fugro SMARTPIPE (Hill & Jacob, 2008; White et al., 2010b), which can be
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considered the ‘gold-standard’ for in-situ pipe-soil interaction testing, these devices are
also capable of directly assessing a soil’s effective stress failure envelope via integration
of the continuously logged excess pore pressure measurements into the interpretation
framework. The parkable piezoprobe (PPP) – another promising sensor concept first
described by Chatterjee et al. (2014) – is intended to be ‘parked’ at the seabed to
facilitate monitoring of the dissipation response of surficial soil, again in order to yield a
measure of the coefficient of consolidation, but ‘off the critical path’ of survey
operations.
The development of the shallow penetrometer technology was still in its infancy at the
outset of this thesis. Hence, the aim of the research presented here was to further our
understanding of the novel in-situ testing concepts, by combining state-of-the-art
numerical and experimental modelling techniques to investigate the behaviour of the
hemiball, toroid and parkable piezoprobe. Objective interpretation methods that yield
useful design parameters are described and validated through laboratory experiments as
well as offshore field trials (hemiball and toroid penetrometer).
Prior to presenting the original contribution resulting from this project, a brief review of
the most frequently applied offshore in-situ testing methods is provided in the next subsection.

1.2. REVIEW OF OFFSHORE IN-SITU TESTING METHODS
A brief discussion of the most important soil-structure interaction parameters required
for geotechnical design of shallow subsea structures is first provided. Thereafter,
contemporary site investigation techniques that are routinely used to measure these
properties in-situ offshore are outlined. The state of research into shallow
penetrometers, such as the toroid, hemiball and parkable piezoprobe, and the
interpretation methods required to convert raw measurements into design parameters, is
then presented in more detail.

1.2.1. GEOTECHNICAL DESIGN OF SHALLOW SUBSEA STRUCTURES
Robust and cost-effective design of shallow offshore structures (e.g. pipelines or seabed
cables) requires precise knowledge of the soil conditions in the near-surface mud-layers
surrounding these constructions. Generally, only the first meter (often even only the first
few of decimetres) of surficial soil is of interest for geotechnical design of these shallow
Centre for Offshore Foundation Systems
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offshore structures. A simple geotechnical model of a subsea pipeline is illustrated in
Figure 1.2, after Det Norske Veritas (2017).

Figure 1.2: Geotechnical model of a submarine pipeline (Det Norske Veritas, 2017).

The best practice recommended in DNVGL-RP-F114 (Det Norske Veritas, 2017)
requires consideration of a variety of scenarios potentially encountered during the
lifetime of a submarine pipeline system, including events like the installation process,
pipeline hydrotesting and pipe-walking due to episodic operation cycles (periodic startup and shutdown events of the pipeline system) occurring on a pipeline founded on a
modest slope (~1° or more). As indicated in Figure 1.2, precise knowledge of the soil
strength and interface friction parameters, characterising the pipe-soil interaction
response, is fundamental to ensuring economical and safe designs. Soil parameters
describing the drainage characteristics (e.g. coefficient of consolidation) and the
deformation response (e.g. strength and stiffness parameters) are also of great
importance for sound geotechnical design of shallow offshore infrastructure.
Furthermore, it is imperative to distinguish between drained and undrained loading
conditions and to consider the influence of the stress-history governing the behaviour of
the sediment surrounding the structure.
Figure 1.3 graphically illustrates the effect of the drainage conditions on the axial pipesoil interaction behaviour, in terms of the normalised axial displacement, x/D, and the
equivalent pipeline friction, FA/V, where x denotes the axial displacement, D the pipe
diameter, FA the axial resistance and V the vertical pipe-soil force. The residual
resistance, FA,res,u and FA,res,d corresponding to the undrained and drained limits is a
function of the prevalent drainage condition, which itself is dependent on the loading
rate and the consolidation characteristics of the soil. An undrained breakout may be
observed during the first undrained loading cycle. Episodic undrained axial loading,
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accompanied by subsequent consolidation phases, leads to a steady increase in axial
resistance as the soil hardens with each ‘operation’ cycle until eventually approaching
the drained limit (e.g. Yan et al., 2014). The rise in undrained friction encountered is a
result of the strength gained during the intermittent consolidation phases, as the excess
pore water pressures generated (due to the fast axial movement) gradually dissipate.

Figure 1.3: Illustration of axial pipe-soil interaction response (Det Norske Veritas, 2017).

Figure 1.4 demonstrates that the residual undrained resistance, FA,res,u (reached after a
mobilisation distance of xres) and hence the corresponding undrained interface friction,
su-int,res, is function of the over-consolidation ratio, OCR, and the prevalent piperoughness. Depending on the stress-history of the soil, either an increase (normallyconsolidated or lightly over-consolidated sediments) or a reduction (over-consolidated
sediments) in pipe friction is witnessed during the transition from the initial undrained
to the eventual drained state, as the excess pore pressures generated around the pipe
dissipate. The axial resistance, FA,res,d, corresponding to the drained plateau, is taken as a
function of the predominant stress level, the roughness of the pipe and the friction angle
of the soil, ′. The stress level dependency of the interface friction angle,  (here: res),
which is often observed at the very low effective stresses (here represented by V/p) that
occur beneath shallow offshore structures, is indicated in Figure 1.4.
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Figure 1.4: Conceptual model for axial residual resistance (Det Norske Veritas, 2017).

As can be seen from the statements and explanations given above, various near-surface
soil properties (amongst other system parameters) must be known in order to accurately
predict the behaviour of a submarine pipeline. According to DNVGL-RP-F114 (Det
Norske Veritas, 2017) the near-surface properties outlined in Table 1.1 are required to
ensure safe pipe-soil interaction design of an ‘exposed’ pipeline (i.e. not buried or
covered).
Table 1.1: Key properties required for geotechnical design of an ‘exposed’ pipeline.
Notation
su
su,rem

′
(u,int )

Geotechnical soil properties and associated interface parameters
Intact undrained shear strength of surficial soil layers
Remoulded shear strength (required to predict effect of pipe-laying process)
Friction angle of surrounding soil
Undrained interface friction (linked to su via a adhesion / roughness factor)

( )

Interface friction angle (linked to  ′ through a roughness factor)

ms

SHANSEP exponent (in case soil behaves over-consolidated, OCR > 1) *

cv

Coefficient of consolidation

(k)

Soil permeability

λ, κ

Stiffness parameters to define stress-strain relationships (model depended)

* Consolidation during pressure testing (with water) prior to operation may lead to OCR > 1
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The properties listed in Table 1.1 should be supplemented by classification and index
tests yielding measures of the effective unit weight, water content, plastic limit and
grain size distribution. The results of such tests can be used to estimate the spatial
variability of the encountered soil conditions (Det Norske Veritas, 2017).
In the pipeline design code DNVGL-RP-F114, most relationships specified for
undrained conditions are expressed in terms of the normally consolidated strength ratio,
(su /σ′v)nc, rather than using the undrained strength, su, in order to account for the stress
level dependency of the shear strength parameter. In the case that the surface texture of
a pipeline is sufficiently rough to mobilise the full friction angle of the surrounding soil,
then tan = tan′ can be adopted, otherwise the design recommendation suggests to
reduce the tangent of the friction angle with an adequate roughness factor, rpipe-soil,
according to the following relationship:
tan   rpipesoil tan

with

rpipesoil  1.0

(1.1)

Similar considerations, and thus soil properties, are required for the design of seabed
cables, shallow foundations and other akin offshore infrastructure, such as for instance
mudmats (e.g. Feng et al., 2014). A brief summary of modern site investigation tools,
which can be used to estimate the near-surface properties discussed above, is provided
in the next sub-section.

1.2.2. OVERVIEW OF IN-SITU TESTING SENSORS
Table 1.2 shows frequently utilised as well as new innovative site investigation sensors
that are capable of probing the surficial seabed properties required for geotechnical soilstructure interaction design. The site investigation tools listed can be subdivided into the
following three categories: embedded penetrometers (e.g. CPT, T-bar and piezoball),
free-falling probes (e.g. free-falling dart, cone and ball) and shallow penetrometers (e.g.
SMARTPIPE, toroid, hemiball and parkable piezoprobe). Each testing methodology is
shown alongside the soil respective interaction properties that can potentially be
measured using each device.
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Table 1.2: Summary of in-situ testing sensors used to asses near-surface properties.
Sensor concept
(Selected reference)

CPT (piezocone)
(e.g. Lunne et al., 1997)

T-bar
(e.g. Stewart & Randolph, 1994)

Piezoball
(e.g. Peuchen et al., 2005)

Freefall penetrometer(s) **
(e.g. O’Loughlin et al., 2014)

SMARTPIPE
(e.g. Hill & Jacob, 2008)

Toroid
(e.g. Yan et al., 2010)

Hemiball
(e.g. Yan et al., 2010)

Parkable piezoprobe
(e.g. Chatterjee et al., 2014)

Near-surface soil respective interface parameters

First in-situ
application

su

used offshore
since 1972



used offshore
since 1997





used offshore
since 2004





FF Dart: 1972
FF Cone: 2006
FF Ball: 2010



used offshore
since 2008



()







2017
(this project)



()









2017
(this project)



()









only
laboratory
testing to date

()

su,rem

cv

τu,int



 (ϕ′) *

ms

λ, κ

()


()


(κ /λ)


(κ /λ)



*

In the case of a fully rough probe surface, the friction angle of the soil may be directly estimated, assuming  ≈ ′

**

For brevity, different models are not further distinguished here (e.g. free-falling cone, ball or dart)

Some of the probes listed are undoubtingly better suited than others in assessing the
mechanical response of surficial offshore soil. The most commonly adopted techniques
and some of the most promising new alternatives are discussed in more detail next.

1.2.3. EMBEDDED PENETROMETERS
Embedded probes, such as the T-bar, cone or ball penetrometer are often deployed to
quantify strength properties in soft offshore clays (Figure 1.5). The piezocone and the
piezoball, two variations of the conventional cone and ball penetrometer, respectively,
are equipped with pore pressure transducers, thus also allowing for the consolidation
characteristics to be assessed.
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Figure 1.5: Schematics of cone, T-bar and ball penetrometer (Randolph et al., 2000).

The cone penetration test (CPT) is a widely applied testing procedure often used for soil
profiling (i.e. determination of strength and stratigraphy) in geotechnical site
investigations, since test measurements are continuously recorded with depth (e.g.
Robertson, 1990; Schneider et al., 2008). While the probe is penetrated into the soil, a
load cell situated immediately behind the cone-shaped tip and one mounted to the sleeve
of the device measure the cone tip resistance, qc, and the sleeve friction, fs, respectively,
thus allowing for the soil strength properties to be determined from the penetration
response (either undrained strength where excess pore pressures are generated or a
measure of the soil friction angle,  ′, via an established correlation). Piezocones feature
pressure transducers at various positions (either at a combination or all three of the socalled u1, u2 and u3 locations, which are at the tip of the cone, at the base of the cone or
above the friction sleeve, respectively) on the device therefore allowing for the
coefficient of consolidation to be estimated from the penetration induced dissipation
response in fine-grained soils (e.g. Teh & Houlsby, 1991; Sully et al., 1999). Detailed
information on the testing equipment and interpretation methods can be found in Lunne
et al. (1997).
The T-bar, a full-flow penetrometer conceived and developed at the University of
Western Australia (UWA) and first introduced by Stewart & Randolph (1991), features
a perpendicular cylindrical bar at the end of a conventional CPT string pushrod, as
illustrated in Figure 1.5. Its first offshore field-application dates back to late 1990s
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(Randolph et al., 1998), making the probe an established site investigation tool
frequently used during in-situ testing surveys of fine-grained marine sediments.
Alternatively, the piezoball, another full-flow probe (Figure 1.5), could be used to
estimate the undrained strength profile (e.g. Kelleher & Randolph, 2005). Due to the
pressure transducers installed on the ball-surface, the probe also allows for coefficient
of consolidation to be estimated from the dissipation response of the penetration
induced excess pore pressure field (Low et al., 2007). The recorded penetration
resistance is converted to an undrained strength profile, assuming the selected rate is
fast enough to preclude significant dissipation around the probe during the penetration
process (e.g. Finnie, 1993). Plasticity solutions may be used to derive the resistance
factors required for this conversion (e.g. Martin & Randolph (2006) for the T-bar; and
Zhou & Randolph (2009) for the ball penetrometer). Typically, a testing sequence
comprises several remoulding cycles in order to allow for accurate load cell zeroing and
to gain a measure of the remoulded soil strength, su,rem, from which the soil sensitivity,
St, can be derived (St = su/su,rem). For this reason, these probes have become the de-facto
standard site investigation tools for characterising soft surficial offshore soil, which is
often affected by substantial remoulding due to the laying process of subsea pipelines
and risers (Randolph & Gourvenec, 2011). However, it is not advised to use embedded
penetrometers to characterise near-mudline strength conditions, without appropriately
correcting the measured penetration resistance at shallow embedment (e.g. White et al.
(2010a) for the T-bar; Morton et al. (2014) for the ball penetrometer).

1.2.4. FREE-FALL PENETROMETERS
Free-falling penetrometers are capable of rapidly gathering soil strength measurements
in-situ offshore, over larger spatial areas than conventional testing methods, thus
offering a quick and relatively inexpensive alternative to the previously described
embedded penetrometers. Three categories of free-fall probes can be distinguished:
free-fall cones (e.g. O’Loughlin et al., 2014; Chow et al., 2014; Steiner et al., 2014),
free-fall balls (e.g. Morton & O’Loughlin, 2012; O’Loughlin et al., 2014; Morton et al.,
2016) and free-fall darts (e.g. Aubeny & Shi, 2006; Chow & Airey, 2013). Photographs
taken offshore on deck of a survey vessel and displaying the deployment of a freefalling cone and ball penetrometer are shown Figure 1.6.
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(a)

(b)

Figure 1.6: Deployment of free-falling probes from a moving survey vessel: (a) free-falling cone
(www.afsc.noaa.gov); and (b) free-falling ball (Morton & O’Loughlin, 2012).

Typically, the deceleration profile, recorded by accelerometers as the projectile dives
into the seabed, is used to estimate the undrained strength parameters. The strain rate
dependency of the soil strength needs to be properly accounted for when back-analysing
such test measurements. Moreover, a measure of the consolidation characteristics may
be obtained, if the dissipation of excess pore pressures is measured via in-built pore
pressure transducers (Chow et al., 2014).
Chow et al. (2014) reported centrifuge experiments of a miniature free-falling cone,
which showed that soil strengths at shallow embedment are significantly over-predicted,
but there was excellent agreement between the free-fall tests and independent T-bar
push-in tests at embedment depths greater than 3m. Much better agreement at shallow
embedment – comparing in-situ push-in and free-fall probe tests – was reported by
Morton et al. (2016) for a free-falling spherical probe. Nevertheless, shallow depth
corrections, similar to the ones proposed by White et al. (2010a) for a T-bar
penetrometer, are typically required to appropriately adjust test measurements at
shallow embedment depths.
A major advantage of these sensors is that they can be deployed from relatively small
vessels (often even if they are in motion) and quickly assess soil strength conditions
over rather wide-spread areas. Consequently, free-falling site investigation tools may be
utilised to economically gather data on the spatial variability of seabed properties at an
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early project stage, for instance during a geophysical survey along a prospective
pipeline route.

1.2.5. SHALLOW PENETROMETERS
Generally, shallow penetrometers can be distinguished into two groups: those that are
annular and rotate (e.g. hemiball and toroid) and those that are either planar or do not
rotate (e.g. SMARTPIPE or parkable piezoprobe). This thesis covers the hemiball,
toroid and parkable piezoprobe in detail. To avoid unnecessary repetition, only a very
brief summary of these sensor concepts is provided below, with the most important
references stated in the text. More information can be found in the introductory sections
of the subsequent chapters 2-6, with each of the chapters presenting a different journal
paper on different aspects of the subject of shallow penetrometer testing and
interpretation.
SMARTPIPE
The SMARTPIPE is a sophisticated testing frame (Hill & Jacob, 2008) comprising of a
heavily instrumented small-scale model pipe and a hydraulically driven actuation
system. The frame also incorporates an actuator for performing miniature probe tests
(e.g. miniature T-bar tests, as shown in Figure 1.7). Numerous design scenarios –
potentially encountered during the lifespan of a seabed pipeline – can be simulated
using the instrumented pipe-segment, which allows movements in vertical, lateral and
axial directions to be executed, either in load or displacement controlled testing modes.
Pipe-soil interaction parameters are derived from the measured response of the installed
load cells and pressure transducers. A major advantage of the system is that test
measurements can also be interpreted in terms of an effective stress framework, using
pore pressure measurements gathered at various locations on the instrumented section of
the model-pipe (e.g. Hill et al., 2012; Ballard et al., 2013).
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(b)

(a)

(c)

Figure 1.7: Fugro SMARTPIPE: (a) seabed testing frame; (b) close-up view of instrumented
model pipe; and (c) integrated T-bar penetrometer (Hill & Jacob, 2008).

The SMARTPIPE testing system has been successfully used in-situ offshore Australia
and West Africa to estimate surficial pipe-soil interaction properties (White et al.,
2010b; Ballard et al., 2013).
HEMIBALL & TOROID PENETROMETER
Both the hemiball and toroid penetrometer mimic the cross-section of a pipe-shaped
structure, such as a submarine pipeline or a seabed cable (Yan et al., 2010 & 2011),
hence substantially reducing design uncertainties arising from the requirement for
geometric conversion from a planar to a curved surface (as would be required to convert
ISB measurements to a predicted pipeline response). Photographs of the box-core sized
toroidal and hemispherical probes, which were developed as a part of the research
outlined within this thesis, are shown in Figure 1.8. Pilot numerical studies of the main
testing stages as well as trial experiments using model scale probes in the geotechnical
beam centrifuge at UWA have already been reported: Stanier & White (2014); Yan
(2014); Yan et al. (2017). However, as the development process of the shallow
penetrometer technology is still in its infancy, further numerical and experimental work
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was required, in order to improve the interpretation techniques for this class of novel
penetrometers and encourage adoption of the technology in the offshore industry.

(a)

(b)

Figure 1.8: Box-core sized shallow penetrometers: (a) toroid; and (b) hemiball (developed in
this thesis).

Generally, a shallow penetrometer test features three test stages, namely a penetration, a
dissipation and a rotation phase, with each aiming to infer a different set of soil
parameters. The first two target the soil strength and consolidation characteristics,
respectively; while the latter simulates the undrained, transitional and drained axial
sliding behaviour of a pipe-shaped structure on the seabed. Similar to the SMARTPIPE,
these penetrometers are also equipped with pore water pressure sensors at various
positions on the device interface (see the white filter caps in Figure 1.8), and hence
facilitate direct assessment of the effective stress failure criterion of the sediment being
tested. Via carefully designed test variations, each mimicking a specific design scenario
(e.g. episodic rotation cycles followed by intermittent dissipation phases to simulate
periodic start-up and shutdown events), various modes of potential pipeline or shallow
foundation behaviour can be explored. Consequently, shallow penetrometers like the
hemiball or toroid are envisaged to yield the complete suite of geotechnical parameters
required for modern pipe-soil interaction design within one relatively short and thus
economical experiment.
Future versions with comparable dimensions to the infrastructure being designed –
hence considerably reducing scaling effects associated with the transformation of the
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test measurements into design – are intended to be deployed from either a Remotely
Operated Vehicle (ROV) or a seabed frame (Figure 1.9). Another advantage of such a
testing setup would be that the sensors could directly probe the undisturbed seabed and
as a consequence no box-cores or tube samples need to be recovered, potentially
improving the quality of the in-situ testing data derived for any specific location.

(b)

(a)

(c)

Figure 1.9: Geotechnical seabed testing systems: (a) Fugro SMARTSURF: seabed frame with
various site investigation tools; (b) Benthic PROD: seabed drilling rig; and (c) ROV-mounted
testing system (GeoROV: www.geomarine.co.uk).

PARKABLE PIEZOPROBE
The parkable piezoprobe, an elongated spheroid equipped with pressure transducers, is
another site investigation tool with the potential to measure the surficial consolidation
characteristics in-situ offshore (Chatterjee et al., 2014). The probe is lowered onto the
sea floor, either directly from a survey vessel or as a part of a seabed frame, where it
remains ‘parked’ to measure the pore water pressure dissipation response induced by its
self-weight penetration (Figure 1.10). The parkable piezoprobe does not require
monitoring while it logs dissipation data and is retrieved once the consolidation process
has substantially finished, which potentially makes the piezoprobe a highly economical
field tool that can be used in parallel with other activities.
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(a)

(b)

Figure 1.10: Parkable piezoprobe after Chatterjee et al. (2014): (a) Deployment of the system
via a seabed frame from a survey vessel; and (b) close-up view of the probe.

An initial proof of concept study, based on large deformation FE-simulations using the
Remeshing and Interpolation Technique with Small Strains (RITSS) methodology after
Hu & Randolph (1998), paired with the Modified Cam Clay soil model (Roscoe &
Burland, 1968), was published by Chatterjee et al. (2014). However, further numerical
and experimental studies and a comprehensive interpretation framework are required to
move the probe from a promising concept to an operational site investigation tool.
The Remote Intelligent Geotechnical Seabed Surveys Joint Industry Project (RIGSS
JIP), a project which was initiated with the support of several industry partners, has
aimed to advance shallow penetrometer technologies such as the parkable piezoprobe,
as well as the hemiball and toroid penetrometers.

1.2.6. RIGSS JIP: PROJECT DESCRIPTION
Through the Remote Intelligent Geotechnical Seabed Surveys Joint Industry Project
(RIGSS JIP) a strong research collaboration between the funding body, consisting of
five major offshore contractors (Benthic, Fugro, Shell, Total and Woodside), and the
Centre for Offshore Foundation Systems (COFS) at the University of Western Australia
(UWA) was established. The project aimed to develop innovative technologies for
probing geotechnical seabed properties, in-situ offshore. Over a period of three years,
laboratory and field trials were coupled with state-of-the-art numerical simulations to
develop a range of practical site investigation tools, such as the box-core sized hemiball
and toroid penetrometers. Apart from the shallow penetrometer technology, new types
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of free-falling probes and an in-situ erosion testing apparatus were also developed as
part of the project.
The studies presented here are an integrated component of the RIGSS JIP, covering all
aspects of the box-core hemiball and toroid penetrometers. The numerical and
experimental investigations of the parkable piezoprobe are another essential element of
the cross-industry scheme.

1.3. RESEARCH OBJECTIVES & METHODOLOGY
The preceding paragraphs clearly illustrated the major advantage shallow penetrometers
may hold in rapidly gaining reliable near-surface soil properties, in-situ offshore. For
the parkable piezoprobe, the toroid and the hemiball, only pilot studies have been
carried out to date. Yan (2014) reported small strain FE-solutions of the dissipation and
rotation stage using Small Strain Finite Element (SSFE) simulations as well as results of
centrifuge experiments using reduced scale prototype penetrometers (toroid and
hemiball). However, the experimental data presented in Yan (2014) suffered from
significant measurement noise and the limited rotation range of the prototype sensors
used, meaning that several direction reversals had to be executed to achieve a neardrained condition in the soil surrounding the probes, which is not always preferable. A
new generation of box-core sized penetrometers was developed (in this thesis) and was
anticipated to yield significantly better results mainly due to: (i) much more sensitive
instrumentation (e.g. load cells, pressure transducers, actuator components, etc.); and
(ii) a wireless data acquisition system facilitating continuous rotational movement
around its rotational axis. Where necessary, state-of-the-art numerical simulations, using
a large deformation FE-methodology based on the RITSS technique (Hu & Randolph,
1998) and the Modified Cam Clay (MCC) soil model (Roscoe and Burland, 1968), were
performed to develop the missing interpretation methods required to validate or improve
the existing SSFE-solutions. The same numerical procedure was used to further
investigate the mechanical behaviour of the parkable piezoprobe and to define a
practical interpretation method for back-analysing experimental measurements.
As can be seen, there was a strong need for more in depth experimental and numerical
research on the above-mentioned probes. The project, outlined in this thesis, involves
experimental, numerical and analytical components with the aim to further develop our
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understanding of these promising technologies. The following research objectives were
defined at the outset of the thesis:

Parkable Piezoprobe (PPP)
○ Investigation of the undrained penetration and dissipation phase of the parkable
piezoprobe via physical small scale centrifuge model tests.
○ Development of a large deformation FE-model based on the RITSS-methodology
(Remeshing and Interpolation Technique with Small Strains) and an effective
stress framework (soil model: Modified Cam Clay), that is capable of accurately
simulating the excess pore pressure dissipation response of the parkable
piezoprobe.
○ Execution of an extensive parametric LDFE-study with the aim to quantify the
influence of specific soil conditions and the governing soil parameters on the
dissipation response at different transducer locations on the probe interface.
○ Definition of a practical interpretation method, which allows for the coefficient
of consolidation to be accurately predicted from the measured dissipation
response of a PPP-test, irrespective of whether the probe embedment or whether
any additional soil conditions are separately identified or not.
○ Verification of the experimental and numerical results via comparison to other
independent test measurements (e.g. T-bar tests) and existing literature.

Hemiball & Toroid Penetrometer
○ Development of new box-core sized hemiball and toroid penetrometers in
conjunction with an appropriate actuation system required to operate the
sensors, with the aim of eventually moving the probes from being prototype
laboratory devices to field-tested site investigation tools ready for offshore
applications.
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○ Proper calibration of the newly fabricated probes and sufficient proof-testing in
the laboratory to ensure proper operation in the field.
○ Definition of appropriate testing protocols for the penetration, dissipation and
rotation sub-stages and suitable interpretation methods for back-analysing test
measurements.
○ Definition, where required, of improved interpretation methods, which directly
link test measurements to the geotechnical design parameters of interest, using
the same LDFE-framework as for the parkable piezoprobe.
○ Definition and execution of comprehensive proof testing in the laboratory using
commercial kaolin clay and a reconstituted soil (carbonate silt) recovered from
an offshore location, in order to test and validate the performance of the shallow
penetrometer concepts.
○ Comparison and verification of the experiments against independently derived
results from other conventional tests (e.g. shear box, T-bar or ball penetrometer
tests) and / or existing results in the literature.
○ Ruggedisation of the box-core sized shallow penetrometer apparatus and
preparation for offshore use on deck of a survey vessel (necessary preparations
include: training of personnel, definition of practical offshore testing routines,
development of interpretation software that allows quick and simple backanalyses of test measurements, etc.).
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1.4. THESIS OUTLINE
Research on new site investigation tools for near-surface seabed characterisation in the
soft sediments typically found in deep water is presented within this thesis. The
manuscript is formatted as a series of papers and consists of seven chapters and two
appendixes. After this brief introductory chapter, investigations on the parkable
piezoprobe and the shallow penetrometers (hemiball & toroid) are outlined in five
journal papers. The thesis is structured in such a way that the reader is systematically
taken through the development process of the new shallow penetrometer technology,
starting from the initial design and manufacture of the box-core sized penetrometers up
to the point where the equipment was taken offshore on its first offshore survey on a
live commercial project. The final chapter summarises the key outcomes of the research
presented and highlights the scope for future work. Last but not least, the presented
work is supplemented by two conference papers, which are found in appendixes A and
B. The structure of the thesis is as follows:

Chapter 1: Introduction & Literature Review
The first introductory chapter sets the scene of this thesis by illustrating the research
motivation and objectives. Furthermore, a brief summary of the most relevant literature
regarding conventional as well as innovative new in-situ testing sensors was provided.

Chapter 2: Parkable Piezoprobe
Prior to investigating the toroid and hemiball penetrometers, the focus of this thesis was
on the parkable piezoprobe, as this shallow penetrometer concept features only an
undrained penetration and dissipation stage (i.e. no additional rotation phase), thereby
requiring simpler actuation (in its simplest form, just self-weight penetration).
The journal paper reports a series of small scale centrifuge model tests exploring the
performance of the novel probe. A large deformation finite element (LDFE) model,
incorporating the Modified Cam Clay soil model, was developed and used to simulate
the experiments as well as run a wide-ranging LDFE parametric study examining the
sensitivity of the dissipation response to different soil parameters. The coupled
effectives stress simulations eventually yield a simple interpretation procedure for
inferring accurate estimates of the coefficient of consolidation from field test data
gathered with the parkable piezoprobe.
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Chapter 3-6: Shallow Penetrometers (Hemiball & Toroid)
For the shallow penetrometers the previously described framework of the parkable
piezoprobe, consisting of a penetration and dissipation stage, needs to be extended by an
additional testing stage, namely the rotation phase, which is used to gain insight into the
axial sliding response of a pipe-like structure on the seabed.
The journal paper presented in the third chapter describes the design and development
of the box-core shallow penetrometer testing apparatus and the actuation system
required to drive the probes. An example data set from a laboratory proof-test, which
illustrates the potential of the novel technology, is provided.
Chapter 4 and 5 describe modelling – both experimental and numerical – of the
penetration and dissipation phases and the rotation phase (including variations of it) in
two companion papers, respectively. Guidance on how to best plan a shallow
penetrometer test and back-analyse the resulting test measurements is provided. An
extensive laboratory proof-testing campaign in commercial kaolin clay is reported,
alongside complementary LDFE-simulations used to define new and to improve
existing interpretation methods.
The sixth chapter closes the research presented on the shallow penetrometer technology
by demonstrating that the technology works adequately in real offshore soil. At first
results of laboratory tests performed in reconstituted carbonate silt are highlighted. Then
a practical, significantly shorter offshore testing routine was defined and proof-tested at
UWA, before eventually being tested offshore in box-core samples recovered to the
deck of a survey vessel. Selected results of an early yet successful field application are
showcased at the end of the chapter.

Chapter 7: Concluding Remarks
The final chapter of the thesis summarises the key findings of the research conducted
and provides recommendations on potential device improvements and future research
scope.
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Appendixes
Appendixes A and B include two co-authored conference papers, both of which contain
results of shallow penetrometer tests performed either in the laboratory at UWA or insitu offshore on deck of a survey vessel.

Please note: Since this thesis is formatted as a series of stand-alone papers some
repetition of certain aspects and considerations was inevitable, especially in the
introductory sections of the chapters.
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CHAPTER 2
THE PARKABLE PIEZOPROBE FOR DETERMINING cV AND
STRENGTH - MODELLING AND INTERPRETATION METHODS

Abstract. The parkable piezoprobe (PPP) is a site investigation tool for measuring the
coefficient of consolidation, in-situ offshore, at shallow embedment depths. The device
applies a similar bearing pressure to subsea infrastructure so reaches a comparable selfweight penetration when ‘parked’ at the seabed, representative of an unburied pipeline.
Instrumentation on the device allows the dissipation of penetration-induced excess pore
pressure to be recorded at various locations on the surface. From these dissipation
responses the coefficient of consolidation can be inferred, which is a key parameter in
the design of many offshore structures founded in surficial soil, such as pipelines or
shallow foundations. The intent is that this device is deployed from a seabed frame
while other activities such as penetrometer testing or sampling take place in parallel.
This paper presents robust interpretation methods for the parkable piezoprobe by using
a combination of centrifuge experiments and large deformation finite element analyses.
The centrifuge tests demonstrate that the penetration response of the parkable
piezoprobe is adequately captured by existing bearing capacity models, allowing the
optimum device weight to be identified. A comprehensive interpretation method is then
developed for the dissipation stage. This yields accurate estimates of the coefficient of
consolidation, even for cases where there is no prior knowledge of the soil parameters
or the depth to which the device embeds under its own self-weight.
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2.1. INTRODUCTION
Offshore infrastructure to extract hydrocarbons or develop renewable energy (e.g.
pipelines, cables or shallow foundations) is increasingly founded in regions with very
soft surficial soils. Robust design of these structures requires reliable measurements of
the soil properties, such as undrained strength, su, and coefficient of consolidation, cv.
Conventional tools such as the cone penetrometer (Teh & Houlsby, 1991), piezoprobe
(Whittle et al. 2001) and piezoball (Colreavy et al. 2015) are not suited to the very
shallow embedment depths relevant to pipeline design. Specialist tools such as actuatorcontrolled instrumented model pipes (Hill & Jacob 2008; White et al. 2011) are able to
measure cv at the shallow depths required but are prohibitively expensive to routinely
deploy.

D = 50 mm

(a)

(b)

Figure 2.1: The parkable piezoprobe (PPP): (a) Illustration of device; and (b) small-scale
centrifuge model.

The parkable piezoprobe (PPP) – as described by Chatterjee et al. (2014) and illustrated
in Figure 2.1 – is a device intended primarily to measure the coefficient of
consolidation, cv. The main benefit of the device is that it does not have to be attached to
a drill string or a set of push rods during operation (when ‘parked’), making deployment
simple and allowing other activities to be performed in parallel, before retrieving the
probe. This is a valuable feature since in-situ dissipation tests are costly to perform
offshore, due to the time occupied waiting. The ability to run PPP tests unmonitored
allows the device to be of similar scale to the infrastructure intended to be installed at
the location (e.g. similar to the diameter of a seabed pipeline).
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Chatterjee et al. (2014) first described the PPP and reported non-dimensional dissipation
solutions for a limited range of soil conditions derived from large deformation finite
element analyses. This paper first presents experimental modelling of the PPP concept
via small-scale centrifuge model tests. The centrifuge experiments are used to validate a
large deformation finite element model, which is then harnessed in an extensive
parametric study exploring the sensitivity of the PPP response to the range of soil
conditions likely to be found offshore in regions with soft fine-grained surficial soil.
Finally, a simple interpretation method is proposed that could be used to interpret
measurements derived from field deployment of a PPP and which results in accurate
estimates of the coefficient of consolidation.

2.2. PARKABLE PIEZOPROBE
The parkable piezoprobe (PPP) is an elongated spheroid with pore pressure transducers
located at the invert and midface positions (see Figure 2.1). The cross-section of the
shape (in elevation) and its diameter (at prototype scale) are comparable to a small
seabed pipeline. The probe is envisaged to be lowered on a cable winch from a vessel or
from a seabed frame. Alternatively, it could also be deployed from a remotely-operated
vehicle (ROV).
After the initial undrained penetration stage, which generates excess pore pressures in
the soil, the dissipation response is recorded by an on-board logging system. With
suitable interpretation methods this data can be used to estimate the coefficient of
consolidation. More accurate estimates can be gained if the settlement is also measured
during penetration, as is demonstrated later in the paper. The embedment depth could be
estimated via additional pore pressure transducers along the surface of the PPP1, so that
soil contact would be indicated by an initial spike in the corresponding pore water
pressure reading. Alternatively, contact image sensors (CIS) could be installed on the
surface of the device and used to estimate the soil contact (An et al. 2016).
A probe diameter of 250 mm is suggested for field application of the device. The
following discussion uses the initial dissipation solutions of Chatterjee et al. (2014) to
illustrate the practical timescale of a PPP test for measuring dissipation characteristics,
1

This was not possible on the centrifuge scale model developed for this study but would be possible on a

larger field scale device.
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i.e. the coefficient of consolidation (referred to as cv for a conventional oedometer or
Rowe cell test and ch for a cone penetrometer or pipe section test) relative to other
available devices.

Figure 2.2: Dimensional time required for 50% of excess pore pressures to dissipate, t50, for the
PPP, cone penetrometer and SMARTPIPE.

The time required for 50% of the excess pore pressure at the invert of a 250 mm PPP to
dissipate, t50, is between 2.9 and 4.4 times that of a standard cone penetrometer
(D = 35.7 mm) for an embedment of w/D = 0.5 and w/D = 1, respectively. Although this
testing time exceeds the CPT t50, the PPP is uniquely able to measure cv at very shallow
depths where the conventional CPT dissipation interpretation is not reliable. The only
other device suited to shallow dissipation characteristics determination is the
SMARTPIPE (Hill & Jacob 2008; White et al. 2011). This pipe-like site investigation
tool has dissipation times between 1.5 and 2.3 times longer than the PPP, even though
the device diameters are similar (PPP: 250 mm; SMARTPIPE: 225 mm). This is due to
the planar drainage around the SMARTPIPE. The radial drainage paths around the PPP
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(D = 250 mm) result in shorter test durations despite its slightly larger diameter. Figure
2.2 shows the time required for 50% of the excess pore pressure to dissipate for
different values of the coefficient of consolidation, for the PPP, cone penetrometer and
SMARTPIPE. The comparison is based on the following dimensionless dissipation time
T50 = cvt50/D2: for the PPP, T50 = 0.036 for w/D = 0.5 and T50 = 0.055 for w/D = 1
(Chatterjee et al., 2014), please note that the rigidity index, IR, has practically no
influence on the dissipation response of the PPP (see also section 2.6.2); for the cone
penetrometer T50 = 0.613 for IR = 100 (Teh & Houlsby, 1991); and for the SMARTPIPE
T50 = 0.10 (Gourvenec & White, 2010).

2.3. CENTRIFUGE MODELLING
A total of four centrifuge tests of the PPP were carried out in the geotechnical beam
centrifuge at UWA. In each test an initial undrained penetration was conducted to a
target depth of either 0.5D or 1D, achieved using the actuator in displacement controlled
(DC) mode. During the consolidation phase either the vertical load or the displacement
was held constant, achieved using the actuator in either load controlled (LC) mode
using feedback from the load cell or displacement controlled mode (DC), respectively.
The LC mode represents the PPP resting in equilibrium with the self-weight balanced
by the seabed bearing capacity, although in practice the device was fixed to an actuator
under feedback control. All model tests are summarized in Table 2.1.
Table 2.1: Summary of experimental tests. LC: load control; DC: displacement control.
Centrifuge test

Penetration to w/D (-)

Dissipation mode

LC - 0.5D

0.5

LC

DC - 0.5D

0.5

DC

LC - 1D

1.0

LC

DC - 1D

1.0

DC

The model PPP was 50 mm in diameter and manufactured from aluminium with a
polished surface (see Figure 2.1). All tests were performed at an acceleration of 10 g,
representing an equivalent field scale PPP with a diameter of 500 mm. The probe was
instrumented with a 100 N S-type load cell designed in-house to measure the
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penetration resistance and 50 kPa range pore pressure transducers located at the invert
and midface positions.
Commercial kaolin clay was preconsolidated in-flight at a centrifuge acceleration of
30 g, before reducing the acceleration to 10 g for testing. This resulted in a constant
over-consolidation ratio (OCR) of 3 and an elevated strength gradient which represents
surficial soil conditions commonly found offshore. Penetration was conducted at a rate
(0.125 mm/s at model scale), which was sufficiently fast to avoid any significant
dissipation of excess pore pressures during the embedment of the PPP. At the end of
penetration dissipation was allowed until the penetration induced excess pore pressures
had reduced to ~10% of their initial value. To characterise the sample and benchmark
the penetration resistance measurements, miniature T-bar penetrometer tests were
conducted to measure the undrained strength profile of the sample.

2.4. NUMERICAL MODELLING (LDFE)
To correctly capture the soil heave around the PPP during undrained penetration,
coupled large deformation FE-analyses (LDFE) were performed. An axisymmetric
model based on the “Remeshing and Interpolation Technique with Small Strains
(RITSS)” methodology of Hu & Randolph (1998) was developed and implemented in
ABAQUS (Dassault Systèmes, 2011), following Wang et al. (2010). In brief, each large
deformation analysis is subdivided into many consecutive small strain simulation steps.
To preclude severe mesh distortions the whole soil domain is remeshed at the beginning
of each step, with all stresses and state parameters remapped from the old mesh of the
previous step, to the new undistorted mesh, using the super-convergent patch recovery
technique proposed by Zienkiewicz & Zhu (1992). The consolidation phase was
simulated using a final conventional small strain analysis, i.e. without further
remeshing. The derived stresses and state parameters at the target penetration depth
served as initial conditions for the dissipation stage.
The analysis domain was specified to be sufficiently large – with a depth of 10D and a
radius of 8D – as to eliminate boundary effects. The Modified Cam Clay soil model
(MCC) of Roscoe and Burland (1968) was used in combination with a void ratiodependent permeability function, developed by Mahmoodzadeh et al. (2014), calibrated
to Rowe cell tests performed on kaolin clay. Free drainage was allowed at the mudline
but precluded where the soil was in contact with the probe. This was achieved by
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prescribing hydrostatic conditions (pore pressure relative to the vertical location of each
node on the free surface) at all freely draining surface boundary nodes. The PPP was
modelled as a rigid body with a smooth interface to represent the polished metal surface
of the centrifuge model.
The penetration process was modelled fast enough for drainage to be negligible, with
dimensionless velocity V (= vD/cv) equal to 100 at the invert of the device at the start of
the penetration process. Additionally, a minimum time increment was enforced to avoid
spurious non-physical oscillations in the pore pressure fields (Vermeer & Verruijt,
1981), following the guidance given in the ABAQUS user manual (Dassault Systèmes,
2011). The numerical procedures were initially checked and benchmarked against
existing solutions published by Chatterjee et al. (2014) and Stanier & White (2014).
Additionally, the validity of the modelling assumptions (mesh density, penetration
speed, surface drainage assumption and permeability function) was assessed via
sensitivity analyses.

2.5. COMPARISON OF RESULTS: CENTRIFUGE VS. LDFE
For the following comparisons all units are given in prototype scale using the applicable
scaling laws according to Garnier et al. (2007). For the numerical back-analyses a probe
diameter of 0.5 m was modelled (prototype scale). All penetration phases simulated a
target penetration depth of either 0.5D or 1D. Only the load-controlled (LC) dissipation
phases that followed were modelled, since these tests are more representative of the
anticipated field use of the device (i.e. dissipation under the self-weight of the device).
The simulation parameters and in-situ stress state are summarised in Table 2.2.
Table 2.2: Modified Cam Clay simulation parameters (after Stewart, 1992).
Parameter

Value

Critical state constant, M

0.92

Void ratio on CSL (at p' = 1 kPa), ecs

2.14

Slope of normal consolidation line, λ

0.205

Slope of swelling line, κ

0.044

Poisson’s ratio, υ

0.3
3

Effective unit weight, γ' (kN/m )

6

Unit weight of water, γw (kN/m3)

10

Centre for Offshore Foundation Systems

2-7

Chapter 2

Parkable Piezoprobe

Modelled in-situ stress state

Value

Over-consolidation ratio, OCR

3

For simplicity in back-analysing the centrifuge experiments, isotropic permeability (kh =
kv) was assumed. The influence of potential anisotropic permeability is discussed later
in the paper. A small surcharge of 0.25 kPa was applied at the mudline to improve
numerical stability and create a non-zero strength intercept at the soil surface, su,m
consistent with the centrifuge sample, which had been lightly scraped to flatten the
sample surface prior to testing.

2.5.1. SAMPLE PROPERTIES
Figure 2.3 shows the measured effective unit weight and undrained shear strength
profiles of the centrifuge soil sample. Undrained strength measurements are presented
with and without shallow depth corrections (White et al., 2010), which in this case have
minimal influence on the interpretation due to the moderately over-consolidated state of
the sample. A T-bar factor of 10.5 was adopted, corresponding to an intermediate T-bar
roughness (Randolph & Houlsby, 1984). The MCC model formulation inbuilt in
ABAQUS has a circular yield surface and plastic potential in the -plane. The
corresponding undrained strength profile in the numerical simulations, which as shown
in Figure 2.3b, is in close agreement with the measured strength in the centrifuge
sample, was derived from (Wood, 1990):
M  np  1  2K0,oc 
su   
 v
2 r 
3
Λ

np 

1  2K  OCR
1  2K 
0, nc
0, oc

 M  
r  exp 

 M 
(2.1)

K 0, nc  1  sin  cv

K 0, oc  K 0, nc OCR

 
 sin cv

with the parameters η and Λ defined as q/p' and (-)/, respectively.
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(a)

(b)

Figure 2.3: Soil properties measured vs. modelled: (a) effective unit weight; and (b) undrained
shear strength.

2.5.2. PENETRATION STAGE
The total vertical resistance Vtot during PPP penetration is the sum of the geotechnical



resistance of the soil Vgeot and the soil buoyancy Vb  f b 'vsub



where fb is an

adjustment factor and vsub the embedded volume. The bearing capacity equation,
rearranged in terms of the bearing capacity factor or normalised penetration resistance
Nc,nom, is therefore:

N c , nom

 Vgeot   Vtot 
   vsub 

 
  fb 

 Anom su 0   Anom su 0 
 Anom su 0 

with

Anom 

 D2
4

(2.2)

The initial undrained shear strength at the corresponding invert depth is represented by
su0 and can be calculated using Equation 2.1. The contribution of soil buoyancy in
excess of Archimedes’ principle, caused by the generation of soil heave, is accounted
for by the factor fb. Stanier & White (2014) determined that the fb factor for a hemiball
penetrometer, which has exactly the same geometry as the parkable piezoprobe, could
be adequately captured by
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f b , PPP  f b , hemi  1.19  0.06  k su D / su , avg 

su , avg  su , m  0.5 k su D

with

(2.3)

where su,m represents the soil strength at the mudline, ksu the strength gradient with depth
and D the probe diameter. For a given embedment depth, w, the embedded volume vsub
of the device (below the original soil surface) can be determined by

vsub 

 w2
3

1.5D  w

for

w  0.5D
(2.4)

vsub 

D
12

3



D
8

2

 2w  D 

for

0.5D  w  D

The linear shear strength profile (Figure 2.3b) is used to estimate the penetration
resistance for the PPP through: (i) direct numerical modelling of the experiments and
via (ii) a prediction of the undrained penetration resistance using the model for
undrained hemiball penetration resistance based on the equations above and the
functions for Nc,nom given by Stanier & White (2014).
Figure 2.4 compares the numerical simulations, centrifuge measurements and
calculation model given above. All four centrifuge tests are in relatively close
agreement with each other, showing excellent test repeatability and lateral homogeneity
of the centrifuge sample. There is also very good agreement between the experimental
results and the numerical simulations. The bearing capacity model after Stanier & White
(2014), which was originally derived from parametric large deformation FE-analyses
based on the Tresca model, provides upper and lower bounds that fall on either side of
the MCC simulation. The normalised resistance of the smooth Tresca simulation based
model fit is ~15% less than the MCC simulations. This discrepancy is not unexpected
and is partly due to the different yield surface shapes assumed by the two models
(MCC: circular vs. Tresca: hexagonal). The difference is close to the maximum
deviation theoretically possible between the two models (2/√3  15.5% if plane strain
shear conditions are prevalent) and may therefore also be a consequence of slight
drainage during the penetration phase. Similar observations were made by
Mahmoodzadeh et al. (2015) where coupled MCC penetrometer analyses yielded
between 9 and 12% higher penetration resistance compared to equivalent Tresca
simulations.
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(a)

(b)

Figure 2.4: Comparison of experimental measurements and numerical simulations: (a) total
penetration resistance vs. depth; and (b) normalised penetration resistance vs. normalised depth.

The simulations illustrate that the prediction model of Stanier & White (2014) is
adequate to either: (i) deduce an undrained strength profile at shallow depth if the
vertical soil resistance is measured (as in this instance), (ii) deduce a spot measurement
of undrained strength if the penetration depth and self-weight of a PPP are known; or to
(iii) estimate the self-weight requirements of the PPP for different anticipated soil
conditions.

2.5.3. DISSIPATION STAGE
A challenge associated with developing a simple interpretation method from numerical
simulations using the Modified Cam Clay soil model, is to calculate an appropriate
value for the consolidation coefficient with which to normalise the simulated dissipation
response. This is a necessary step in order to determine the non-dimensional time
required for 50% dissipation to occur (T50) for general application of the interpretation
method. The choice is a compromise, as in reality dissipation is a highly non-linear
process with spatial and temporal variations in stiffness, so the required representative
value for cv must be selected carefully. Depending on the current soil state (e.g. lightly
over-consolidated or normally consolidated conditions) the operational stiffness can
change during the course of the dissipation stage (i.e. transitioning between the
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reloading and normal compression lines). The initial coefficient of consolidation cv0 is
defined conventionally (e.g. Chatterjee et al. (2014); Chatterjee et al. (2013)) as a
function of the slope of the normal compression line, . The implications of this
assumption will be revisited later in the paper.
The initial coefficient of consolidation cv0 at the invert depth, corresponding to the start
of the dissipation phase, may be estimated as

cv 0 

k 1  e0  p0'
k0
 0
mv  w
w

(2.5)

The parameter is defined as a function of the initial permeability k0, void ratio e0 and
mean effective stress p'0 at the same embedment. Figure 2.5 presents dimensional and
non-dimensional interpretations of the centrifuge measurements alongside their
numerical simulations for a normalised embedment of w/D = 0.5 and w/D = 1. The
centrifuge measurements are shown with and without the correction suggested by Sully
et al. (1999), where back-extrapolation is used to estimate the initial excess pore
pressure at the start of dissipation (the so-called root-time method). This correction,
which was originally suggested for non-monotonic dissipation measurements, is
necessary to account for lag in the measured pore pressure response and to ensure that
an appropriate initial excess pore pressure is used in the following normalisation. The
excess pore pressure, Δu(t), is normalised by its initial value, Δui, at the onset of the
dissipation stage, whilst the normalised time, T, is expressed as a function of the
dissipation time t as:

T 
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(a)

(b)
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(c)

(d)

Figure 2.5: Experimental measurements compared to numerical simulations, with and without
Sully et al. (1999) correction: (a, b) dimensional response; and (c, d) non-dimensional response
for w/D of 0.5 and 1, respectively.
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The normalised dissipation responses are of similar shape for both the numerical LDFEsimulations and the centrifuge tests. In this interpretation the non-dimensional
dissipation curves extracted from the numerical simulations at the invert and midface
locations are normalised by the same value of cv0, taken at the invert depth. Therefore,
the coefficient of consolidation, cv0, derived by matching the experimental and
numerical dissipation curves (varying the cv0 value used to normalise the experimental
measurements), should be very similar for both the midface and invert locations.
Table 2.3: Summary of cv0 and T50 from experiments and simulations.
cv0 (m2/yr)
w/D

T50 (-)

inferred cv0
(back-fitting to LDFE)

simulated cv0
(Equation 2.5)

invert

midface

0.5

0.6

0.6

0.005

0.007

1.0

2.4

0.67

0.009

0.010

Table 2.3 compares the inferred coefficients of consolidation with the simulated values.
Additionally, the normalised times T50 required to dissipate 50% of the accumulated
excess pore pressures, are presented in the table. For an embedment depth of 0.5D, the
dissipation response is well-predicted by the LDFE-simulation for both the invert and
midface locations. As a consequence, excellent agreement between the inferred (backfitted by varying the value of cv0 used in the normalisation until the experimental and
numerical curves aligned) and the simulated cv0 values is also achieved in nondimensional terms. For an embedment depth of 1D and the input model parameters
adopted, the experimentally measured dissipation is significantly faster than that
simulated. The back-fitted coefficient of consolidation is consequently higher than the
value prescribed in the numerical simulations.
There are a number of potential causes for this disparity. For example, there is some
suggestion in the literature that the horizontal permeability, kh, of kaolin clay is greater
than the vertical permeability, kv, by a factor of 2-3 (Al-Tabbaa & Wood, 1987). Under
the assumption that radial dissipation dominates and is therefore mostly controlled by
the horizontal permeability, the back-calculated coefficient of consolidation, cv0, could
increase by a factor of about nk = kh / kv  3.
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The magnitude of this discrepancy when comparing the LDFE and centrifuge results at
the two embedment depths prompted a further parametric study varying the parameters
that control the consolidation coefficient to systematically identify the most likely
source. This study provides a better basis to interpret PPP dissipations in a given soil
sample, beyond a single estimate of cv0.

2.6. PARAMETRIC STUDY AND INTERPRETATION MODEL
2.6.1. PROCEDURE AND ASSUMPTIONS
The parametric study examines the effect of permeability anisotropy, over-consolidation
ratio and also changes in the elastic stiffness. The operative coefficient of consolidation,
ch0, is explored by varying these parameters systematically. The results are interpreted by
adjusting the previously-defined coefficient of consolidation, cv0, by factors fk, and fst
which account for the effect of anisotropic permeability and the operative stiffness,
respectively, resulting in:

ch 0  f k f st cv 0

with

cv 0 

kv 1  e0  p0'

w

(2.7)

The cv0 value adopted in the previous section corresponds to a value measured in an
oedometer or conventional Rowe cell test, where vertical pore water flow typically
dominates. For soils with anisotropic permeability, the isotropic permeability, k0, in
Equation 2.5, is replaced by the vertical permeability, kv, in the definition of cv0. A
dimensionless time, T*, is then defined in terms of the operative coefficient of
consolidation, ch0, and two further influence factors, fRI and fw, which account for the
influence of the rigidity index and the embedment depth, to give:

T *  f RI f w

ch 0 t
D2

(2.8)

Suitable functions to generate these factors have been derived from the LDFEsimulations summarised in Table 2.4. The rigidity index in the MCC Model was adjusted
by varying the Poisson’s ratio.
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Table 2.4: Summary of scope of parametric analyses (bold text: baseline case)
Parameter

Value

Target Sensitivity

Target Factor

0.25 / 0.30 / 0.35

Rigidity index IR

fRI

1/2/3

Anisotropy: kh > kv

fk

Slope of normal consolidation line, λ

0.110 / 0.205 / 0.352

Ratio of / *

fst

Slope of swelling line, κ

0.044 / 0.062 / 0.082

Ratio of / *

fst

Over-consolidation ratio, OCR

1 / 1.5 / 2 / 3 / 4 / 5

Effect of OCR

fst

Normalised embedment depth, w/D

0.3 / 0.4 / 0.5 … 1

Effect of embedment

fw

Poisson’s ratio, υ
Permeability ratio, nk = kh / kv

* The  and  values selected lead to ratios of / = 0.125, 0.215, 0.3, 0.40.

For each simulation one parameter was varied from the baseline case (values given in
bold in Table 2.4) to assess its influence on the non-dimensional dissipation response. For
all parameter combinations (14 in total) an initial undrained penetration to a depth of 1D
was simulated (at a dimensionless penetration rate, V = 100). A smooth probe with a
diameter of 0.25 m was considered following Chatterjee et al. (2014). An effective unit
weight of 5 kN/m3 was adopted for the soil and a constant vertical permeability of kv =
10-9 m/s was assumed for all cases. To improve numerical stability and generate a small
strength intercept at the soil surface a surcharge of 1 kPa was introduced at the mudline
(following Chatterjee et al., 2014). All other parameters remain as in the previous section
(see Table 2.2).
Consolidation phases corresponding to normalised embedment depths of w/D = 0.3, 0.4,
0.5 ... 1 were analysed. Depths less than 0.3D were not modelled as this is approximately
the minimum depth required for both the midface and invert pore pressure measurement
locations to be sufficiently embedded to achieve reliable dissipation measurements for the
current configuration of device. Figures that illustrate the influence of the parameters and
the effectiveness of the proposed factors in collapsing all dissipation responses to a single
curve are given in the following sections. For brevity, only dissipation at the invert
location for an embedment of 0.5D is shown, however the midface performance and the
responses at all other embedment depths were very similar.
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2.6.2. EFFECT OF RIGIDITY INDEX
To investigate the influence of the rigidity index IR = G/su on the dissipation solution,
LDFE-calculations assuming different values of Poisson’s ratio were conducted. The
rigidity index is estimated based on the initial undrained shear strength su0 and shear
modulus G0 at the invert level of the probe. The initial shear stiffness G0 can be
calculated as:

G0 

3 p '0 1  e0 1  2v 
2  1  v 

(2.9)

Poisson’s ratios of 0.25, 0.30 and 0.35 correspond to rigidity indexes of 130, 100 and
72, respectively. For the cone and ball penetrometers a function for the influence factor
due to changes in rigidity index, referred to as fRI here, is typically defined as (Teh &
Houlsby, 1991):

f RI 

1

 IR 



(2.10)

The numerical simulations with rigidity indexes varying in the range of 72-130
indicated that the appropriate value for β for the PPP was objectively defined via best
fitting as 0.001. This results in an insignificant influence factor fRI of effectively unity.
In other words, the rigidity index has practically no influence on the dissipation
response of the PPP due to the lack of confinement at shallow embedment; therefore the
influence factor fRI can be discarded. This is in contrast to cone and ball penetrometers,
where values of 0.5 (Mahmoodzadeh et al., 2014) and 0.25 (Mahmoodzadeh et al.,
2015) apply, respectively.

2.6.3. EFFECT OF PERMEABILITY ANISOTROPY
The permeability ratio nk was varied to evaluate the effect of anisotropic flow
conditions. A function for the influence factor fk is defined as follows:

fk 
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Figure 2.6 illustrates that this function collapses all responses to a unique curve, which
means that the operative permeability is essentially the geometric mean of the
permeability components in three dimensions. An expression, yielding similar fk factors,
was found by Wang et al. (2015) for the piezoball, with the slight deviation mainly due
to the difference in device geometry and embedment conditions.

(a)

(b)

Figure 2.6: Effect of nk on normalised dissipation response at w/D = 0.5: (a) conventional
normalisation; and (b) proposed normalisation.
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2.6.4. EFFECT OF OPERATIVE STIFFNESS (FOR NC-CONDITIONS)
The influence of the operative stiffness was examined by changing the value of  or .
The dissipation response normalized by cv0 varies with the ratio of /, and this is
confirmed in Figure 2.7a, where two different parameter combinations – both with a
ratio of / of 0.4 – lead to the same dissipation response. For normally consolidated
(NC) clay the influence factor, fst, can be defined as follows (Mahmoodzadeh et al.,
2014 & 2015), where  controls the influence of the stiffness ratio, /:

f st   
 



(2.12)

A value of  0.25 collapses all of the dissipation responses for normally consolidated
soil, where the slope of the normal compression line dominates the operative stiffness,
as shown in Figure 2.7b. Numerical analyses of piezocone dissipation tests by
Mahmoodzadeh et al. (2014) revealed the same for the cone, namely that the stresspaths observed in the vicinity of the cone are partially influenced by the reloading
stiffness, even for normally consolidated conditions. The responses for / of 0.3 and
0.4 were almost indistinguishable, hence for clarity, the dissipation response for the /
equal to 0.3 case is omitted in Figure 2.7a.

(a)
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(b)

Figure 2.7: Effect of ratio κ/ on normalised dissipation response at w/D = 0.5: (a) conventional
normalisation; and (b) proposed normalisation.

2.6.5. EFFECT OF OVER-CONSOLIDATION RATIO
To calibrate the sensitivity of the dissipation response to lightly over-consolidated
conditions, additional LDFE-simulations were run with constant OCR in the range of 1
to 5. Figure 2.8a illustrates the sensitivity of the dissipation response to these lightly
over-consolidated conditions. The dissipation responses can be collapsed to a unique
curve as shown in Figure 2.8b by modifying the stiffness factor for normally
consolidated conditions, fst, by: (i) applying a factor OCR to account for the difference
in mean stress caused by over-consolidation (Mahmoodzadeh et al., 2014); and (ii)
varying the weighting factor  in Equation 2.12, as a function of the OCR. The factor fst
becomes



f st    OCR Λ
 

Centre for Offshore Foundation Systems

with

Λ

 


(2.13)

2-21

Chapter 2

Parkable Piezoprobe

(a)

(b)

Figure 2.8: Effect of OCR on normalised dissipation response at w/D = 0.5: (a) conventional
normalisation; and (b) proposed normalisation.

A suitable relationship for  was determined via back-fitting to the optimal values for
each simulation (see Figure 2.9), resulting in

  a  e b/ OCR

with
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Figure 2.9: Definition of weighting factor as a function of OCR.

This expression retains  = 0.25 at OCR = 1 as determined previously. The change in 
from ~0.25 for normally consolidated conditions to ~0.55 for an OCR equal to 6 (where
Equation 2.14 is approaching an asymptotic state) reflects that the reloading stiffness 
increasingly dominates the dissipation response as the soil becomes more overconsolidated.

2.6.6. INFLUENCE OF EMBEDMENT DEPTH
Finally, all dissipation responses for embedment depths in the range of 0.3 to 1D can
also be collapsed to a unique curve by applying a scaling factor that varies with
embedment. This is useful for assessing the uncertainty in consolidation coefficient that
would exist if the embedment of the PPP was not known.
For each analysis the fitting parameters T50* and m*, which describe the dissipation
solution according to Equation 2.15, were back-fitted for all cases simulated, after
accounting for the influence factors fk and fst.
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u
1

ui 1  T / T50 m

(2.15)

The data points (finite element simulation increments) that make up the numerical
dissipation responses generally had non-uniform time intervals. Consequently each data
point was weighted in the back-fitting process so that its influence on the fitting process
was proportional to the time interval that it represented. Figure 2.10 shows the
dependency of the back-fitted parameters T50* and m* on the normalised penetration
depth w/D for the invert location.
Using the estimated average values of T50* a suitable relationship for the influence
factor fw was established, collapsing all of the dissipation responses to a unique curve
equal to that for an embedment of 0.5D, given by:

fw 

T50*  w / D  0.5
*
50

T



 w / D

fw  a  w / D

b

with

a  0.65 & b  0.67

(2.16)

Figure 2.11 shows the fit of Equation 2.16 versus the optimally back-fitted values for
w/D in the range of 0.3 to 1. For simplicity a single relationship for fw is recommended,
which is valid for both the invert and the midface pore pressure sensor locations, with
minimal error.

(a)

(b)

Figure 2.10: Dependency on embedment depth of back-fitted: (a) T50* and (b) m* for invert
position.
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Figure 2.11: Definition of embedment influence factor for invert and midface location.

The operative coefficient of consolidation ch0 can be determined with reasonable
accuracy even if the exact embedment depth of the probe is unknown (i.e. the
embedment is not measured). In this event an fw factor of 1 – corresponding to a
normalised embedment, w/D, of 0.5 – can be assumed, resulting in a maximal deviation
from the optimal value of 50% for an actual embedment of 0.3D or 35% for an
embedment of 1D, assuming the probe embedment is within this range.

2.6.7. PROPOSED INTERPRETATION MODEL
Using the influence factor relationships developed in the preceding sections, unique
dissipation curves for the invert and midface locations can be determined for a
normalised embedment, w/D, of 0.5, which can then be used to back-analyse any field
dissipation tests with reasonable accuracy. Values for T50* and m* are given in Table 2.5
for general use for both the midface and invert pore pressure sensor locations.
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Table 2.5: Dissipation solution fitting parameters for the proposed interpretation model.
Location

T50* (-)

m* (-)

Invert

0.035

1.05

Midface

0.041

1.05

Field data from parkable piezoprobe dissipation tests can be interpreted with the
following simple procedure:
1. Evaluate fw (Equation 2.16) if embedment was measured; otherwise assume an
influence factor fw of 1.
2. Normalise the dissipation data according to Equations 2.8 (note: fRI = 1) and fit
the resulting data to the curve described by Equation 2.15 (using the appropriate
parameters from Table 2.5) by varying the operative coefficient of consolidation,
ch0, used in the normalisation.
3. Optional: Estimate the sensitivity of the oedometric coefficient of consolidation,
cv0, using Equations 2.7, 2.11, 2.13 and 2.14 and an expected potential range for
the various unknown soil parameters.

2.6.8. VERIFICATION OF INTERPRETATION MODEL
The interpretation model was verified by performing additional LDFE simulations for
randomly selected embedment depths and parameter combinations not used in the
development of the interpretation model, but within the bounds of the parametric study
presented in the previous section. In Figure 2.12 the operative coefficient of
consolidation, ch0, inferred from the interpretation model is plotted against the expected
value determined from Equation 2.7 for fifteen validation cases. The interpretation
model proves to be accurate and robust for all cases studied with errors generally within
±10%.
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Figure 2.12: Performance and validation of proposed interpretation-model.

2.7. EXAMPLE APPLICATION
The proposed interpretation model was next used to reinterpret the centrifuge test
results, following the steps developed in the previous section:
1. Appropriate values of the embedment influence factor, fw, were taken for the
embedment depths of 0.5D and 1D.
2. The measured dissipation data was then normalised according to Equation 2.8,
(taking fRI = 1). Equation 2.15 was used to generate a model fit (using the
appropriate best estimate parameters for the test data as summarised in Table
2.5) to which the measured dissipation was back-fitted by adjusting the
operative coefficient of consolidation, ch0. This procedure yielded best estimate
values of ch0 of 3.1 m2/yr and 14 m2/yr for embedment depths of 0.5D and 1D,
respectively.
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3. The sensitivity of the oedometric coefficient of consolidation, cv0, was estimated
over an expected potential range for the various unknown soil parameters via a
Monte Carlo analysis using the variables outlined in Table 2.6.
Table 2.6: Soil parameter inputs to Monte Carlo analysis.
Input variable

Lower bound

Mean value, μ

Upper bound

Distribution

/

0.125

0.215

0.4

*

nk

1

2

3

uniform

OCR

N/A

3

N/A

N/A

* Normal distributions for  and , with μλ = 0.205 and μκ = 0.044 (after Stewart, 1992) and corresponding
standard deviations λ and κ chosen so that 99% of all resulting κ/λ-ratios fall within stated range

For comparison purposes the best estimate ch0 values derived from step 2, valid for an
OCR of 3, were converted to values representative of normally consolidated conditions,
using Equation 2.13 ( and  assumed according to Table 2.2). The estimated ch0,nc
values are consistent with trends back-extrapolated from other published data for UWA
kaolin clay under higher stress conditions (Figure 2.13). The interpretation of the
operative coefficient of consolidation at the invert, ch0, was consistent irrespective of the
considered pore pressure sensor location (midface or invert), demonstrating that the
interpretation model derived is internally consistent.
The estimated distributions of the oedometric cv0 values, derived via the Monte Carlo
simulation conducted as part of step 3, are presented in Figure 2.14. The 5% and 95%
percentiles, which are often used in design, are also indicated in the figure. This latter
example serves as a demonstration of how the PPP interpretation method developed can
be used to interpret dissipation data to estimate operative coefficients of consolidation,
ch0, and a potential range of equivalent oedometric coefficient of consolidation, cv0,
given approximate expected ranges of the governing soil parameters. The range of cv0
can be refined using other site investigation data as input as it becomes available.
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Figure 2.13: Inferred ch -values of centrifuge experiments compared to existing literature.

Figure 2.14: Estimated distributions of oedometric cv0 values (Monte Carlo simulation).
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2.8. CONCLUSIONS
The parkable piezoprobe is a promising tool for economically measuring the coefficient
of consolidation offshore. This paper has presented results from centrifuge model tests
and a comprehensive suite of large deformation finite element simulations investigating
the performance of the parkable piezoprobe have been reported, leading to the following
conclusions:


All centrifuge measurements of the undrained penetration stage were in
excellent agreement with the results of the numerical large deformation
simulations. The experimentally recorded and numerically simulated dissipation
responses were consistent with each other in both non-dimensional and
dimensional terms.



Back-analyses of the centrifuge tests revealed that the model of Stanier & White
(2014) is adequate to define the effective weight of device required to achieve a
penetration in the range of 0.3-1D for anticipated in-situ conditions.



A simple interpretation model for inferring the operative coefficient of
consolidation ch0 from field test data was developed from a series of LDFE
analyses. In its simplest form – with no prior knowledge of soil properties or the
initial embedment depth of the device – reasonably accurate estimates of the
operative coefficient of consolidation, ch0, can be achieved. More accurate
estimates can be achieved in the event that some of the soil parameters are
measured independently.



Due to the radial drainage of excess pore pressures around the device dissipation
tests for the PPP (D = 250 mm) are about twice as fast as for the SMARTPIPE
(D = 225 mm), where planar drainage dominates. Piggybacking these tests onto
a site investigation survey would therefore provide an economical way to
reliably gain near surface seabed properties.
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CHAPTER 3
APPARATUS FOR MEASURING PIPE-SOIL INTERACTION
BEHAVIOUR USING SHALLOW ‘PIPE-LIKE’ PENETROMETERS

Abstract. Reliable characterisation of surficial marine sediments is essential to ensure
safe and economical design of subsea infrastructure for offshore energy facilities (e.g.
seabed cables, pipelines and shallow foundations). Conventional in-situ testing methods
(e.g. CPT or T-Bar) require careful interpretation to account for the effects of shallow
embedment, while laboratory tests are affected by sampling induced disturbances, the
impact of which can be significant at the low stress levels relevant to the design of
subsea infrastructure. This paper describes two novel box-core sized shallow
penetrometers – the hemiball and toroid – which mimic the shape of subsea pipelines
and have been designed to reliably measure the strength, consolidation and frictional
properties of surficial offshore sediments. The development and specification of the
actuator used to operate these probes, is also described. Another major benefit of these
penetrometers, which are intended to be used offshore for on-deck testing aboard a
survey vessel, is their capability to generate effective stress interpretations of the soil
behaviour, since pore pressures transducers are installed and monitored throughout
testing. The results of a first laboratory proof test are presented to illustrate the potential
of this novel sensor concept.
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3.1. INTRODUCTION
Reliable characterisation of surficial marine sediments in deep water is becoming
increasingly important as the demand for subsea infrastructure increases. Seabed cables,
pipelines and shallow foundations are three examples of subsea infrastructure that are
founded at shallow depths in very soft offshore soils (su < 10 kPa). It is difficult to
assess the strength of such surficial sediments with conventional testing tools (e.g. CPT
or T-Bar), due (i) to the low strengths and (ii) the requirement for adjustment of the
measurements to account for shallow embedment (White et al., 2010).
Routine laboratory tests (e.g. simple shear or triaxial tests) performed on recovered tube
samples may be adversely affected by sampling-induced disturbances (Clayton et al.,
1998; Hover et al., 2013) and therefore also yield unreliable test results. Similarly,
performing direct shear or interface shear tests at low stress levels (σ’n < 20 kPa) is
challenging, with the measurements often requiring significant ‘system friction’
corrections dependent on the design of the apparatus (Lehane & Liu, 2013), which adds
uncertainty to the interpretation. Other more exotic laboratory tests, such as the tilt table
(Pedersen et al., 2003) and Cam-Tor apparatus (Kuo et al., 2015) have been developed
that are better suited to testing soil at low stress levels. However, both require samples
to be recovered to an onshore laboratory, which creates a delay after sampling before
the soil properties are determined and leaves the samples open to potential disturbances
in transit.
The Fugro SMARTPIPE (Hill & Jacob, 2008; White et al., 2010) is a 200 mm diameter
model pipeline equipped with surface pore pressure transducers and controlled in-situ
on the seabed by a three degree of freedom hydraulic actuator (controlling axial, lateral
and settlement movements). The device can perhaps be regarded as the ‘gold standard’
tool for making pipe-soil interaction measurements. However, its application is costly
due to the timescales required for testing on soft clay seabeds, mainly because of the
low values of the coefficient of consolidation (cv) expected and the relatively large
diameter of the model pipeline.
A potential alternative is to perform in-situ measurements using shallow penetrometers,
such as the hemiball or toroid (Figure 3.1), that mimic (in cross section) the shape of
subsea infrastructure such as pipelines. In principle these devices facilitate more reliable
measurement of near-surface soil properties (Yan et al., 2011; Stanier & White, 2014;
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Boscardin & DeGroot, 2015). Both probes are envisaged to be capable of measuring all
of the essential pipe-soil interaction parameters required in modern geotechnical
pipeline (or seabed cable) design, in just a couple of relatively short tests (< 30 mins
each) performed in a box core sample (~0.5 m by ~0.5 m by ~0.5 m in volume)
recovered to the deck of a survey vessel.

(a)

(b)

Figure 3.1: Schematic illustration and used nomenclature: (a) hemiball; and (b) toroid with pore
pressure transducers positioned on invert (inv), intermediate (int) and midface locations (mf).

A shallow penetrometer test consists of three stages: penetration, dissipation and
rotation, and interpretation of the data captured in these stages yields parameters
quantifying,

respectively,

the

undrained

strength,

consolidation

and

friction

characteristics of soft near-surface sediments. Interpretation methods already exist for
both the toroid and hemiball. For interpretation of the penetration stage Stanier & White
(2014) reported outcomes from a large deformation finite element parametric study of
the undrained penetration stage (LDFE), using the RITSS methodology (remeshing and
interpolation technique with small strains) of Hu & Randolph (1998) in combination
with the Tresca constitutive model. Yan et al. (2017) provided models to interpret the
dissipation and rotation stages. The latter solutions were developed from wished-inplace small-strain finite element simulations incorporating the Modified Cam Clay
(MCC) soil model, which is appropriate for the fine-grained normally consolidated
conditions prevalent in the subsea environment where shallow penetrometer tests would
be applicable.
This paper describes the apparatus required to execute shallow penetrometer tests
offshore, within a box core sample recovered to the deck of a survey vessel. We
demonstrate that careful consideration must be given to: (i) the design of the actuator;
and (ii) the specification of the sensors incorporated in the shallow penetrometers, to
Centre for Offshore Foundation Systems
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ensure accurate resolution of the measurements. An example test on a soft kaolin clay
sample is used to illustrate the capabilities of the system.

3.2. SHALLOW PENETROMETERS
3.2.1. DESIGN AND SIZE
The toroid and hemiball penetrometers are pipe-like devices (in cross-section) that
closely mimic the infrastructure being investigated. Consequently, the uncertainty
resulting from geometric conversion of the interface response to that representative of a
pipeline or subsea cable is minimised. Figure 3.2 presents detailed engineering drawings
of the penetrometer designs for the box core sized hemiball (100 mm diameter, D) and
toroid (25 mm diameter, D; 50 mm lever arm, L; and aspect ratio, L/D = 2 after Yan,
2011).
The size of the shallow penetrometers was selected to balance two opposing drivers: on
one hand the devices should ideally be similar in size to typical subsea pipelines to
minimise scaling uncertainty, whilst on the other hand the devices ought to be small
enough in cross-sectional diameter that the dissipation characteristics and evolving soil
response can be measured in a practical timescale within a box core sample (typically:
0.5 m x 0.5 m). Also, the device should be large enough that small undulations of the
soil surface do not cause the penetration to be excessively non-uniform around the
circumference of the device, hampering interpretation.
Pore pressure transducers are located at various positions around the probe, therefore
facilitating an effective stress interpretation of the frictional response of the soilpenetrometer interface. For the hemiball a total of 5 pore pressure transducers are
positioned on the penetrometer interface (Figure 3.1), with two transducers at the socalled midface (abbr. mf, at an angle of 45 degrees) and intermediate positions (abbr.
int, at an angle of 22.5 degrees) and one at the invert (or tip) of the device. On the toroid
all four pore pressure sensors are located at the invert (abbr. inv). The shallow
penetrometers attach to an actuator using an M10 threaded connector and locking collar.
The interior of the shallow penetrometers was hollowed out for placement of pore
pressure transducers within the cavity of the device.
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(a)

(b)

Figure 3.2: Rendered drawings of: (a) toroid; and (b) hemiball penetrometer.

3.2.2. INTERFACE FINISH
In order for the shallow penetrometers to be able to measure the drained friction angle
during slow sustained rotation, the penetrometer surface must be sufficiently rough. To
identify a suitable surface finish, low stress drained interface shear box tests (σ'n 8-12
kPa; 82 mm diameter interface; see also Boukpeti & White, 2017) were conducted on
normally consolidated kaolin clay using machined and shot-blasted plastic inserts
(Polyoxymethylene).
At such low stress levels, it is important to account for the weight of the upper half of
the shear box, hence the corrections proposed by Lehane & Liu (2013) were
incorporated into the interpretation of the interface shear box data. Two different
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correction procedures were considered, depending on whether or not soil was squeezed
into the gap between the two halves of the direct shear apparatus (approach 1: no soil
squeezed between upper and lower shear box; and approach 2: soil present between
shear boxes). Nevertheless, for the purposes of identifying the degree of interface
roughness, both interpretation methods result in an identical normalised response
(normalisation: tan /tan').
Figure 3.3 shows the results of an example interface shear box test at an effective
normal stress of about ~10.7 kPa, normalised by the drained friction coefficient, tan',
interpreted from complimentary direct shear tests performed on the same material. The
machined inserts mobilise around 75% of the drained friction angle, whereas the shotblasted finish mobilised the full drained friction angle.

Figure 3.3: Typical interface shear box test to estimate the proportion of friction mobilised by
the shallow penetrometer interface.
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3.3. INSTRUMENTATION
3.3.1. LOAD CELL
Penetration resistance: The shallow penetrometer penetration resistance model of
Stanier & White (2014) – which is based on an extensive large deformation finite
element parametric study using the Tresca soil model – was used to estimate the vertical
load required to penetrate the box core sized shallow penetrometers into soil with a
range of undrained strength profiles. The undrained penetration resistance, V, for a
shallow penetrometer consists of two different components: (i) the geotechnical
resistance, Vgeot; and (ii) the soil buoyancy, Vb, according to:
V  Vgeot  Vb  Nc , nom Anom su 0  fb Vs  '

(3.1)

The geotechnical resistance is generated by the soil strength itself, here represented by
su0, which describes the intact strength at the invert level of the probe. Anom, representing
the nominal area, can be calculated as
Anom,Hemi   D2 4

or

Anom,Toro  2 LD

(3.2)

The bearing capacity factor, Nc,nom, varies as a function of the embedment depth, w, and
the average dimensionless undrained shear strength, ksu D/su,avg (Stanier & White, 2014).
The soil buoyancy felt by the probe is a function of the effective unit soil weight, γ', the
submerged penetrometer volume below the original mudline, Vs, and an enhancement
factor, fb, to account for the increase in soil buoyancy in excess of that due to the
nominal embedment depth below the soil surface, due to soil heave around the
periphery of the penetrometer.
Torsional resistance: For normally consolidated or lightly over-consolidated sediments
typically found offshore, the peak torsional resistance at the interface of a toroidal or
hemispherical penetrometer is limited by the consolidated undrained (CU – for rapid
tests) or drained (D – for slow tests) behaviour of the soil. For the case of zero excess
pore pressure, the (drained) torsional resistance, T, of the soil is
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THemi  tan   Hemi V reff

or

TToro  tan   Toro V L

(3.3)

with a limiting value for a fully rough interface obtained assuming tan = tan'. The
parameter  is a wedging factor to account for the non-planar surface of the shallow
penetrometers and depends on the semi-angle,  = cos-1(1-2w/D), of the embedded
segment. Following Yan (2014) for the hemiball and White & Randolph (2007) for the
toroid this factor may be expressed as

 Hemi 

3sin 2 

2 1  cos  
3

 1.5

or

 Toro 

2sin 
 1.27
  sin  cos

(3.4)

The effective radius is required to convert the measured torque into an equivalent axial
force for a pipeline. For the hemiball reff can be expressed as a function of the semiangle, , as
reff 

D sin
3

(3.5)

whereas for the toroid it is equal to the lever arm of the device, which is 50 mm.
Sensor selection: Figure 3.4 presents the vertical force required to penetrate a fully
rough hemiball or toroid penetrometer to a normalised depth of w/D = 0.5 as well as the
torque necessary to rotate the device under drained conditions (i.e. no excess pore
pressure generation). Undrained shear strength profiles with different mudline strengths
sum (0-8 kPa) and gradients with depth ksu (8-0 kPa/m) are considered for the vertical
load estimates in Figure 3.4a and interface friction angles corresponding to 20˚ and 40˚
for the torque estimates in Figure 3.4b. Due to the shallow probe embedment, w, it turns
out that the vertical penetration resistance, V, is largely independent on the combination
of sum and ksu, thus essentially proportional to the undrained strength at the device invert,
su0 = sum+0.5Dksu for w/D = 0.5, as shown in Figure 3.4a. The dashed lines represent the
load and torque generated during vertical penetration and rotation, respectively, with an
effective normal stress, σ'n, of 20 kPa acting on the surface of the penetrometer, which is
a realistic upper limit of the operative stress that pipelines and shallow foundation apply
to the seabed. Based on these specifications a Futek MBA500 combined vertical load
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and torque cell (model number: FSH00747; load capacity: 444 N; torque capacity: 11.3
Nm; safe overload: 150%; temperature compensation range: 15-70˚) was selected.

(a)

(b)

Figure 3.4: Dimensioning of the load cell: (a) required capacity for penetration resistance
(vertical force); and (b) required torsional capacity (torque) for the box-core hemiball (D = 100
mm) and toroid (D = 25 mm) penetrometer.
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3.3.2. PORE PRESSURE TRANSDUCERS
Excess pore pressure: The maximum excess pore pressure is expected to be recorded
towards the end of the undrained penetration stage and the beginning of the
consolidation phase. A simple approximation of the maximum required sensor capacity
can be made by assuming that the maximum average excess pore water pressure

uave,max is equivalent to the total contact stress, σn, according to
uave,max  n 

N V

Ac Ac

(3.6)

where

Ac , Hemi

 sin  D 2

2
  
 w 
 2 


or

 D  2w 
Ac ,Toro  2 D L cos 1 

 D 

(3.7)

Figure 3.5 shows that for a penetration depth of 0.5D (i.e. full embedment) the
maximum average excess pore water pressure is ~45 kPa, assuming the same soil
profiles as for the previous load cell calculations (penetration resistance). A Honeywell
26PC series sensor (model number: 26PCCFA6G; differential pressure capacity: 100
kPa; temperature compensation range: 15-70˚) was selected.

Figure 3.5: Expected excess pore pressures generated during undrained penetration to a depth of
w/D = 0.5.
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Plastic filters were manufactured from a 35m porous hydrophilic polyethylene sheet to
provide a porous barrier between the sensing element of the transducers and the soil
particles. Three different backfilling liquids – used to saturate the void within and
behind the plastic filters – were tested in the laboratory, including silicone oil, glycerin
and de-aired water. The most consistent pore pressure readings were achieved with deaired water, as the other two liquids appeared to react with the clay particles leading to
coagulation of lumps of viscous material that eventually clogged the filters during
testing, leading to drift in excess pore pressure dissipation measurements.

3.3.3. CALIBRATION OF INSTRUMENTATION
To calibrate the two channels of the load cells (vertical force and torque) built into the
shallow penetrometers, a calibration frame was developed that could load the
penetrometer with vertical force and torque in isolation or simultaneously. This allowed
the potential for any cross-interference of the measurements (e.g. adverse effect of force
measurements on recorded torque) to be checked. No cross-talk was found for the ‘highend’ bi-axial load cells used within this project. The pore pressure transducers were
calibrated by comparing the output voltages of each sensor to the pressure measured by
a calibrated reference sensor.

3.4. ACTUATOR DESIGN
An actuator with two degrees of freedom (vertical displacement and rotation), which
can be mounted on a strongbox in the laboratory, or a box core sleeve in the field, is
required to operate the shallow penetrometers. Figure 3.6 shows the final design of such
an actuator, which was built from predominantly off-the-shelf components. It consists
of a linear actuator (Parker Hannifin; model number: 404300XRMP; range: 300 mm;
maximum vertical load: 900 N; maximum torque: 45 Nm; backlash: ±1.3 m), with the
vertical and rotational axes driven by AC servomotors (Parker Hannifin; model number:
SM162BE-NFLN; maximum rpm: 4000; peak torque) and Parker Hannifin amplifiers
(model number: VIX500).
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(a)

(b)

Figure 3.6: Recommended design of box core actuator: (a) detailed engineering drawing with
crossbars for laboratory use; and (b) picture of fabricated system mounted to a box core sleeve.

Gearboxes are required to achieve appropriate penetration and rotation rates. It is
critical that these have minimal backlash to: (i) ensure accurate load control on the
vertical axis; and (ii) allow robust dimensionless interpretations of the time required to
transition from undrained to drained sliding behaviour. For example, on the rotational
axis, modest backlash of up to 3° can be shown to result in an uncertainty of almost one
order of magnitude in the determination of the dimensionless time (Trot = cv t / D2).
Depending on where the gearbox is within its range of backlash, there will be a varying
amount of rotation of the motor prior to the shallow penetrometer beginning to rotate.
This can have a profound effect on the interpretation of the measurements, so it is
critical that high quality gearboxes with minimal backlash are used. Consequently, both
axes were geared down using Harmonic Drive gearboxes (model number: CSF-14-1001U-CC-F-1; reduction ratio 100:1), which make use of the strain-wave principle to
achieve the drive speed reduction in a compact form factor with minimal backlash
(0.025° per unit). This backlash corresponds to a rotational displacement at the effective
radius of the toroid (reff = 50 mm w/D) and hemiball (reff = 33.33 mm at an
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embedment w/D = 0.5) of 43.6 and 29.1 m, respectively. For the vertical axis, the
gearbox and linear actuator backlash combined correspond to 1.65 m of vertical
movement.

3.4.1. DRIVE SPEED REQUIREMENTS
The actuator has been designed to be able to perform miniature probe tests (T-bar, ball
and cone penetrometer) as well as shallow penetrometer tests. The vertical penetration
speed required, vpen,ud, was determined by setting vpen D / cv equal to 100, which ensures
undrained penetration conditions for a pipeline (Chatterjee et al. 2013). Similarly, the
required axial sliding velocity was identified by setting the dimensionless velocity term
Vrot = vrotD/cv equal to 10, which is sufficient to ensure undrained conditions for axial
sliding of a seabed pipeline according to Randolph et al. (2012). A non-dimensional
velocity of Vrot = 10 corresponds to a dimensionless time of Trot = cvt/D2 0.002, given
a normalised displacement to failure of around 0.02 (Figure 3.13b), which is consistent
with numerical calculations published by Yan et al. (2014). The corresponding angular
velocity, which can be expressed as a function of the rotation speed at a distance equal
to the effective radius, vrot,eff, was then calculated as follows

 ( / s) 

vrot ,eff  180  cv Vrot


reff    Dreff

 180 


  

(3.8)

Actuator speed requirements for the vertical and rotational axes were determined for
undrained penetration and rotation conditions assuming cv in the range of 0.1-100 m2/yr
and motor rotational speed in the range of 1-4000 rpm. Figure 3.7 shows that for the
vertical axis a single 100:1 reduction drive is sufficient to conduct undrained tests with
both the shallow penetrometers and miniature probes for a wide range of cv. For the
rotational axis a pair of 100:1 reduction drives, giving a total reduction of 10,000:1, is
required to achieve undrained rotation for the same range of cv for the box core sized
shallow penetrometers described in this paper (Figure 3.7b).
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(a)

(b)

Figure 3.7: Drive speed requirements for (a) vertical axis; and (b) rotational axis.

Centre for Offshore Foundation Systems

3-14

Chapter 3

Experimental Apparatus

3.5. MOTION CONTROL & DATA ACQUISITION
Reliable real-time data feedback from the bi-axial load cell is crucial in order to run
tests in both displacement- and load-controlled modes. A BNC-cable serves as loadfeedback transfer from the moving probe to the stationary motion control system. The
system is driven by custom control software, which is based on the PACS-software (De
Catania et al., 2010) and specifically modified for box-core penetrometer use. The inhouse developed control software allows penetrometer tests to be fully automated by
either running positional or load-controlled sequences, so-called waveforms. Before
being able to properly test the novel probes, though, it was important to evaluate the
correct PID-setting to cope with the low stresses expected in these tests.

(a)

(b)

Figure 3.8: (a) Custom-built wireless DAQ system; and (b) DigiDAQ software for data logging.

Live data (load, torque and pore pressures) is continuously streamed through a custombuilt wireless DAQ system, that is capable of transmitting data on eight different
channels using a Wi-Fi link (Figure 3.8a), minimising the number of cables required to
bridge the gap between the rotating (device) and non-rotating (actuator) assemblies. A
LabVIEW based DigiDAQ software, which was also created in-house at COFS (Gaudin
et al., 2009), is used to process and display the measurements onscreen in real-time
(Figure 3.8b).
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3.6. BASIC TEST PROTOCOL
A basic shallow penetrometer test typically consists of four testing stages: the
penetration, dissipation and rotation stages followed by a further penetration / extraction
stage. Several near-surface soil properties can be inferred directly from measurements
of the penetration resistance, V, the mobilised torque, T, the pore water pressure, u, as
well as the embedment depth, w. The key measurements captured and the parameters
that can be interpreted from them are summarized in Table 3.1.
Table 3.1: Main testing stages and soil properties of interests.
Testing stage

Key measurements

Targeted properties

1

Penetration

V, w

su

2

Dissipation

u(t)

cv

3

Rotation

T, u, w

τu , δ, ϕ', (/) *

4

Penetration &
Extraction

V, w

su,c **

* Different properties can be determined depending on rotation speed and interface roughness
** Note: the consolidated undrained shear strength is here represented by su,c

Penetration stage: The probe is penetrated vertically into the soil at an approximately
undrained rate, defined as

Vpen 

vpen D
cv

 100

(3.9)

Because the diameter of the hemiball is greater than that of the toroid a slower
penetration speed vpen can be used for the hemiball, whilst maintaining undrained
conditions. The maximum target load resulting in an appropriate average effective
normal stress on the surface of the probe is set prior to penetration (typically such that
σ'n is in the range of 5-20 kPa). The device is then penetrated into the soil until that
target load is reached, or the indicated embedment of the device is equal to a maximum
embedment depth (typically set as 0.3D).
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Dissipation stage: The penetration induced excess pore pressure dissipation is

monitored whilst maintaining the vertical load applied to the shallow penetrometer,
therefore mimicking the self-weight of a pipeline or shallow foundation. As for standard
practice for CPTu measurements, in order to estimate cv accurately from the measured
excess pore pressure response, u(t), at least 50% of the initial excess pore pressures
should be allowed to dissipate. Ideally, for fully consolidated conditions to be measured
during the rotation phase, >> 90% of the excess pore pressures would need to be
allowed to dissipate.
Rotation stage: Following dissipation, the shallow penetrometer is rotated about its axis

whilst continuing to maintain the vertical load applied to the penetrometer. Depending
on the rate and duration of the rotation, as well as the soil consolidation coefficient, the
undrained interface friction τu and the drained interface friction angle δ can be
evaluated. To estimate the fully drained interface resistance the rotation needs to be
conducted for a sufficiently long period of time (i.e. dimensionless time Trot = cv t / D2 
1; after Randolph et al., 2012; Yan et al., 2014), so that >> 90% of excess pore water
pressures can dissipate. The interface shear box test data presented earlier shows that if
the surface of the shallow penetrometer is sufficiently rough the internal friction angle
of the soil, ϕ', can be determined directly from the torque measurements.
As a variation of the rotation phase a sequence of several fast rotation cycles with
intervening dissipation periods can also be conducted. This models the response of a
pipeline being subjected to heating and cooling cycles (and associated expansion and
contraction in length) such as occur during the transition between operation and
shutdown periods. Numerical simulation of this process (Yan et al., 2014) shows that
this variation of test can yield additional information regarding the rate (with cycles) at
which hardening occurs, which depends on the ratio of /.
Further penetration & extraction: Following rotation, the shallow penetrometer can be

penetrated further into the soil before finally extracting it, allowing the consolidated
undrained strength, su,c, to be estimated.
Basic penetrometer test: Figure 3.9 illustrates schematically the stages described above

when combined as a ‘basic’ shallow penetrometer test in terms of the expected
accumulated displacement and applied rotation. The rotation stage is subdivided into
three stages with reducing rotation speed. This allows the ‘backbone curve’ (Randolph
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et al. 2012) – which describes the transition from undrained to drained sliding for a
pipeline in non-dimensional terms – to be measured in a single test. The initial rotation
is performed sufficiently fast that the full sliding resistance is mobilised prior to any
effect of drainage, meaning that the fully undrained interface strength is measured. The
subsequent reductions in rotation rate are required to limit the settlement of the shallow
penetrometer as sustained fast undrained rotation leads to excessive settlement in soft
clay samples.

Figure 3.9: Testing stages of a basic shallow penetrometer test (displacement and rotation).

3.7. EXAMPLE APPLICATION
A large strongbox of kaolin clay (1300 mm by 390 mm in plan) was preconsolidated
under a constant surcharge of 20 kPa, creating a soft and broadly homogeneous sample
with strength of ~2 kPa. Example time histories for the applied vertical load, rotation
angle, measured torque and average excess pore pressures are shown in Figure 3.10.
Results of the penetration, dissipation and rotation stages of a ‘basic test’ conducted
using the toroid penetrometer are presented in Figure 3.11, Figure 3.12 and Figure 3.13,
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respectively. This data demonstrates that: (i) the load control managed to maintain the
vertical load applied to the toroid within ± 1 N of the target load; and (ii) that the
dissipation characteristics of the soil can be measured very accurately and reasonably
using the pore pressure sensors installed in the device.

(a)

(b)

(c)

(d)
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(e)

Figure 3.10: Time histories for an example toroid test: (a) the applied vertical load; (b) the
recorded rotation angle; (c) the measured torque; (d) the average excess pore water pressure;
and (e) the embedment depth.

The model proposed by Stanier & White (2014) was used to back-analyse the
penetration stage (penetration to w/D = 0.3 at an undrained rate) and estimate the
undrained soil strength profile of the sample. Three interpreted toroid tests are shown in
Figure 3.11, alongside a (5 mm diameter) T-bar test to provide context, both with and
without shallow embedment correction after White et al. (2010). The shallow
penetrometer tests produce very consistent strength predictions that fall between the
corrected and uncorrected T-bar interpretations, which assumed an intermediate
roughness T-bar factor, NT-bar, equal to 10.5.

Figure 3.11: Back-analysis of penetration stage: toroid vs. T-bar.
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Existing small strain finite element solutions (Yan et al., 2017) were used to backanalyse the pore pressure dissipation and determine the coefficients of consolidation, cv.
The raw measurements were adjusted following Sully et al. (1999), before being
normalised by the initial excess pore pressure at the onset of dissipation. The resulting
normalised dissipation is then plotted against the non-dimensional dissipation time, Tdis
= cv t / D2, in semi-logarithmic space (Figure 3.12a) allowing the cv assumed in the
normalisation of the excess pore pressure measurements to be adjusted until the
experimental measurements coincide with the finite element solution at Δu/Δui = 0.5
(i.e. 50% of the excess pore pressure had dissipated). The three tests presented in
Figure 3.12 show excellent repeatability with estimated cv-values of 4.3, 4.6 and 5.0
m2/yr. The stated values correspond to the invert level of the probe and are again
consistent with other independent measurements for kaolin clay, as shown in Figure
3.12b.

(a)
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(b)

Figure 3.12: Back-analysis of dissipation stage: (a) dimensionless time vs. normalised excess
pore pressure; and (b) comparison of inferred coefficients of consolidation to existing literature.

Figure 3.13 shows the back-analysis of the rotation stage with (a, b) total and (c)
effective stress interpretations, with each rate (fast, medium and slow) represented by a
different color. Observations made during the test indicated that the actuator settlement
overestimated the contacting surface area of the device due to radial heave of soil at the
periphery of the device. Consequently, the semi-angle of the embedded section of the
device was capped at π/4, which was estimated to be an appropriate value based on
photographic evidence recorded during the test.
Total stress interpretation: Figure 3.13a shows an excellent match between the
experimental and the theoretical backbone curve derived numerically (SSFE). The
normalised axial friction starts at a value of about 0.24, which, after reducing the total
penetrometer friction factor to account for wedging ( ≈ 1.1), results in an undrained
stress ratio (su/σ'v)nc of ~0.215. This value is slightly higher than typical for UWA kaolin
clay (Hu et al., 2014; Lee et al., 2013), which could be a result of the soil beneath the
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penetrometer remaining partially over-consolidated during the rotation phase. After
dissipation of the excess pore pressures a plateau in normalised friction of roughly
0.36 is reached, representing the drained penetrometer friction. Again after accounting
for wedging, the equivalent drained interface friction angle is 18-19°, which is close to
the friction angle determined in the interface shear box tests (approach 2: ' = 1920.5) and in good agreement with the measurements of Chen & Randolph (2007).
Effective stress interpretation: The average effective normal stress σ'n,ave and shear

stress τave were evaluated as

 'n,ave   n  uave 

V
Ac

 uinv

and

 ave 

(T reff )
Ac

(3.10)

where the average excess pore pressure Δuave acting at the probe interface has been
approximated by multiplying the invert measurement Δuinv (or the mean of several
invert measurements) by a scaling factor β. This is generally less than unity,
acknowledging that the invert measurement of excess pore pressure will tend to
overestimate the average excess pore pressure acting on the interface of the device.
Coupled numerical simulations performed by Yan (2014) indicated that the appropriate
value for β is in the range of 0.65 to 0.80. A value of 0.725, which corresponds to the
mean of the given range, was used for all calculations. The measured excess pore
pressures were corrected according to Sully et al. (1999) to account for the slight lag in
measured dissipation response observed during the fast rotation phase.
Figure 3.13c illustrates the increase in effective stresses and accordingly the interface
friction, as the excess pore water pressures gradually dissipate over time. Two effective
stress envelopes generated from the shear box tests bracket the toroid measurements.
The two interpretations of the interface shear box tests are for two of the correction
scenarios identified by Lehane & Liu (2013): (i) where the load applied to the sample
interface is reduced to some degree due to friction generated between the soil and the
vertical sidewalls of the upper half of the shear box; and (ii) where the load applied to
the sample interface is increased due to soil squeezing into the gap and mobilising the
residual friction of the soil between the two halves of the shear box. The lower limit
corresponds to the latter approach, which seems more suitable here, as post-test
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inspections revealed the presence of kaolin clay between the upper and lower halves of
the shear box.
The value of the shallow penetrometer is that the whole spectrum of behaviour –
undrained to drained – is explored in a single test that encompasses a range of effective
normal stress levels. In contrast the interface shear box data comprises several drained
tests performed at discrete effective normal stress levels, which are more time
consuming to perform and more sensitive to assumptions in the interpretation.

(a)

(b)
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(c)

Figure 3.13: Back-analysis of rotation stage: (a) dimensionless time vs. normalised axial
friction; (b) dimensionless displacement vs. normalised axial friction; and (c) effective stress
interpretation.

3.8. CONCLUSIONS
This paper has described apparatus and testing techniques for pipe-shaped toroidal and
hemispherical shallow penetrometers. These devices are capable of reliably inferring
undrained strength, consolidation and friction characteristics of surficial offshore soil. A
box-core scale version of each device has been developed for use offshore on a survey
vessel and design considerations with respect to actuation, instrumentation, data
acquisition and interpretation have been described. Finally, a proof of concept toroid
test was used to highlight the potential of shallow penetrometers in rapidly defining
pipe-soil interaction parameters. The measurements derived with the toroid compare
favourably with data from conventional miniature probes such as the T-bar (for
undrained strength measurement during penetration) and interface shear box tests (for
axial friction measurement during rotation) performed on the same soil, but have the
advantage of being quicker to perform and less sensitive to interpretation assumptions.
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CHAPTER 4
SHALLOW PENETROMETER TESTS – THEORETICAL
AND EXPERIMENTAL MODELLING OF PENETRATION
AND DISSIPATION STAGES

Abstract. Shallow penetrometers are devices that penetrate into and measure the

properties of surficial offshore sediments via multi-phase tests involving penetration,
dissipation and rotation stages. In fine grained soils such as silts and clays, these testing
stages yield undrained strength, consolidation and friction properties relevant to subsea
pipeline and shallow foundation design. This paper describes toroid and hemiball
devices of the scale for use in box core samples, and associated interpretation methods
for the penetration and dissipation stages. The aim of the paper is to provide all tools
needed to design and interpret these tests. New large deformation finite element (LDFE)
dissipation solutions are presented, which can be used for back-analysis of the
dissipation stage. Results of an extensive laboratory proof testing exercise in kaolin
clay, for both the hemiball and toroid penetrometer, are also reported. These results
highlight the potential of the two devices to quickly and economically assess strength
and consolidation characteristics of fine-grained sediments.
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4.1. INTRODUCTION
Many offshore structures – such as pipelines and shallow foundations – rest on soft
surficial marine clays. Reliable characterisation of these top soil layers is key to
developing robust and cost-effective designs for such infrastructure.
Conventional in-situ testing procedures (e.g. CPT, T-bar or ball penetrometers) may be
used to assess the shear strength profile of surficial soils, however only very limited
information about the interface friction properties can be gained with such testing
methods. Recovering tube samples for laboratory testing is difficult, mainly because of
sampling-induced disturbance of such soft materials, which adversely affects element
test results (Clayton et al., 1998; Hover et al., 2013; Pineda et al. 2016). Additionally,
element tests, in particular the interface shear box test (Westgate et al., 2018), should be
representative of the conditions encountered offshore. At the low effective normal stress
levels (σ'n ~10 kPa) relevant to subsea pipelines and shallow foundations, it is
challenging to perform and interpret element tests due to spurious system friction
generated by the apparatus. Corrections for these errors (e.g. Lehane & Liu, 2013)
become an increasingly large proportion of the measured overall system response as the
effective normal stress levels reduce. The Cam-Tor apparatus (Kuo et al., 2015) and the
tilt table (Pedersen et al., 2003) are two alternative testing techniques better suited to
making measurements of drained interface friction at low stress levels. However, the
sample recovery and transportation process, from an offshore testing site to an onshore
laboratory, leads to significant time delays and the risk of sample disturbance.
The toroid and hemiball penetrometer, two novel pipe-like investigation devices, have
the potential to address these limitations (Yan et al., 2011a; Stanier & White, 2014).
They are capable of measuring near-surface soil properties in-situ offshore at the seabed
(deployed from either a frame or remotely operated vehicle (ROV)) or in a recovered
box-core on the deck of a survey vessel. A shallow penetrometer test is typically
subdivided into penetration, dissipation and rotation stages, targeting respectively the
strength, consolidation and interface friction characteristics of the underlying soil.
A major advantage of the shallow penetrometers is that the rotation stage of the tests
may be interpreted using an effective stress approach, as pore water pressures are
continuously monitored via pressure transducers at various locations on the devices. In
addition there are two key advantages to the shallow penetrometer concept compared to
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the current ‘gold standard’, which is in-situ model testing performed using systems such
as the Fugro SMARTPIPE (White et al., 2010b), namely that: (i) continuous rotation
effectively facilitates infinite sliding without the end effects associated with testing
using an instrumented section of pipeline; and (ii) the modest penetrometer diameters of
box-core sized devices (25 to 100 mm) result in relatively short test durations which
allows the devices to be used ‘off the critical path’ of operations during a geophysical or
geotechnical survey.
The concept of the shallow penetrometer devices was first explored by Yan et al.
(2011a, 2011b) via small scale centrifuge tests and small strain finite element (SSFE)
simulations. Stanier & White (2014) investigated the initial undrained penetration stage
in more detail and eventually developed an interpretation model, based on a series of
comprehensive large deformation finite element analysis (LDFE). Following these
initial studies, ‘box-core scale’ versions of the penetrometers and a bespoke actuation
system were manufactured at the University of Western Australia (see Figure 4.1) as
part of the Remote Intelligent Geotechnical Seabed Surveys Joint Industry Project
(RIGSS JIP). Schneider et al. (2018b) provide a comprehensive description of the
design of these ‘box core scale’ devices and associated system design considerations.

(a)

(b)

Figure 4.1: (a) Toroid penetrometer; and (b) shallow penetrometer hemiball test.

This paper and the accompanying companion paper describe new interpretation
methodologies for these ‘box-core scale’ penetrometers and validate their operation in
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laboratory conditions. This paper illustrates the fundamentals of the penetration and
dissipation phase, while the rotation stage is outlined in the companion paper. The ‘box
core scale’ hemiball has pore pressure sensors at the mid-face (45° from the invert) and
so-called intermediate (22.5° from the invert) locations as illustrated in Figure 4.2. New
hemiball LDFE-dissipation solutions have been developed that can be used to interpret
pore pressure measurements taken at any location on the surface of the device, allowing
flexibility in the design of future versions of the device. A comprehensive laboratory
testing program, for both the hemiball and the toroid penetrometer, was conducted in
kaolin clay samples. The test results demonstrate the potential of the shallow
penetrometers to rapidly and consistently measure the strength and consolidation
characteristics of the soft fine-grained sediments prevalent on the ocean floor in deep
water locations.

4.2. SHALLOW PENETROMETERS
4.2.1. HEMIBALL & TOROID PENETROMETER
Both penetrometers feature a curved underside that represents the shape of pipe-like
infrastructure (e.g. seabed cables or pipelines), consequently minimising uncertainties
due to scaling for geometric effects (i.e. from planar interface properties measured in
interface shear box tests to resistance on a curved pipeline). The device diameter, D, of
the box-core sized penetrometers (Figure 4.1) was selected as 100 mm and 25 mm for
the hemiball and toroid, respectively. For the toroid (Figure 4.2) an aspect ratio of L/D =
2, where L is the lever arm of the toroidal cylinder, was chosen to minimise adverse
effects due to interference across the device after Yan et al. (2011a).

(a)

(b)

Figure 4.2: Illustration of shallow penetrometers and used terminology for: (a) hemiball; and (b)
toroid after Schneider et al. (2018b).
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Both penetrometers feature pressure transducers (PPT) at various locations on the
device interface, as illustrated in Figure 4.2. Four transducers are installed at the tip of
the toroid, referred to here as the invert position (abbr. inv). The hemiball features 5
pressure transducers, with two sensors at the intermediate (abbr. int;  = 22.5°) and
midface (abbr. mf;  = 45°) locations and one at the device tip. The pore pressure
sensors allow the dissipation characteristics of the soil to be measured and facilitate
effective stress interpretations of the rotation stage. For larger penetrometers, intended
for direct in-situ deployment via a seabed frame or ROV, additional pore pressure
sensors could be added at different locations on the device surface. Schneider et al.
(2018b) describe in more details the penetrometers and the actuator developed to
operate them.

4.2.2. ENVISAGED TESTING STAGES
A single test is sufficient to deduce the key soil parameters required for contemporary
pipeline design (DNV-RP-F110, 2007). The tests are relatively brief and thus suitable
for in-situ box-core testing on a site investigation vessel, during either a geophysical or
geotechnical site survey. Table 4.1 shows the envisaged testing stages alongside the soil
properties that can be estimated in each phase. The strength (su) and dissipation
characteristics (cv) are evaluated in the penetration and consolidation stage, respectively.
The rotation stage and variations of it are used to evaluate the frictional penetrometersoil interaction properties (τu , δ). Friction characteristics of the sediment (su,int, ϕ′) can be
directly assessed using a device with a completely rough interface (average surface
roughness, Ra > 100 μm; Meyer et al., 2015). Once all excess pore water pressures have
dissipated after a sufficiently long rotation phase, the device can be subjected to
additional penetration in order to generate a measure of the consolidated undrained
shear strength (su,c).
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Table 4.1: Targeted soil properties of shallow penetrometer testing stages.
Main testing phases

*

Relevant measure

Properties of interest

1

Penetration

V, w

su , (su,rem)

2

Consolidation

u

cv

3

Rotation

T, u, w

τu , δ, ϕ′, (/) *

4

(Extra penetration)

V, w

(su,c)

Different properties can be evaluated based on rotation rate, device actuation and roughness.

4.3. INTERPRETATION OF PENETRATION & DISSIPATION STAGE
4.3.1. UNDRAINED PENETRATION
As for pipelines, undrained conditions apply for penetration at dimensionless velocities,
Vpen, greater or equal to 100 (Chatterjee et al., 2013). The dimensionless velocity is
expressed as a function of the penetration speed, vpen, the device diameter, D, and the
coefficient of consolidation, cv, as:

V pen 

v pen D
cv

 100

(4.1)

When planning a shallow penetrometer test routine, the following considerations
regarding the target penetration depth, w, need to be taken into account:
1. Select w/D so that effective normal stresses on the interface of the device are
within the range of practical interest (after dissipation), which is typically 5-20
kPa for subsea pipelines (e.g. push device to w/D = 0.3 and unload to projectrelevant stress level if excessive resistance is experienced).
2. Target 0.15  w/D  0.5 so that the geometric similarity between the shallow
penetrometer and subsea pipelines is achieved (e.g. initial penetration to w/D =
0.3 would provide some allowance for additional settlement during the
dissipation and rotation stage, whilst keeping w/D  0.5).
3. For the hemiball, ensure w/D ≥ 0.15 so that the midface pressure transducers
are fully embedded in soil at the end of the penetration stage.
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For interpretation of the penetration stage, the linear model of Stanier & White (2014),
which was developed from an extensive LDFE-study of shallow penetrometer
penetration in fine-grained sediments for undrained conditions, is used to convert the
measured vertical load to a linearly varying undrained shear strength profile. The total
vertical penetrometer resistance, V, consists of two components: the geotechnical soil
resistance, Vgeot, and the soil buoyancy, Vb, which are defined as:
V  Vgeot Vb  Nc,nom Anom su0  fb Vs  '

(4.2)

In the geotechnical resistance term Nc,nom is a bearing capacity factor, Anom the nominal
bearing area (πD2/4 and 2πLD for the hemiball and toroid, respectively) and su0 the
undrained shear strength at the current depth of the invert of the device. In the soil
buoyancy term fb is an enhancement factor that accounts for the relative increase in
resistance beyond Archimedes’ principle that is caused by local soil heave around the
periphery of the device, Vs is the volume of soil displaced by the penetration of the
device (embedded volume relative to original mudline) and γ' the effective unit weight
of the soil.

(a)

(b)

Figure 4.3: Illustration of back-analysis procedure after Stanier & White (2014) for a toroid test.
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The model is used to evaluate the mudline strength, su,m, as well as the strength gradient
ksu by performing iterations until the measured and theoretical profiles align. The
bearing capacity factor, Nc,nom, is estimated iteratively as a function of the normalised
embedment, w/D, and the strength parameter su,avg, which is the average shear strength
between the mudline and a depth of one penetrometer diameter (i.e. su,avg = su,m +
0.5ksuD). Figure 4.3 demonstrates this back-analysis method for a toroid test, eventually
leading to an excellent match between test measurements and the analytical model.
More information regarding the procedure is found in Stanier & White (2014).

4.3.2. CYCLIC PENETRATION (CRT)
The cyclic remoulding test (CRT) is a variation of the monotonic penetration test where
the device is cyclically penetrated into and out of the soil at an undrained penetration
rate in an attempt to mimic the effects of pipe laying processes. In addition to the initial
undrained strength profile of the soil, a measure of the remoulded strength, su,rem, and
the soil sensitivity, St, may be derived. Examples of this variant of penetration test are
presented later in the manuscript.

4.3.3. CONSOLIDATION STAGE
For the consolidation stage, the vertical load recorded at the final penetration depth is
held constant (load-controlled mode: V=Vmax) in order to mimic the self-weight of a
pipe-like structure. The coefficient of consolidation can be estimated reliably if the
dissipation process is monitored until at least 50% of the initial excess pore pressures
have dissipated (i.e. final drainage index  > 0.5, with  = 1–Δu/Δuini). This provides a
sufficient proportion of the dissipation response to allow accurate fitting to the
theoretical solution, using the same approach as is common for cone penetrometer
dissipation tests. However, if the undrained interface strength of the seabed is to be
determined after full consolidation under the weight of a pipe or foundation in the
subsequent rotation stage, it is better to allow > 90% of the initial excess pore pressures
to dissipate (i.e. where the final drainage index  > 0.9). The general dissipation
response of soil can be fitted with a hyperbolic function in terms of the normalised
excess pore pressure as follows:
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u
1

m
uini 1  T T
dis
dis ,50 

Tdis 

with

cv tdis
D2

(4.3)

The dimensionless time, Tdis, is a function of the consolidation coefficient, cv, the
dimensional dissipation time, tdis, and the penetrometer diameter, D. The shape of the
hyperbolic relationship is governed by the parameters m and Tdis,50 (dimensionless time
at which 50% of consolidation has finished), which are fitting parameters derived from
numerical simulations. Rearrangement of Equation 4.3 leads to the following expression
1/ m

tdis

D 2 Tdis ,50   



cv
 1  

(4.4)

which can be used to estimate the timescales of shallow penetrometer dissipation tests
for particular values of the coefficient of consolidation, cv.
The fitting parameters in Equation 4.3 and 4.4 can be defined in terms of the dissipation
response at a specific transducer location on the device interface (Tdis,50 and m) or the
average pore pressure dissipation on the embedded penetrometer surface (Tdis,50,ave and
mave). The parameters associated with a specific spot measurement (here: invert
location) are of practical relevance for determining the coefficient of consolidation of
soil, whereas the parameters characterising the periphery dissipation response can be
used to estimate timescales (e.g. for the increase in friction around the device due to the
drainage of excess pore pressures).
Yan et al. (2017) published SSFE-solutions for both the ‘invert’ and ‘average’ values,
which can be used in conjunction with Equation 4.3 or Equation 4.4. The hemiball and
toroid solutions stated are based on wished-in-place simulations developed using the
Modified Cam Clay soil model, hence ignoring the influence of soil heave around the
penetrometer.
LDFE-modelling techniques provide more realistic results, as the propensity for soil
heave and other influences of the penetration process are captured. Yan et al. (2011a)
showed that a toroid with an aspect ratio, L/D, of 2 or higher suffers from minimal to no
interference across the device, meaning that pipeline solutions can be adopted with
sufficient accuracy (e.g. LDFE-pipeline solutions after Chatterjee et al. (2012), as
specified in Table 4.2). No LDFE-dissipation solutions for a rough hemiball have been
Centre for Offshore Foundation Systems
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published to date. To address this gap, LDFE-simulations modelling the process of
excess pore pressure dissipation around a rough hemiball were conducted, as presented
in the next section.
Table 4.2: Hyperbolic fits of dissipation response at penetrometer invert (for normally
consolidated soils).

LDFE – Solutions

w/D

#

Toroid (rough) #
Tdis,50

m

0.1

0.028

1.05

0.2

0.055

1.05

0.3

0.075

1.05

0.4

0.110

1.05

0.5

0.135

1.05

Hemiball (rough)
Tdis,50

m

This study
(see also Table 4.4)

Values after Chatterjee et al. (2012), assuming that a toroid is equivalent to a pipe for L/D ≥ 2

An example application of Equation 4.3 using the coefficients in Table 4.2 is given in
Figure 4.4 for a toroid test performed on kaolin clay. Figure 4.4a shows raw dissipation
measurements for all four pore pressure transducers (PPTs), which are at equidistant
circumferential locations around the toroid at the penetrometer invert. The measured
average excess pore pressure is then corrected for measurement lag according to the
procedure proposed by Sully et al. (1999), as illustrated in Figure 4.4b. The initial
excess pore pressure value, Δuini, is derived via back-extrapolation of the (averaged) test
measurements in root-time space. The coefficient of consolidation corresponding to the
depth of the penetrometer invert, cv0, can then be estimated by fitting the normalised
dissipation response to a theoretically derived FE-solution (e.g. Table 4.2) at Δu/Δuini
0.5 for the current embedment (with model coefficients interpolated from the listed
values, if necessary), as illustrated in Figure 4.4c.
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(a)

(b)
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(c)

Figure 4.4: Example back-analysis for dissipation stage: (a) raw pore pressure measurements;
(b) back-extrapolation after Sully et al. (1999); and (c) estimation of coefficient of
consolidation.

4.4. NEW DISSIPATION SOLUTIONS FOR HEMIBALL (LDFE)
The following solutions were generated using the Remeshing and Interpolation
Technique with Small Strains (RITSS) methodology after Hu & Randolph (1998),
which was implemented in the FE-software package ABAQUS (Dassault Systèmes,
2011), using a combination of Python and FORTRAN-scripts, similar to the approach
described in Wang et al. (2010). The large deformation modelling procedure simulates
the undrained penetration stage as a series of consecutive small increments in order to
avoid significant mesh distortions. After every calculation step the model domain is
remeshed and all stress and state parameters are transferred to the new mesh for the next
step, adopting the super-convergent patch recovery method after Zienkiewicz & Zhu
(1992) and finite element shape functions based interpolation techniques. The same
procedure was used to define the initial conditions of the dissipation phase (geometry,
stress and state parameters at the end of the LDFE penetration stage transferred to a new
mesh), which was then modelled as a single small strain simulation.
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Table 4.3: Used Modified Cam Clay parameters (Stewart, 1992).
Assumed soil parameters

Value

Critical state constant, M

0.92

Void ratio on CSL (at p' = 1 kPa), ecs

2.14

Slope of normal consolidation line, λ

0.205

Slope of swelling line, κ

0.044

Poisson’s ratio, υ

0.30

Soil permeability, k (m/s)

1·10-9

Effective unit weight, γ′ (kN/m3)

5.0

Over-consolidation ratio, OCR

1.0

Unit weight of water, γw (kN/m3)

10

The shallow penetrometer and soil were modelled using axial symmetry with free
distances to the domain boundaries that were sufficiently large to minimise boundary
effects (radius: 8D; depth: 10D). To capture the penetration-induced pore pressure
generation and dissipation in normally consolidated soil representative of deep water
sediments, the Modified Cam Clay soil model of Roscoe & Burland (1968) was used in
conjunction with the soil parameters listed in Table 4.3. The earth pressure coefficient,
K0, was estimated empirically as 1-sinϕ′cv (K0 0.6). Selection of reduced integration
quadrilateral coupled pore pressure elements (type: CAX8RP) and enforcement of a
minimum applicable time increment (Vermeer & Verruijt, 1981; Dassault Systemes,
2011) led to significantly shorter calculation times and improved solution stability
compared to triangular elements. A mesh refinement algorithm was developed to
control the maximum element size generated along the device interface during the
periodic remeshing process. The mudline was specified as fully draining via a usersubroutine, by prescribing hydrostatic conditions (relative to the original intact mudline)
to any surface boundary node that was not in direct contact with the penetrometer.
Drainage was precluded where the penetrometer was in contact with the soil. The
‘rough’ contact formulation was used to model the coarse surface texture of the current
hemiball device. A small surcharge, q0, of 1 kPa (quasi-uniform conditions of su and cv
over depth range of interest, as q0/γ′D = 2) was required to achieve convergence at the
free-surface of the soil and to create a shear strength intercept at the mudline. The
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appropriateness of the adopted mesh density and penetration rate (Vpen 100) was
confirmed through sensitivity analyses.

4.4.1. UNDRAINED PENETRATION RESISTANCE
Rearrangement of Equation 4.2 allows the normalised penetration resistance, Nc,nom, to
be expressed as
 Vgeot   V 
   Vs 
Nc, nom  
 
  fb 

 Anom su 0   Anom su 0 
 Anom su 0 

with

Anom 

 D2
4

(4.5)

Figure 4.5 shows the numerically derived resistance for the initial undrained penetration
phase, up to an embedment of 0.5D. Solutions published by Stanier & White (2014)
were used to determine the buoyancy factor, fb, as a function of embedment, and hence
submerged penetrometer volume, Vs. The undrained shear strength, su0, at the
normalised embedment of the penetrometer invert, w/D, was estimated according to
Wood (1990), as a function of the MCC-parameters indicated in Table 4.3.

Figure 4.5: Comparison of undrained penetration resistance for different LDFE-solutions: MCC
(this study & Chatterjee et al., 2014) vs. Tresca solutions (Stanier & White, 2014).
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Chatterjee et al. (2014) reported results for the penetration of the ‘parkable piezoprobe’,
which are comparable to the smooth hemiball calculations, as the geometry of the two
devices is the same, thus validating the used FE-model (Figure 4.5). Large deformation
Tresca analyses were published by Stanier & White (2014), for both a smooth and
rough hemiball. The lower penetration resistance (roughly 15-20%) exhibited in the
Tresca simulations of Stanier & White (2014) may be attributed to (i) the difference in
yield surface shape between the two models (Tresca hexagon vs. circumscribing von
Mises circle in the deviatoric plane giving a maximum deviation of 15% under plane
strain conditions) and (ii) an under-prediction of the failure load due to the TrescaMises hybrid criterion implemented in the Mohr-Coulomb/Tresca model in ABAQUS
(Taiebat & Carter, 2008).
Minor drainage and local re-distribution of excess pore pressures is also unavoidable
during the penetration stage (MCC simulations) and may further increase the
differences between the two genera of simulations.

4.4.2. DISSIPATION SOLUTIONS
The non-dimensional dissipation response is shown in Figure 4.6, for a normalised
embedment, w/D, of 0.3 and all three transducer locations. Just as for the results in
Table 4.2 the solutions were normalized using the value of cv0 (coefficient of
consolidation at penetrometer invert) defined as
cv 0 

k
mv  w



k 1  e0  p0'

w

(4.6)

The isotropic compressibility index mv, can be expressed as a function of the stiffness
parameter λ (the slope of normal consolidation line), the initial mean effective stress,
p′0, and the initial void ratio, e0.
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Figure 4.6: Normalised dissipation response for hemiball penetrometer (w/D=0.3).

New dissipation solutions were created via curve-fitting of the numerical LDFE data,
using the hyperbolic relationship given in Equation 4.3. Table 4.4 lists the Tdis,50 and m
values determined for the invert, intermediate and midface positions at various
normalised embedment depths. No values are specified in instances where the sensor
location was too close to the mudline, which leads to an inconsistent dissipation
response.
Table 4.4: Hyperbolic fits corresponding to new LDFE-dissipation solutions at different
penetrometer locations.
Rough Hemiball – LDFE dissipation solutions

w/D

Invert sensor

Intermediate sensor

Midface sensor

Tdis,50

m

Tdis,50

m

Tdis,50

m

0.10

0.0105

1.50

-

-

-

-

0.20

0.0200

1.45

0.0160

1.20

-

-

0.30

0.0285

1.45

0.0235

1.15

0.0210

1.00

0.40

0.0320

1.35

0.0275

1.10

0.0295

1.20

0.50

0.0335

1.30

0.0305

1.10

0.0315

1.20
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The dissipation responses for all three transducer locations defined in Table 4.4 are
normalised by the same coefficient of consolidation, cv0, representative of intact soil
conditions at the penetrometer invert for each normalised embedment depth, w/D.
Consequently, back-analyses of a hemiball test should yield similar cv0 values for the
three pore pressure sensor locations if the model is robust, as will be demonstrated later
in the paper.
Figure 4.6 shows that a significant Mandel-Cryer effect (Mandel, 1950; Cryer, 1963),
which is revealed by the initial rise in excess pore pressure, is only observed at the
invert position of the penetrometer, and not at the other two transducer locations. The
phenomenon occurred for all embedment ratios, w/D, as also found in other studies of
shallow penetration of rough structures (e.g. Chatterjee et al., 2012). For the invert
solution the hyperbolic model of Equation 4.3 was fitted to the simulation data for
Δu/Δuini ≤ 0.9, essentially ignoring the Mandel-Cryer effect.

4.5. EXPERIMENTAL TESTING PROGRAMME
4.5.1. SAMPLE PREPARATION AND CHARACTERISATION
Four soft kaolin clay samples were consolidated in large strongboxes (length: 1300 mm;
width: 390 mm) under an effective stress of 20 kPa, before unloading and swelling to
equilibrium. This stress history yields samples with undrained strength of 1-2 kPa,
approximately constant over the depth range of the tests, which is broadly representative
of the strength of soft surficial clay found offshore in deep water locations.
T-bar tests (DTbar = 5 mm) were conducted in each of the samples prior to shallow
penetrometer testing. Each test ensured undrained penetration, with a penetration rate of
Vpen = vpen DTbar/cv > 30 after Finnie & Randolph (1994), and included 10 penetrationextraction cycles to assess the soil sensitivity. All soil samples were found to be
laterally homogeneous, as the recorded soil strength profiles were practically uniform
within each strongbox. Likewise, the measurements were also consistent across all four
strongboxes, thus allowing direct comparison of the results of different shallow
penetrometer tests, independent of the exact testing location or the strongbox in which
they were performed. Small soil specimens, recovered with the miniature core sampler,
were also analysed at the end of each testing session to provide the moisture content and
thus void ratio and effective unit weight of the samples.
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4.5.2. SHALLOW PENETROMETER TESTING
Due to the larger diameter of the hemiball (D = 100 mm) only four penetrometer tests
could be performed in each strongbox whilst ensuring minimal boundary or interaction
effects. For the toroid (D = 25 mm), five tests were possible. The greater number of
toroid tests was possible since the absolute embedment depths (and hence soil
disturbance) were much lower, even though the normalised embedment may be the
same for both penetrometers (e.g. w/D = 0.3). The volume of soil displaced by the
hemiball is significantly larger than for the toroid, which results in spatially more
expansive failure mechanisms.

4.5.3. UNDRAINED PENETRATION
An initial embedment at the end of the penetration stage of w/D = 0.3 was targeted. This
provided some allowance for settlement during dissipation and rotation, whilst keeping
w/D ≤ 0.5. For the samples tested it also resulted in effective normal contact stresses on
the shallow penetrometers in the range of 5-15 kPa, which spans the operating range for
typical subsea pipelines.

Figure 4.7: Measured penetration resistance for five hemiball and toroid tests.
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Figure 4.7 shows the measured undrained penetration resistance for five hemiball and
five toroid tests (for clarity only five tests are presented here for each device, although
the unreported data sets yielded very similar results), with both devices approaching a
similar failure load at the target embedment of w/D = 0.3. All shallow penetrometer
tests yield comparable strength profiles, thus demonstrating high repeatability and
resolution. The penetration rate required to ensure undrained conditions is significantly
faster for the toroid due to its smaller diameter, thus leading to slightly more
measurement noise, as can be seen in Figure 4.7 and Figure 4.8.
The procedure of Stanier & White (2014) was used to convert the measured vertical
load, V, into the corresponding strength profiles. The inferred soil strength profiles, for
both the toroid and hemiball penetrometer, are in excellent agreement with each other
(Figure 4.8). Independent T-bar test measurements, with and without shallow
corrections after White et al. (2010a), are plotted alongside the penetrometer tests to
provide context. The shallow penetrometer measurements are bracketed by the strength
profiles determined via the conventional uncorrected, assuming a bearing factor Nt =
10.5 (Stewart & Randolph, 1991), and the shallow corrected T-bar interpretation
method.

(a)
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(b)

Figure 4.8: Results of undrained penetration phase: undrained shear strength vs. embedment for
(a) the toroid; and (b) hemiball penetrometer.

4.5.4. CYCLIC PENETRATION
The purpose of the cyclic remoulding tests (CRT) is to emulate seabed disturbance such
as the pipe laying process. Ten penetration-extraction cycles of 0.15D amplitude were
conducted after the initial penetration to 0.3D, so with embedment depths ranging
between 0.15D and 0.3D. Figure 4.9 shows that the penetration and extraction
responses differ significantly for the two shallow penetrometer geometries tested. A
major degradation of undrained strength and correspondingly large ‘apparent’
sensitivities, St = su /su,rem >> 10, were observed for both penetrometers (Figure 4.10).
This is much higher than found in comparative (deeply embedded) T-bar and ball cyclic
penetrometer tests, for which St ~2.5.
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(a)

(b)

Figure 4.9: Undrained cyclic penetration resistance: (a) toroid; and (b) hemiball penetrometer.
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It is clear from Figure 4.9 that the interpretation of strength degradation depends
strongly on the adopted interpretation depth. All data points presented in Figure 4.10
were taken at the mid-depth of each cycle, as indicated in Figure 4.9 by the black
markers. The bearing capacity factor, Nc,nom, required to estimate the undrained shear
strength was assumed equal to that found for the initial monotonic penetration, at the
same embedment depth and for all cycles. Results of a cyclic T-bar (diameter: 5 mm,
length: 20 mm, Nt = 10.5) and a ball penetrometer test (diameter: 10 mm, Nb = 10.5 after
Chung & Randolph, 2004) are plotted alongside the shallow penetrometer
measurements for comparison purposes (Figure 4.10).

Figure 4.10: Degradation of undrained soil strength for toroid, hemiball, T-bar and ball
penetrometer.

Close scrutiny of the excess pore pressure measurements revealed that water
entrainment was most likely responsible for the massive strength degradation, as well as
the formation of an indentation in the seabed. Near-zero pore pressure readings –
indicative of break-away on extraction and subsequently water entrainment on repenetration – are seen in Figure 4.11 for the invert transducer of the hemiball after only
a few cycles of penetration.
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Figure 4.11: Breakaway and water entrainment for invert PPT of hemiball penetrometer.

It remains an open question as to which of the cyclic remoulding tests is most applicable
for predicting the pipe-laying process: deep penetrometer tests such as the T-bar and
ball penetrometer or the shallow penetrometer tests. Previous case studies of an offshore
pipeline indicated that the ‘as-laid’ embedment was best predicted using the remoulded
strength measured using a miniature T-bar, and this has been confirmed by a wider
dataset (Westgate et al., 2012, White et al., 2017). The small amplitude movements of a
shallow penetrometer test are more representative of the pipe-laying process, where
water entrainment is highly probable (Sahdi et al., 2014), but the formation of a seabed
indentation beneath the penetrometer hampers interpretation of data such as Figure 4.9.
Given the experience using conventional T-bar penetrometer tests for as-laid
embedment predictions, the role of cyclic shallow penetrometers tests is to provide
additional information such as the dissipation characteristics following remoulding and
water entrainment, as well as the sliding friction determined during the rotation phase.

4.5.5. PORE PRESSURE DISSIPATION
The penetration stage is followed by a load-controlled (LC) consolidation phase. The
aim in this study was to allow almost complete dissipation of the penetration induced
excess pore pressures, with the vertical load applied to the penetrometer kept constant
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throughout at the load recorded at the final penetration depth, Vmax = f(w/D = 0.3),
thereby simulating the self-weight of a pipe-like structure on the ocean floor. The
duration of the consolidation phases were two and four hours for the toroid and
hemiball penetrometer, respectively. A total of 8 toroid and 8 hemiball tests were
carried out, although only the results of the latter 6 hemiball tests are presented here.
This is because for the first two hemiball tests, silicone oil was used to backfill the
pressure transducers, which resulted in clogging of the porous plastic filters used to
shield the sensing elements, eventually leading to a drift in the pore pressure
measurements. Investigation into different back-filling liquids revealed that de-aired
water was least affected by clogging in fine-grained sediments (Schneider et al, 2018b).
The excess pore pressure measurements were interpreted using the methodology
described earlier and the model coefficients given in Table 4.2 & Table 4.4, with both
penetrometers yielding very similar coefficients of consolidation, cv0. This is in spite of
the fact that the dimensional dissipation response for the toroid is significantly faster
than for the hemiball, due to the four-fold difference in device cross-sectional
dimensions. This is evidence of the robustness of the interpretation model proposed.
Figure 4.12 shows a summary of the values inferred from the different dissipation
solutions stated in Table 4.2 and Table 4.4.

Figure 4.12: Overview of inferred coefficients of consolidation for the toroid and hemiball.
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Excellent test repeatability is evident for the dissipation response, as most coefficients
of consolidation inferred lie within a relatively close range of cv0 = 4-8 m2/yr,
irrespective of the device used, with only the values corresponding to the invert
response of the hemiball deviating from this range. The SSFE wished-in-place
dissipation solutions published by Yan et al. (2017) yield almost identical values to the
LDFE solutions presented by Chatterjee et al. (2012) and the hemiball solutions
provided in this paper, in spite of the LDFE simulations better capturing peripheral soil
heave. This confirms, perhaps surprisingly, that soil heave around the periphery of the
penetrometers has minimal influence on the dissipation characteristics.
A good match between the shapes of the numerically (SSFE and LDFE) and
experimentally derived dissipation responses was found for both penetrometers and all
transducer locations (e.g. Figure 4.4c), except for the invert position of the hemiball,
where a noticeable difference in shape was encountered. Moreover, there is no
measurement redundancy for this position as there can only be a single pressure sensor
there. Consequently, we recommend using the LDFE dissipation solutions
corresponding to the invert and intermediate locations for the toroid and hemiball,
respectively, and taking advantage of averaging through the use of multiple transducers.
The readings recorded by the midface hemiball transducers are often negatively affected
by the proximity to the mudline. However, if the penetrometer is sufficiently embedded,
the midface measurements can also provide independent estimates of the coefficient of
consolidation.
Figure 4.13 compares the inferred coefficients of consolidation with miniature
piezocone (ch) and Rowe cell data (cv) measured independently in the same kaolin clay
over the past decade or more at UWA (Richardson et al., 2007, Chow et al., 2014;
Cocjin et al., 2014). Data at shallow embedment is conspicuously absent, but the
shallow penetrometer data presented here is consistent with the measurements generated
using the ‘parkable piezoprobe’, another device intended to measure surficial soil
properties (Chatterjee et al., 2014; Schneider et al., 2018a) and the back-extrapolated
trends from the piezocone and Rowe cell data.
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Figure 4.13: Coefficient of consolidation in kaolin clay: inferred values vs. literature.

4.6. CONCLUSIONS
This paper has shown that the strength and consolidation properties of soft surficial soil
can be estimated reliably with shallow penetrometers, such as the box-core sized toroid
and hemiball. The fundamentals of the penetration and dissipation stage, alongside the
geotechnical relationships needed to back-analyse such tests, were highlighted.
Furthermore, new large deformation finite element (LDFE) dissipation solutions,
exploring the impact of local peripheral heave on the dissipation response for the
hemiball and a comprehensive laboratory testing programme in kaolin clay were
presented. The key findings can be summarised as:


Results of the laboratory testing session demonstrate that both penetrometers are
capable of providing accurate estimates of undrained strength and consolidation
characteristics of fine-grained surficial sediments. Excellent test repeatability
was demonstrated and the interpretation models were shown to be robust, with
all results in excellent agreement with each other and existing literature.
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Simple interpretations of the undrained soil strength profiles can be obtained for
design purposes using the model of Stanier & White (2014). The methodology
yields very comparable results to miniature T-bar measurements.



Back-analysis of the experiments demonstrates that the LDFE hemiball
dissipation solutions presented here yield accurate estimates for the coefficient
of consolidation. Additional outcomes include (a) the preferred use of the pore
pressure measurements recorded at the intermediate hemiball transducer location
and (b) soil heave around the periphery of the penetrometers has minimal
influence on the dissipation characteristics.



Deeper insight into what might be happening during the pipe laying process can
be gained by executing undrained penetration / extraction cycles. The extreme
strength degradation observed in these tests warrants further exploration of the
potential impact of water entrainment during pipe-laying in estimating pipeline
embedment. An experimental study investigating the influence of the cycling
rate and amplitudes on the strength, deformation and dissipation characteristics
of fine-grained soils could be carried out next. At this state of research, shallow
penetrometers shouldn’t be used to estimate the soil sensitivity.
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CHAPTER 5
SHALLOW PENETROMETER TESTS – THEORETICAL AND
EXPERIMENTAL MODELLING OF THE ROTATION STAGE

Abstract. Shallow penetrometers are devices that measure the properties of surficial

offshore sediments via multi-phase tests involving penetration, dissipation and rotation
stages. In fine grained soils such as silts and clays, these testing stages yield undrained
strength, consolidation and interface friction properties relevant to subsea pipeline and
shallow foundation design. This paper describes the fundamentals of the rotation stage,
including models required for data interpretation, encompassing both a total and an
effective stress framework. Additionally, new relationships to evaluate the pore pressure
scaling factor, which is a key interpretation parameter required to convert discrete
measurements of pore pressure on the penetrometers to an average pore pressure over
the contact area, are developed based on large deformation finite element simulations.
Results from an experimental campaign using kaolin clay samples are presented,
illustrating the potential of the devices to rapidly and repeatably measure interface
friction properties of fine-grained sediments offshore. The results compare well with
comparative measures obtained from shear box tests conducted at similarly low
effective stress levels. Recommendations regarding future in-situ applications are given
at end of the manuscript.
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5.1. INTRODUCTION
Accurate characterisation of near-surface soil properties is increasingly important for
the development of offshore subsea infrastructure, such as seabed pipelines, cables and
shallow foundations. The shear strength profile of soft surficial sediments over the
upper half metre of the seabed may be assessed with conventional in-situ testing
methods (e.g. cone, T-bar or ball penetrometer), with appropriate allowance for
relatively shallow embedment. However, such devices provide very limited insight into
the interface friction properties of soil. Also, laboratory element tests (e.g. simple or
direct shear or triaxial tests) on near-surface samples are difficult because of the
challenges of recovering and testing such soft soil specimens in the laboratory without
sample disturbances (Clayton et al., 1998; Hover et al., 2013).
Shallow penetrometers overcome these limitations and can be used for in-situ testing in
a recovered box-core on deck of a vessel. The hemiball and toroid penetrometer are two
such sensor concepts (Yan et al., 2011; Stanier & White, 2014), which are capable, in
principle, of determining strength, consolidation and interface friction properties at
shallow embedment via tests comprising penetration, dissipation and rotation phases. A
further advantage of the penetrometers is that direct assessment of the effective stress
failure envelope is possible, since excess pore pressures are monitored continuously
throughout the test at various locations on the penetrometers.
This paper describes and validates the rotation phase of shallow penetrometer tests and
defines the test types that allow the full range of design parameters to be determined.
These parameters mirror the requirements of industry guidelines that relate to pipelines,
such as DNVGL-RP-F114 (Det Norske Veritas, 2017). A companion paper (Schneider
et al. 2018b) provides a more detailed device description and covers back-analysis
methods for the penetration and dissipation phases. In this paper, a comprehensive
experimental campaign is reported, using tests in kaolin clay, along with results from
finite element analyses to validate the interpretation approach.
The test campaign explored different test protocols, allowing the approaches for
interpretation of the rotation phase to be validated, in terms of both total and effective
stress interpretation frameworks. The finite element results were used to establish a
scaling approach between the excess pore pressure measured at point locations on the
device and the average excess pore pressure acting on the contacting surface. This
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scaling allows an effective stress interpretation of the interface behaviour during all test
phases, regardless of the drainage condition.
Overall, the study demonstrates the potential of the box-core sized penetrometers for
rigorous measurement of near-surface soil properties in soft soils.

5.2. SHALLOW PENETROMETERS
A detailed description of the box-core scale shallow penetrometers is given in the
companion paper (Schneider et al., 2018b) and in Schneider et al. (2018a). Figure 5.1
shows a cross section for both the hemiball (D = 100 mm) and the pipe-shaped toroid
(D = 25 mm) penetrometers. The former includes pore pressure transducers at three
locations on the penetrometer interface: at invert (abbr. inv); intermediate (abbr. int);
and midface positions (abbr. mf). Two transducers are provided at both the intermediate
( = π/8 or 22.5°) and midface ( = π/4 or 45°) locations for measurement redundancy.
The four transducers installed on the toroid are all located at the tip of the penetrometer
(invert) since the small device cross-section of 25 mm precludes the use of other
locations.

(a)

(b)

Figure 5.1: Device schematics and nomenclature after Schneider et al. (2018a): (a) hemiball;
and (b) toroid.
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The toroid has a lever arm to diameter ratio, L/D, of 2, which is sufficiently large to
eliminate interference across the penetrometer section (Yan et al., 2011). The bearing
and sliding response is therefore the same as for a straight pipe of the same diameter.
The devices are actuated using a 2 degree-of-freedom electro-mechanical actuator
described in Schneider et al. (2018a).

5.3. EXPERIMENTAL PROGRAMME
5.3.1. SAMPLE PREPARATION AND SOIL CHARACTERISATION
The testing campaign was performed in four containers of kaolin clay (390 mm  1300
mm in plan) that were consolidated from slurry in a large consolidometer. A surface
pressure of 20 kPa was used, to reach a soil strength profile representative of offshore
at shallow depths. The results of miniature T-bar tests as well as the moisture content
measured in soil specimens recovered at different depths (using a miniature core
sampler) revealed that all four samples were highly homogenous with a strength of
1.5-1.75 kPa. This gave confidence in comparing data from shallow penetrometer tests
performed in different soil samples. Additional information regarding the sample
preparation and the soil characterisation process can be found in the companion paper
(Schneider et al., 2018b).

5.3.2. SHALLOW PENETROMETER TESTS
Different variations of the rotation stage following undrained penetration and loadcontrolled consolidation (Schneider et al., 2018b) were investigated. A brief overview
of the testing programme, for both the hemiball and toroid penetrometer, is provided in
Table 5.3.

5.3.3. SHEAR BOX TESTS AT LOW STRESS LEVELS
For comparison and validation purposes the strength envelope for the kaolinpenetrometer coating interface was determined via conventional means. Interface shear
box (ISB) testing is the de-facto standard laboratory test method for estimating pipelinesoil interface friction (White et al., 2015a; Westgate et al., 2018). Therefore, a rough
interface for the shear box was manufactured using the same approach as for the
penetrometer coating, which was to shot-blast a piece of Delrin plastic.
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The interface tests involved very slow shearing at 0.05 mm/min, ensuring drained
conditions, and were executed at very low effective stress levels (′n  5-15 kPa) similar
to those achieved in the shallow penetrometer tests. It was necessary to consider
corrections, following Lehane & Liu (2013), to account for the effect of system friction
for cases with and without soil ingress between the two halves of the shear box
apparatus. Due to uncertainty regarding soil ingress, the two correction assumptions
provided by Lehane & Liu (2013) are used (approach 1: no soil ingress; and approach 2:
soil ingress between upper and lower halves of shear box). This provides a range of
interpreted interface friction angle, which represents the uncertainty associated with
performing ISB tests at low stress levels (see later Figure 5.6). Post-test observations
indicated the presence of some clay in between the two halves of the shear box, which
suggests correction approach 2 (soil squeezed into gap between shear boxes) to be more
suitable. A minor stress level dependency was detected, as often observed at such low
stress levels (Lehane & Liu, 2013; Meyer et al., 2015) but the determined interface
friction angle is relatively constant (approach 2: δ 20°).
Additionally, conventional direct shear box tests (without an interface; ′n  5-15 kPa)
were performed to check whether the surface finish of the penetrometer interface was
sufficiently rough that the full friction angle of the kaolin was mobilised (Schneider et
al., 2018a). These tests confirmed that the friction mobilised by the roughened Delrin
plastic inserts is practically identical to the results derived from the standard shear box
tests, showing that the penetrometer interface can be treated as ‘fully rough’ (i.e.  =′).

5.4. INTERPRETATION OF ROTATION RESPONSE
This section describes the interpretation methods used to link the measured data during
a rotation stage to the underlying interface / soil parameters.
The rotational response of a shallow penetrometer test is interpreted to estimate the
following properties: undrained interface strength, su,int, drained interface friction angle,

, and the operative consolidation coefficient, cv, during that phase. For a ‘fully rough’
interface, these strengths correspond to the internal soil properties. The undrained
strength ratio (su,int/′no) can then be determined, where ′no is the effective stress
applied by the shallow penetrometer at the start of the rotation stage. If the soil is
normally-consolidated (NC) under this stress, then the strength ratio corresponds to the
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fundamental property, the NC strength ratio R = (su,int /′no)nc. The drained interface
friction angle can also be determined in terms of the effective stress interface friction
coefficient μ' = tan δ.
Since pore water pressures are monitored throughout the test, interpretation methods
based on an effective stress framework are possible. This allows the failure envelope in
effective stress space to be determined – in addition to the conventional total stress
analysis. The following subsections describe (i) the geometric factors used to convert
the force and torque on the penetrometer into the interface stresses, (ii) the total stress
back-analysis approach, (iii) the effective stress back-analysis approach and (iv) how
mean pore pressures are determined, allowing the effective stress approach to be applied
regardless of the drainage condition.

5.4.1. GEOMETRIC FACTORS: EFFECTIVE RADIUS, WEDGING AND
EMBEDMENT
To interpret shallow penetrometer tests it is necessary to convert the measured torque,
T, and vertical force, V, (which is held constant during rotation) into the average shear
stress, ave, and normal stress, n,ave, on the surface of the penetrometer. This conversion
depends on a wedging factor, , the effective radius of the device, reff, and the
penetrometer-soil contact area Ac, with

 ave 

(T reff )
Ac

and

 n , ave 

N V

Ac
Ac

(5.1)

The effective radius is the lever arm at which the torque resulting from ave acts and is
taken as constant for the toroid (reff,Toroid = L = 2D), but varies with embedment, w, (or
the semi-angle of the embedded segment, m) for the hemiball according to

reff , Hemiball 

D sinm
3

with

m  cos1 1  2 w D

(5.2)

The wedging factor, , is the ratio between the total normal force on the penetrometersoil contact, N, and the applied vertical load, V. White & Randolph (2007) derived an
analytical solution for the wedging factor on a pipeline assuming a normal contact stress
that varies with the cosine of the semi-angle θ (Figure 5.1), thus implying a reduction of
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normal contact stress with increasing distance from the penetrometer invert. The
pipeline solution can be adopted for the toroid, since the ratio L/D = 2 is sufficient to
exclude interference across the device (Yan et al., 2011), so that

2 sin  m
 1.27
 m  sin  m cos  m

 Toroid   Pipeline 

(5.3)

Yan (2014) adopted similar assumptions to develop a wedging factor for the hemiball:

 Hemiball 

3 sin 2 m

2 1  cos3 m 

 1.50

(5.4)

Additionally, Yan (2014) reported empirical relationships derived from SSFEsimulations of the rotation stage, for both the hemiball and toroid penetrometer, which
yielded very similar values to Equations 5.3 and 5.4. These simulations revealed that
there is no significant change in wedging factor during the rotation phase. The contact
surface area, Ac, is a function of the semi-angle of the embedded segment, m, and can
be evaluated as:
 sin  m D 2

w2
Ac , Hemiball   

 2 


or

 D  2w 
Ac ,Toroid  2 DL cos 1 

 D 

(5.5)

The parameters , reff,Hemiball and Ac all vary with penetrometer embedment, w. When the
device penetrates deeply into the soil, the effective embedment, w – i.e. the vertical
height from the invert to the point where the soil leaves contact with the penetrometer
(Figure 5.1) – is smaller than the position of the invert below the original soil surface
(which is the embedment inferred from the actuator movement, w). The divergence
occurs due to the soil being squeezed out radially. Based on repeated observations of
this effect – visually and from pore pressure data – the effective embedment is derived
by capping the semi-angle of the embedded segment at a value (θm,cap) of π/4 for the
toroid and π/3 for the hemiball. Throughout this study, the wedging factors, effective
radius and contact area were estimated using the effective embedment (i.e. w′ =
min(w, wcap = f(θm,cap)), thus capping the embedment recorded by the actuator once the
embedment limit, wcap, stated above is reached) in conjunction with the Equations 5.2,
5.3, 5.4, and 5.5.
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5.4.2. TOTAL STRESS INTERPRETATION METHOD
The total stress interpretation method allows the undrained and drained interface
strength properties to be identified, along with the transition in resistance from the
initial (undrained) value to the final (drained) limit. The interface friction coefficient 
= ave/n,ave, is calculated from the measured quantities as:


 ave
T

 n,ave reff V 

(5.6)

For the undrained part of the total stress interpretation method to apply, there must be
minimal excess pore pressure remaining from the penetration stage and any vertical
unloading step when the rotation begins. If any significant excess pore pressure
remains, the effective stress on the interface will be lower than n,ave, and the effective
stress interpretation must be used.
The measured friction at the drained (dr) and undrained (u) limits can be linked to the
underlying interface strength properties,  and su,int, by
 T
 reff V


dr   '  tan   


 ;
dr

 su,int 

  'no 

u  

 T

 reff V



u

(5.7)

Note that for normally consolidated conditions, the undrained friction ratio, u, will
equate to the normally consolidated interface strength ratio R. The effect of overconsolidation on the interface strength can be explored by varying the vertical load prior
to the rotation stage. By sustaining a higher vertical load while pore pressures dissipate,
followed by unloading and further dissipation, the value of su,int measured during the
rotation stage will reflect an over-consolidated condition. To capture this effect, the
equivalent undrained limit of Equation 5.7 can be rewritten in a SHANSEP or critical
state form (Ladd et al., 1977; Wroth, 1984) as
s 

T
R   u,int   u m 
m
  'no nc OCR reff V  OCR

with

m  1




(5.8)

In this case the undrained interface strength model has two parameters: the NC strength
ratio, R = (su,int/′no)nc and the index m, with the latter linked to the plastic and elastic
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volumetric stiffnesses in the Cam clay model,  and . Since the interface friction ratio
has two soil properties, R and m, it is necessary to make two or more measurements of
(su,int/'no) at different values of OCR in order to identify both properties. The OCR term
and the m parameter can be neglected in the case of normally consolidated interface
conditions (see also Equation 5.7). Equation 5.8 is essentially valid for a fully rough
penetrometer interface, as is the case here. However, the relation becomes increasingly
less appropriate for smoother interface conditions due to the non-linear development of
excess pore pressures with stress ratio.

Figure 5.2: Illustration of total stress interpretation method for rotation stage.

During the rotation stage, the measured friction transitions from u to dr. This
transition, when plotted against dimensionless time, Trot = cvt/D2, scans along the
consolidation ‘backbone curve’ (Figure 5.2), expressed by Randolph et al. (2012) for
subsea pipelines as

  dr   dr  u  0.5(T

rot

Trot ,50 )n

(5.9)

Trot,50 is the non-dimensional time required to generate friction half way between the
drained and undrained limits. Based on finite element simulations, Yan (2014) showed
that Trot,50 varies linearly with embedment from 0.020-0.170 or 0.004-0.03 as w/D
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increases from 0-0.5 for the toroid or hemiball, respectively, and n is a shape fitting
parameter that varies from 0.7 to 1.0.

5.4.3. EFFECTIVE STRESS INTERPRETATION METHOD
The normal stress, σn,ave, acting at the interface between the device and the soil, can be
combined with the average excess pore pressure, uave, in order to interpret the response
in terms of effective stresses, regardless of the drainage condition. It is necessary,
however, to apply a scaling factor β to the point measurements, upos, recorded at a
specific transducer locations, to represent the average excess pore pressure across the
contact area, so that

 'n , ave   n , ave   u ave 

V
Ac

   u pos

(5.10)

Using the above approach, the failure envelope of the interface,  = f(′n), can be
assessed directly by plotting the full test data in -’-space. In this way, the results of a
single test allow the failure envelope to be defined over a range of effective stress
compared to the single value of effective stress applied in an interface shear box test. A
similar analysis has been presented previously for instrumented model pipe tests (White
et al., 2010a; Ballard et al., 2013).

5.4.4. PORE PRESSURE SCALING FACTOR
SSFE wished-in-place simulations (Yan, 2014) suggested that the scaling factor β =
Δuave / Δupos  0.65-0.80, where the pore pressure upos is measured at the invert position
of the penetrometers. These investigations require extension to cover the hemiball,
which features pore pressure transducers at two additional locations: the midface (θ =
π/4 or 45°) and intermediate locations (θ = π/8 or 22.5°), for which no solutions have
been published to date.
During trial tests, the excess pore pressures recorded at the spot measurement locations
(invert, midface and intermediate) indicated that the ratios between the pore pressures at
each of the locations remained essentially constant throughout the dissipation and
rotation phases with Δuinv > Δuint > Δumf.
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Based on this observation, it is reasonable to deduce a model for  based on pore
pressures in the LDFE simulations outlined in the companion paper (Schneider et al.,
2018b). An advantage of using the LDFE dissipation simulations, compared to
previously reported SSFE wished-in-place calculations, is that the effect of soil heave is
captured appropriately. Although Schneider et al. (2018b) found that soil heave around
the periphery of the penetrometers has minimal influence on the dissipation
characteristics. More information regarding the modelling procedure (the RITSS
technique after Hu & Randolph, 1998), the model geometry and adopted Modified Cam
Clay parameters can be found in the companion paper.
Figure 5.3a illustrates the dependency of the β-factor on the transducer location
(denoted here by the angle θ, according to Figure 5.1) and normalised embedment for a
rough hemiball under normally consolidated soil conditions. An effective nondimensional embedment depth, w′/D, which accounts for the change of contact area
around the penetrometer induced by soil heave, was introduced to link the numerically
derived results to their corresponding embedment. The scaling factor remains
practically constant as the excess pore water pressures dissipate, as demonstrated by the
grey lines in the figure (which are effectively indistinguishable), where each line
corresponds to a different dissipation time. The dashed lines are best fits, each
corresponding to a specific non-dimensional embedment, w′/D, taken as the mean of the
initial and final post-consolidation values. The β-factors derived numerically at the
invert position (θ = 0) are in good general agreement with the values reported by Yan
(2014).
A relationship was derived using a nested fitting technique, to estimate β as a function
of the transducer location, θ, and the effective embedment depth, leading to



 1

uave
 min 
, 1.5
c
upos
 a b 


where

0.1  w' D  0.5

(5.11)

with  expressed in radians. The coefficients a, b and c can be defined using the
following polynomial equations:


a  p1 (w ' D)2  p2 (w ' D)  p3
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 p (w ' D)
4

2

 p5 (w ' D)  p6 

(5.13)

c  p7 ( w ' D) 2  p8 ( w ' D)  p9

(5.14)

with the constants p1-p9 given in Table 5.1. The resulting model was verified through
additional LDFE simulations, as shown in Figure 5.3b for the invert, intermediate and
midface positions. The LDFE results also show that the scaling factor relationship
developed appears reasonably consistent across the OCR range of 1-6, which covers the
range of practical interest for deep water offshore conditions.
Table 5.1: Coefficients for approximation of the scaling factor β.
Coefficient a

Coefficient b

Coefficient c

p1

-2.6210-2

p4

2.68

p7

1.87

p2

3.0310-1

p5

-4.7

p8

-1.58

p3

1.32

p6

7.7610-2

p9

2.31

(a)
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(b)

Figure 5.3: Pore pressure scaling factor : (a) dependency on local inclination, θ, and effective
normalised embedment; and (b) performance of developed model compared with numerical
LDFE-simulation results.

For back-analysis of the laboratory tests, the initial excess pore pressures were adjusted
after Sully et al. (1999) to account for the slight delay in measurement of the dissipation
response at the start of the rotation phase. Equation 5.11 was used to define the scaling
factor, β, for the hemiball. For the toroid, a value of 0.725 was determined (Schneider et
al., 2018a), which is in excellent agreement with numerical SSFE solutions reported by
Yan (2014). This value is similar to that derived for the hemiball invert location.

5.5. TEST VARIATIONS FOR THE ROTATION STAGE
Details regarding the penetration (undrained penetration to w/D = 0.3) and loadcontrolled dissipation stages (dissipation of two or four hours for the toroid or hemiball,
respectively) can be found in the companion paper (Schneider et al., 2018b). The next
sections present results from the rotation stage for both the hemiball and toroid
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penetrometer. Three potential types of rotation stage were defined and investigated: the
basic rotation test (BT), the episodic rotation test (ERT) and the over-consolidation test
(OCT), with each test variation targeting a different set of soil properties, as outlined in
Table 5.2. A brief overview of the testing programme, together with a summary of the
inferred soil properties from each test, is given in Table 5.3.
Table 5.2: Variations in test protocol for the rotation stage.
Variant

Characteristics of rotation stage

BT

fms-rotation (fast, medium, slow)

Measurements
T, Δu, w

*

ERT

cycles of fast rotation & dissipation

OCT

rotation at different OC-ratios

(LC: V=constant) *

Targeted properties
(su,int /′no)nc , 
(su,int /′no)nc , ,

/

m ,  = f (′n)

Vertical load corresponds to maximal penetration resistance at final embedment (BT & ERT) or a specific fraction of it (OCT)

An undrained penetration (stage 1) followed by a load-controlled (abbreviated herein as
LC) dissipation phase (stage 2) were carried out prior to all test variations summarised
in Table 5.2 (stage 3). The same vertical load, as achieved at the end of the penetration
phase (stage 1) and maintained throughout the dissipation phase (stage 2), was
maintained for the entire rotation phase in the BT and ERT tests but adjusted
systematically in the OCT tests to achieve targeted over-consolidation ratios for the soil
(stage 3).

5.6. RESULTS: BASIC ROTATION TEST (BT)
To define the whole backbone curve it is necessary to rotate for a normalised time Trot
= cvt/D2  1 to reach the drained limit (the coefficients of consolidation, cv, estimated
from the preceding dissipation phase (Schneider et al., 2018b) were used to define nondimensional time Trot). It is also necessary to rotate by a sufficient distance to reach
sliding failure prior to pore pressure dissipation, in order that the undrained interface
strength can be identified before consolidation occurs. Toroid experiments published by
Schneider et al. (2018a) showed that a non-dimensional circumferential displacement,
dx/D (at the effective radius reff), of about 0.02 is required for failure. The time for
significant (e.g. 10%) drainage is Trot  0.001 (Yan et al., 2014). A rotation of several
revolutions would therefore be required before drained conditions are reached, which
would create excessive settlement and cause the penetrometer to move into fresh soil,
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generating further excess pore pressure. A practical solution is to begin with a rotational
speed sufficient to identify the undrained strength prior to consolidation occurring, and
then reduce the rotation speed in steps to limit the total rotation and eliminate excessive
settlements. Experience gained in the laboratory from several trials tests indicated that a
reduction in rate of about one order of magnitude, from one sub-stage to the next, leads
to reasonable results, in that the ‘full’ backbone curve can be measured whilst
generating modest device settlements.
Using this approach, the basic or BT test constitutes three consecutive rotation substages with fast, medium and slow rotation rates (relative to each other). Initially, the
penetrometer is rotated at a fast rate (e.g. toroid: rotation rate  of 0.004 radians/s to
give Vrot = reffD/cv ≥ 10) to characterise the undrained part of the backbone curve. In
the subsequent rotation sub-stages the rotation rate is reduced in order to measure the
remainder of the backbone curve without inducing excessive settlement. These changes
in rotation rates lead to an abrupt but temporary drop in torque (see Figure 5.2). Figure
5.4 shows a schematic of the basic elements of such a test in terms of accumulated
vertical displacement and rotation angle.

Figure 5.4: Basic rotation test after Schneider et al. (2018a): penetrometer embedment and
rotation angle histories.
Centre for Offshore Foundation Systems

5-15

Chapter 5

Rotation Stage

Experimental results of three toroid and hemiball tests are shown in Figure 5.5 and
Figure 5.6, interpreted using the total and effective stress interpretation frameworks,
respectively. Each test comprised a fast, medium and slow rotation sub-stage (fmsrotation) with load-control held within  1N (nominal contact stress:  ~0.15 kPa)
throughout, demonstrating high stability of the system. As mentioned before, reduction
of the rotation speed leads to a sudden drop in the measured resistance (mobilised
torque), as seen in Figure 5.5, which is perhaps due to the strain rate dependency of
kaolin clay (e.g. Lehane et al., 2009). If the rate reduction is too severe, it is possible
that the measured interface friction might not recover in time to successfully scan along
the entire backbone curve, as occurred in hemiball test ‘Hemi_BT-1’ in Figure 5.5c.
Even though it is not possible to define the complete total stress backbone curve from
this particular test, the data can still be used to estimate the undrained and drained limits
of the interface friction properties. Due to its smaller diameter, the toroid needs to be
rotated significantly faster than the hemiball to ensure undrained conditions. This makes
the load-control more challenging and results in slightly noisier data for the fast rotation
sub-stage of the toroid tests (Figure 5.5a).

(a)
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(b)

(c)
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(d)

(e)

Figure 5.5: Total stress interpretation of basic rotation test: (a, c) normalised axial friction; and
(b, d) interface friction with dimensionless time for the toroid and hemiball, respectively; and
(e) embedment depth with time for all tests presented.
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An excellent match of the measured rotation response was found for all toroid and
hemiball tests, as illustrated in Figure 5.5. The undrained and drained limits, identified
according to Figure 5.2, lead to a normally-consolidated interface strength ratio, R =
(su,int /′no)nc, of about 0.15 and an interface friction angle, , of 19-20º. This strength
ratio is in close agreement with shear strength data for kaolin from geotechnical
centrifuge tests (Hu et al., 2014; Morton et al., 2014), reflecting the rough nature of the
interface. The inferred interface friction angle agrees well with the measurements of
Chen & Randolph (2007).
The effect of the slight over-consolidation of the soil specimen, which is a function of
the pre-consolidation stress of 20 kPa and the final penetration resistance, Vmax,
maintained constant during the preceding dissipation stage, was taken into account
according to Equation 5.8. The OCR-correction (OCR 1.5-2) combined with a
SHANSEP parameter of m 0.785, which is an estimate based on the critical state
parameters for kaolin clay after Stewart (1992), results in all of the responses in Figure
5.5 yielding very consistent undrained strength ratios of around 0.15, as stated
previously. A summary of all interpreted soil friction parameters can be found in Table
5.3.
Fitting backbone curves to the test measurements (dashed black lines) leads to
experimentally derived values of Trot,50 (time at which 50% of excess pore pressures
have dissipated) of 0.018 and 0.130 for the hemiball and toroid, respectively. The
estimated values are consistent with the numerical SSFE simulation results reported by
Yan (2014).
Figure 5.6 presents the effective stress interpretation of the same data, alongside the
non-linear failure envelopes derived from the shear box tests. The stress path rises
gradually from left to right as excess pore pressures dissipate with increasing test
duration. All penetrometer tests are in excellent agreement with each other and are
bracketed by the interface shear box data generated using the two low stress correction
methods after Lehane & Liu (2013). The penetrometer measurements fall closer to the
corrected interface shear box data corresponding to soil ingress between the two halves
of the shear box (correction approach 2). Post-test disassembly of the interface shear
box apparatus attested that such soil ingress did in fact occur.
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(a)

(b)

Figure 5.6: Effective stress interpretation of basic rotation test: (a) toroid; and (b) hemiball
penetrometer.
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5.7. RESULTS: EPISODIC ROTATION TEST (ERT)
Operational pipelines are subjected to regular cycles of heating and cooling during
operation and shutdown periods. This causes the pipeline to expand and contract over
relatively short timescales resulting in stress-reversals on the pipe-soil interface. The
movement period is typically short enough to involve an undrained soil response, but
the intervening period between movements is sufficiently long for consolidation to
occur. This regime can be mimicked by performing episodic rotation tests with repeated
fast rotation phases (modelling the transition between shutdown and operational states)
and intervening consolidation periods. The intervening consolidation phases, following
each fast rotation phase (Vrot ≥ 10), should be sufficiently long to allow most of the
generated excess pore pressures to dissipate (e.g. 90% of consolidation complete; here
dissipation times of 24 and 48 minutes were chosen for the toroid and hemiball,
respectively). It was important to minimise the angle of rotation to avoid excessive
settlements, while ensuring sufficient rotation to mobilise the full undrained resistance
in each episode. Figure 5.7 shows a schematic of the basic elements of such a test in
terms of accumulated vertical displacement and rotation angle.

Figure 5.7: Episodic rotation test: penetrometer embedment and rotation angle histories.
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Yan et al. (2014) quantified the episodic transition from undrained to drained sliding
response using a drainage index, ψ, expressed as
  1  exp   0.7   N  1

 N 50  1 

with

N 50 

0.9

  

(5.15)

where N is the cycle number and κ/λ is the elastic-plastic volumetric stiffness ratio. N50
represents the testing cycle corresponding to 50% hardening and consequently a
drainage index of 0.5. The relationship was derived from numerical simulations
modelling pipelines on normally consolidated soil, but can equally be used to backanalyse ERT tests. An alternative expression, based on a simplified critical state
interpretation of the stress:voids ratio path during episodes of sliding and
reconsolidation (White et al., 2015b) is
( R )a  1
  c
Rc  1

with



a  1  1  



N 1

(5.16)

where the episodic strength increase is controlled by the stiffness ratio κ/λ and the
critical state spacing ratio Rc between the isotropic consolidation and critical state lines
(with Rc = 2 for the Modified Cam Clay soil model).
An episodic test allows N50 to be derived directly, which has practical value in
indicating the number of operational cycles required for the seabed friction to rise
towards the drained limit. Equations 5.15 and 5.16 allow N50 to be estimated from κ/λ or
vice versa, which facilitates linking of N50 to laboratory measurements of soil stiffness.
Results of three episodic rotation tests are presented in Figure 5.8, with all the tests
comprising 20 fast rotation and consolidation cycles, which is adequate to reach drained
conditions (Yan et al., 2014).
The ultimate undrained resistance rises gradually, as the soil hardens from episode to
episode, as indicated in Figure 5.8b. Total stress interpretation of the tests yields almost
identical soil friction properties as derived with the basic rotation tests (Table 5.3).
When plotted in effective stress space, most of the data points, with each corresponding
to a different rotation cycle, lay within the relatively close bounds of the two shear box
interpretation methods described earlier in the paper (Figure 5.8c).
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(c)

(d)

Figure 5.8: Results of episodic rotation tests: (a) normalised axial friction with dimensionless
time; (b) interface friction with dimensionless time; and (c) effective stress interpretation; and
(d) embedment depth with time for all tests presented.

Centre for Offshore Foundation Systems

5-24

Chapter 5

Rotation Stage

Figure 5.9 shows the rise in drainage index, ψ, with increasing cycle number, N. The
stiffness ratio, κ/λ, derived when fitting the theoretical model of Yan et al. (2014) to the
test measurements, is estimated to be about 0.155 (mean value from all tests), with the
relationship proposed by White et al. (2015b) yielding a very similar value (Figure 5.9).
The best fit values determined for each test using Equation 5.15 are stated in Table 5.3
and are consistent with the parameters quoted by Stewart (1992). The cycle number
corresponding to 50% hardening, N50, is found to be similar for both penetrometers,
with about 6 cycles required to reach a drainage index of 0.5.

Figure 5.9: Episodic rotation test: Cycle number vs. drainage index.

5.8. RESULTS: OVER-CONSOLIDATED TEST (OCT)
Submarine pipelines are typically filled with water after laying, to improve stability and
to assist in system testing. During operation they transport hydrocarbons with a lower
density than seawater, which creates local over-consolidation in the underlying soil
mass (generally OCR  2.5, depending on the exact composition of the hydrocarbon
being transported). To measure the response of soil for this situation, the vertical load
held on the shallow penetrometers was varied strategically towards the end of the
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dissipation stage and prior to the initial rotation stage (or at the end of the preceding
rotation stage), as follows:
 Sub-stage 1 (OCR 4): Unloading to Vmax / 4 followed by dissipation & rotation phase
 Sub-stage 2 (OCR 2): Reloading to Vmax / 2 followed by dissipation & rotation phase
 Sub-stage 3 (OCR 1): Reloading to Vmax followed by dissipation & rotation phase
Figure 5.10 illustrates the OCT methodology in terms of penetrometer embedment,
vertical load and rotation angle. For clarity only one sub-stage is presented. Any stress
level dependency of the friction angle, ′ = f(′n), as is often reported at low effective
stresses (e.g. White et al., 2012), can be determined with this type of test. Additionally,
the SHANSEP exponent, m, can be evaluated for the case where the undrained stress
ratio, (su,int /′no)nc, is known from an alternative penetrometer test (e.g. BT or ERT).
Another possibility to assess the SHANSEP parameter is to estimate the normally
consolidated stress ratio by including an undrained OCR = 1 sub-stage into the testing
routine, as in sub-stage 3 defined above earlier (noting that any shear induced change in
water content due to the previous rotation sub-stage(s) is not accounted for and thus the
nominal over-consolidation ratio stated for sub-stages 2 and 3 will be a slight
underestimation of the true OCR present in reality).
Figure 5.11 shows a toroid test with two sub-stages, with each consisting of an fmsrotation phase and each corresponding to a different over-consolidation ratio. The
penetrometer is rotated while maintaining either a quarter (first stage) or half (second
stage) of the final penetration resistance achieved at the end of the penetration stage.
Again, adopting a pre-consolidation stress of 20 kPa and assuming practically complete
consolidation around the penetrometer, such loading conditions result in overconsolidation ratios of OCR 6.4 and OCR 2.9 for the first and second sub-stage,
respectively. To provide reference, two basic tests are plotted alongside the OCT-test
results in Figure 5.11.
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Figure 5.10: Over-consolidation ratio test (OCT) – penetrometer embedment, vertical load and
rotation angle histories.

Due to the high over-consolidation ratio, a high undrained peak in friction was recorded
during the first sub-stage. With increasing shear displacement the normalised axial
friction eventually drops to a residual value of about 0.8. Drained conditions were
reached at a normalised time of about Trot 1 for both stages. Stress level dependency of
the friction angle, as often observed at very low effective stresses (e.g. White et al.,
2012; White et al., 2015a), can be seen clearly in Figure 5.11b, with the interface
friction angle decreasing from 27.8 to 23.1 degrees from the first to the second substage (reference value corresponding to BT tests:  19-20º). The SHANSEP exponent,
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m, was evaluated as 0.84 (exact values, see Table 5.3), assuming an undrained
normally-consolidated strength ratio according to the basic tests described previously.
The inferred exponent is in excellent agreement with the results obtained from the
episodic rotation tests.

(a)

(b)
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(c)

Figure 5.11: Results of over-consolidation ratio tests for the toroid penetrometer: (a) normalised
axial friction with dimensionless time; (b) interface friction with dimensionless time; and (c)
effective stress interpretation.

In effective stress space, the measurements obtained for the different over-consolidation
ratios are all consistent with each other, falling between the bounds given by the two
shear box correction approaches (Figure 5.11c). However, the stress path corresponding
to the V/4-test (first sub-stage) moves in the opposite direction to the V/2-test (second
sub-stage). This is due to the generation of negative excess pore pressures during the
undrained rotation of the device, which generated a large peak resistance in the total
stress interpretation. This is compelling evidence of the reliability of the effective stress
interpretation framework.
Due to time constraints (for example during offshore in-situ testing) it is often not
practical to fit several OCR sub-stages into one test, as this may lead to test durations as
long as several days for slow-draining fine-grained soils. Figure 5.12 shows the results
of two hemiball OCT-tests, with each consisting of only one fms-rotation sub-stage,
corresponding to an OCR of approximately 6.5 (V/4). The test measurements are in
excellent agreement with each other, both in total and effective stress space. The
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inferred SHANSEP parameter is m 0.82, which is again consistent with existing
literature (e.g. Stewart, 1992; Lehane et al., 2009) and the stiffness ratio estimated from
the ERT-tests (note: m ~ 1 - /, according to Equation 5.8). The evaluated friction
angles,   ϕ′, are 20.7 and 18.8 degrees for the two tests (Table 5.3). The observed
stress level dependency of the interface friction is much smaller for the hemiball, and
practically non-existent for the Hemi_OCT-2 test, which may be a consequence of
reduced dilation for the axisymmetric conditions (e.g. Bolton, 1986) of the hemiball,
compared to the pseudo plain strain conditions of the toroid (L/D = 2). Again, in
effective stress space, the stress path moves in the opposite direction, indicating
negative excess pore pressures are created due to dilation, as shown in Figure 5.12c.

(a)
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(b)

(c)

Figure 5.12: Results of over-consolidation ratio tests for the hemiball penetrometer: (a)
normalised axial friction with dimensionless time; (b) interface friction with dimensionless
time; and (c) effective stress interpretation.
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5.9. SUMMARY
The derived parameters are summarized in Table 5.3 (total stress interpretation). Mean
values and coefficients of variation (COV) of each parameter are quoted at the bottom
of the table to demonstrate the exceptional repeatability of the tests. The consistency of
the measurements is remarkable, especially when compared to typical values of
coefficients of variation characterizing the inherent state of soil (e.g. undrained shear
strength: 30-50% and angle of internal friction: 5-15% after Schneider & Schneider,
2013). In effective stress space, all test types overlay the same failure envelope as can
be seen in Figure 5.13a. The effective interface friction and the relatively narrow range
of the resulting envelope parameters (adopting the stress dependent failure criterion of
White & Randolph, 2007) are presented in Figure 5.13b.
Table 5.3: Summary of rotation tests and derived soil parameters (total stress interpretation).
(su,int /′no)nc

tan 

/ *

m

(-)

(-)

(-)

(-)

Toro_BT-1

0.158

0.342





Toro_BT-2

0.149

0.360





Toro_BT-3

0.144

0.345





Toro_ERT-1

0.145

0.346

0.145



Toro_ERT-2

0.165

0.340

0.170



Toro_OCT-1



0.527 / 0.427



0.845 / 0.843

Hemi_BT-1

0.146

0.335





Hemi_BT-2

0.150

0.339





Hemi_BT-3

0.155

0.338





Hemi_ERT-1

0.144

0.360

0.150



Hemi_OCT-1



0.378



0.820

Hemi_OCT-2



0.340



0.820

0.155

0.832

(8%)

(2%)

Test name

Mean
COV

#

0.151
5%

+

+

0.345
3%

+

+

* stiffness ratios /λ were derived using the back-analysis method of Yan et al. (2014) given by Equation 5.15
+
#

only the basic rotation (BT) and episodic rotation tests (ERT) were used to define the statistical measure
intended to demonstrate consistency only (not to be used to define distributions of interface / soil properties)
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(a)

(b)

Figure 5.13: Summary of shallow penetrometer tests in effective stress space: (a) effective stress
envelopes; and (b) effective interface friction.
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The data presented in this paper and its companion (Schneider et al., 2018b) has
demonstrated that the hemiball and toroid shallow penetrometers are capable (when
coupled with a miniature T-bar or ball penetrometer test) of measuring practically all of
the parameters required by modern pipeline design guidelines (e.g. DNVGL-FP-F114)
as summarised in Table 5.4. Such a suite of tests could be performed directly in a box
core sample on-board a survey vessel within a few hours (please note that for timeconsuming shallow penetrometer tests, such as for instance OCT tests, it might make
sense to use the toroid rather than the hemiball, as its smaller diameter and hence shorter
drainage paths lead to significantly reduced testing times). A major advantage of these
tests is that preliminarily interpreted data could be fed back to the client and pipeline
design team earlier in the project cycle than for conventional tests, which typically need
to be performed onshore in a laboratory.
Table 5.4: Investigated testing variations and definition of standard set of tests.
Testing phase

Soil parameter

BT 3)

ERT 3)

OCT

T-bar 3)

Undrained
Penetration

su










su,rem & St
cv







τu,int







Rotation

(su,int /σ'no)nc & m 2)

(su,int /σ'no)nc

(su,int /σ'no)nc



(BT, ERT, OCT)

δ or ϕ′







Dissipation

(/) & N50
Penetration
1)

1)




su,c

Further penetration after complete consolidation /

2)

SHANSEP parameters /


3)



()

Testing component of standard set

5.10. CONCLUSIONS
Shallow penetrometer tests have been demonstrated to be capable of measuring
undrained strength, consolidation and friction parameters of soft surficial soils within a
single test. This paper has focused on the rotation stage, potential variations of it, and
the interface / soil properties that can be derived reliably from them. Geotechnical
relationships needed for data interpretation, both in terms of a total and an effective
stress framework have been presented. New expressions for evaluating the pore pressure
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scaling factor of the hemiball, which is a key back-analysis parameter, are presented
based on large deformation FE-simulations. Additionally, results from a wide-ranging
set of laboratory tests in kaolin clay illustrate the proposed test protocols and backanalysis methods. The main outcomes and future prospects for shallow torsional
penetrometers can be summarised as follows:


The laboratory tests have demonstrated that the hemiball and toroid can provide
rapid and reliable assessment of key parameters for pipeline design in soft
surficial soil. The inferred friction and stiffness associated parameters are very
consistent with existing literature and independent shear box measurements for
the kaolin clay used in the investigation.



Direct assessment of the failure envelopes in effective stress space has been
demonstrated via comparison of the interpreted measurements with data from
low stress interface shear box tests.



The results clearly show that comprehensive soil characterisation is possible
with the three test variations (BT, ERT and OCT) described. Coupled with
complementary miniature T-bar or ball penetrometer tests, this suite of tests
performed in a box core sample in-situ on the deck of a survey vessel would
provide practically all of the pipeline design parameters required by DNVGLFP-F114.
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CHAPTER 6
SHALLOW PENETROMETERS FOR THE CHARACTERISATION
OF FINE-GRAINED SURFICIAL MARINE SEDIMENTS

Preface. The manuscript presented in the following section is intended as a stand-alone

journal paper, thus some repetition of certain aspects and consideration already outlined
in the preceding paragraphs / papers is inevitable. Moreover, the manuscript has not yet
been submitted to a scientific journal due to a project specific embargo on some of the
field test measurements reported.

Abstract. Economical design of subsea pipelines or seabed cables requires precise

knowledge of soil conditions in the uppermost ~0.5 m of the seabed, information that is
perhaps best attained using shallow penetrometers (e.g. hemiball or toroid). This
recently developed class of site investigation tools closely mimics the geometry of the
target infrastructure being designed, with the penetrometers being capable of measuring
strength, consolidation and frictional soil properties at shallow embedment. As a
consequence of excess pore water pressures being continuously measured at various
locations on the shallow penetrometers, an effective stress interpretation of the
measurements allows the failure envelope of the sediment to be determined directly.
Such a suite of measurements – performed offshore in a box-core recovered to the deck
of a survey vessel – provides earlier feedback of data, which is required for front end
engineering design, than conventional laboratory testing methods. To date, only
laboratory tests in commercial kaolin clay have been reported. This paper describes the
first application of the shallow penetrometer technology in natural offshore soil (in the
form of reconstituted carbonate silt from an active offshore project). The laboratory
tests performed demonstrate that the probes are also capable of capturing relevant
specific features of natural sediments found in typical offshore energy resource bearing
locations, in timescales that are realistic for offshore surveying operations.
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Finally, selected results from the application of the devices on a recent offshore survey
are reported, together with an explanation of the steps undertaken to achieve reliable
offshore deployment of the technology.
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6.1. INTRODUCTION
Robust and economical design of shallow offshore infrastructure (e.g. shallow
foundations, seabed pipelines or cables) requires detailed knowledge of soil conditions
near the mudline, preferably at an early project stage. Even though conventional site
investigation tools, such as T-bar, cone or ball penetrometers, may be used to measure
the undrained shear strength profile of surficial marine sediments, they provide only
limited information about frictional interface properties. Laboratory experiments should
ideally simulate stress conditions similar to those expected to be found in the soil layers
directly beneath the structure to be designed. Performing conventional laboratory tests
at such low stress levels is challenging, though. Shear box, tilt table (Pedersen et al.,
2003) or Cam-Tor tests (Kuo et al., 2015) can be used to estimate soil properties of
samples subjected to such (low) stresses. The latter two are more suitable for such
conditions especially compared to shear box tests, where the results can be affected
significantly by the self-weight of the upper box, therefore making data interpretation
extremely difficult (Lehane & Liu, 2013). However, most laboratory experiments suffer
from substantial disturbance, experienced due to the sample recovery and transportation
process (Clayton et al., 1998; Hover et al., 2013).
An alternative approach is to characterise near-surface soil properties offshore directly,
using shallow penetrometers such as the hemiball or toroid. A single test performed in a
box-core sample (usually 0.5 m x 0.5 m on plan and up to 0.5 m deep), recovered to the
deck of a site investigation vessel, can be used to determine most of the parameters
required for modern pipeline design (Det Norske Veritas, 2017). The three main stages
of such a test, namely the penetration, dissipation and rotation stages, target the
strength, consolidation and frictional properties of surficial offshore soil, respectively.
Similar to the Fugro SMARTPIPE (White et al., 2010a), the effective stress failure
envelope can be assessed directly using excess pore pressure measurements from
various locations on the shallow penetrometers. The smaller diameter of the box-core
shallow penetrometers (toroid: D = 25 mm; hemiball: D = 100 mm), compared to
similar devices like the SMARTPIPE (D = 200 mm), results in considerably shorter test
times, therefore giving the former a significant economic advantage with respect to
offshore survey campaign scheduling.
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Stanier & White (2014) presented comprehensive large deformation finite element
analyses (LDFE) of the penetration stage for undrained conditions, yielding an
interpretation method that can be used to estimate the undrained strength profile of box
core samples, or the seabed for similar tests performed in-situ. The simulations were
achieved using the RITSS-methodology (Remeshing and Interpolation Technique with
Small Strains) after Hu & Randolph (1998) and the Tresca soil model. Yan et al. (2017)
and Yan (2014) reported coupled small strain FE-solutions (SSFE) of the dissipation
and rotation stage, respectively, assuming wished-in-place conditions paired with the
Modified Cam Clay soil model (Roscoe and Burland, 1968). Results from an initial
suite of proof-of-concept centrifuge tests, modelling small scale versions of the toroid
and hemiball penetrometers, can also be found in Yan (2014). More recently, box-core
sized penetrometers were developed at UWA (Schneider et al., 2018a). The
fundamentals of each testing stage and the geotechnical interpretation models required
to back-analyse the measurements are explained in detail in Schneider et al. (2018b &
2018c) alongside extensive experimental validations of the shallow penetrometer test
concepts.
Only tests performed in commercial kaolin clay have been published to date (Schneider
et al., 2018a, 2018b & 2018c). The current paper expands on this by reporting the first
application of the technology in natural soil recovered from a current offshore
development site. After successful characterisation of the sediment using the shallow
penetrometers, a practical offshore testing routine, which is shorter in duration and thus
more economical, was developed and verified in the laboratory, using the same soil
(reconstituted carbonate silt). The new routine features significantly reduced dissipation
and rotation times, therefore allowing only partial dissipation of excess pore water
pressures. The interpreted data resulting from the two sets of experiments with
contrasting test duration timescales (ideal world or laboratory and a potential reality
offshore) demonstrate that the shallow penetrometers can derive meaningful design data
even under tight schedules. In addition to the laboratory experiments, selected results
from one of the first offshore deployments of the box core shallow penetrometer
equipment are presented.
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6.2. HEMIBALL & TOROID PENETROMETER
The box-core hemiball (D = 100 mm) and toroid penetrometers (D = 25 mm) are
designed to mimic pipe-shaped subsea infrastructure by virtue of their similar
geometries in cross-section (Figure 6.1). Each probe features a bi-axial load cell,
capable of measuring the vertical thrust and torque accurately, as well as pore pressure
transducers (PPTs) placed at various positions on the surface of the device. The
dimension of the toroid lever arm, L, was selected according to Yan et al. (2011), who
showed that an aspect ratio, L/D, of 2, is sufficient to avoid interaction across the device
cross-section. Additional information concerning the design process of the
penetrometers and the custom-built actuation system developed to operate the probes
can be found in Schneider et al. (2018a).

(a)

(b)

Figure 6.1: Illustration showing used nomenclature for: (a) the hemiball; and (b) toroid
penetrometer after Schneider et al. (2018c).

The hemiball features a total of five pressure transducers, located at the invert (1 PPT,
abbr. inv), intermediate (2 PPTs at  = π/8, abbr. int) and midface positions (2 PPTs at 
= π/4, abbr. mf). The toroid, as a consequence of its smaller dimensions, includes PPTs
only at the device tip (4 PPTs, abbr. inv). The data collected via these transducers
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permits the vertical force and torque measurements (during the rotation stage) to be
converted into frictional interface properties using interpretation methods based on an
effective stress framework.
The shallow penetrometers were conceived to quantify reliably the strength, dissipation
and interface friction characteristics of surficial soil via three distinct test stages: the
undrained penetration, dissipation and rotation stages. From these testing phases the
undrained strength profile (su), the coefficient of consolidation (cv) and the interface
friction properties (normally consolidated strength ratio, R = (su,int /′no)nc with ′no
representing the effective normal stress at the beginning of the rotation phase, and the
interface friction angle δ) can be evaluated, respectively. Variations of the rotation stage
can also be used to gain information about additional soil properties, such as the
stiffness ratio, /. A brief summary of the parameters that can be evaluated from the
different testing stages is provided in Table 6.1.
Table 6.1: Estimable properties for penetration, dissipation and rotation stage.
Main testing stages

Targeted properties

1

Penetration

su

2

Dissipation

cv

3

Rotation

R, δ, /

In the event that the interface of the shallow penetrometers is completely rough, the
mobilised friction should be very close to the internal frictional properties of the soil
itself (i.e. δ  ϕ′). Whether this is the case for the carbonate silt investigated in this work
was explored via interface shear box tests.

6.3. SHEAR BOX TESTS & SURFACE FINISH
The soil tested is assumed to mobilise significantly more interface friction than the
kaolin clay previously investigated (e.g. Schneider et al., 2018c). In a first step the
internal friction angle, ′, of the carbonate sediment was estimated from direct shear box
tests at UWA (for more details on device see also Boukpeti & White, 2017), where
several normally consolidated soil samples were sheared at the low effective normal
stress levels relevant for shallow offshore structures (′n 10 kPa).
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Shallow penetrometer tests performed on the same sediment, for both the toroid and
hemiball, indicated that the original surface texture (shot-blasted polyoxymethylene)
was insufficiently rough to mobilise the full internal friction of the carbonate silt. To
counter this, interface shear box tests (ISB: sheared at a slow rate of 0.05 mm/min) were
conducted using an insert coated with coarse poorly-graded silica sand (d50 0.5 mm).
In these tests the interface friction mobilised was equivalent to the internal friction
measured in the standard direct shear tests (Figure 6.3). Consequently, the shallow
penetrometers were also coated with the same coarse poorly-graded silica sand as
shown in Figure 6.2.

(a)

(b)

Figure 6.2: Sand coated interfaces: (a) toroid; and (b) hemiball penetrometer.

The results of the direct shear box tests (DS) were also used to define the failure
envelope of the soil in effective stress space, which will be used to assess the validity of
the shallow penetrometer measurements. Figure 6.3 presents the test data after
correction according to Lehane & Liu (2013) to account for the influence of the upper
shear box weight and parasitic internal system friction, which is particularly crucial
when analysing tests at such low stress levels. Two correction methods are applied to
capture two distinct scenarios: approach 1 captures the case where no sediment migrates
into the gap between the upper and lower halves of the shear box whilst approach 2
captures the case where soil fills the gap between the two halves of the shear box.
Measurements from the kaolin tests reported in Schneider et al. (2018a) are also
provided as a reference (Figure 6.3).
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Figure 6.3: Estimated failure envelopes for carbonate silt (direct and interface shear box tests).

A limited amount of sediment was detected in the gap during post-test inspections,
suggesting that the penetrometer response would be expected to fall closer to the lower
bound represented by approach 2.

6.4. LABORATORY TESTING PROGRAMME
6.4.1. SAMPLE CHARACTERISATION
The recovered offshore soil was prepared in a cement mixer by gradually adding water
until a moisture content of approximately twice the liquid limit (143%) was achieved.
The soil slurry was poured into two large strongboxes (with plan dimensions of 1300
mm by 390 mm and a depth of 225 mm) and consolidated, in several small loading
steps, to a target stress of 20 kPa, generating a sample of approximately uniform
undrained shear strengths of a few kPa. Miniature T-bar tests were carried out in both
samples and confirmed this objective had been achieved.
In addition to the direct shear box and miniature probe tests, small soil specimens
corresponding to different sampling depths were collected to further characterise the
marine sediment. Laboratory examinations performed on these mini-specimens revealed
very consistent profiles of void ratio, effective unit weight and moisture content for all
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measured locations and both samples. Due to the verified uniformity of the samples,
both spatially within the confines of a single strongbox and between the two
strongboxes, it is reasonable to compare test results from different shallow penetrometer
tests, even if they were not performed in the same strongbox.

6.4.2. SHALLOW PENETROMETER TESTING PROGRAMME
According to Schneider et al. (2018c), only two shallow penetrometer tests (basic and
episodic rotation test) plus one miniature T-bar test provide practically all of the
parameters required for modern pipe-soil interaction design (Table 6.2). With regards to
offshore testing on a survey vessel, three to four shallow penetrometer tests should
easily fit within one box-core sample (typically 0.5 m x 0.5 m in plan), thus facilitating
rapid and reliable near-surface soil characterisation, even if only one box core sample is
recovered.
Table 6.2: Recommended penetrometer tests for complete near-surface characterisation for
pipe-soil interaction design.
Testing stage
1

Penetration

2

Dissipation

3

4
*

Rotation

Penetration **

Parameter

BT *

ERT *

Mini T-bar

su







su,rem & St

-

-



cv





-

(su,int /σ′no)nc





-

δ





-

/ , (N50)

-



-

su,c





()

BT = basic test, ERT = episodic rotation test /

**

further undrained penetration after full consolidation

Based on the information given in Table 6.2, a program of shallow penetrometer testing
was defined, consisting of a basic (or BT test, usually involving an fms-rotation
consisting of fast, medium and slow rotation sub-stages) and an episodic rotation (ERT)
test for each of the two devices (Table 6.3). Additionally, a simplified offshore routine
(OFS) was defined, with the aim to shorten test durations significantly in fine-grained
marine sediments, hence increasing economic feasibility. This is achieved by reducing
both the dissipation and rotation times by allowing only partial consolidation slightly
beyond Tdis,50 (dimensionless time at 50% consolidation) and omitting the slow, timeCentre for Offshore Foundation Systems
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consuming sub-stage of the rotation phase, respectively. For such a test the frictional
interface or soil parameters (for a fully rough penetrometer) need to be estimated from
interpretation methods based on an effective stress framework. The total testing times
for the OFS-tests were determined based on industry-feedback, with the toroid and
hemiball tests targeting durations of 1 and 2 hours, respectively, which is typical of
the time available between box core recoveries. An overview of the shallow
penetrometer tests performed in this investigation is presented in Table 6.3.
Table 6.3: Summary of shallow penetrometer testing programme.

Test name
TORO_S_BT

Type
BT

ERT

●

TORO_S_ERT

●

TORO_S_OFS
HEMI_S_BT
HEMI_S_ERT
HEMI_S_OFS

OFS

●
●
●
●

Penetration

Dissipation

Rotation

w (mm)

tdis (s)

type

3.75 (0.15D )

7200

fms - rotation

3.75 (0.15D )

7200

cyclic rotation

3.75 (0.15D )

1200

fm - rotation

15 (0.15D )

14400

fms - rotation

15 (0.15D )

14400

cyclic rotation

15 (0.15D )

2400

fm - rotation

6.5. PENETRATION PHASE
During the first test stage the penetrometer is penetrated vertically to an embedment of
w/D = 0.15 (Table 6.3) at an undrained rate, so that Vpen = vpenD/cv ≥ 100, which
according to Chatterjee et al. (2013) ensures undrained conditions for a seabed pipeline.
A smaller target depth was chosen compared to the previously reported kaolin tests, in
which the probe was penetrated to w = 0.3D (Schneider et al., 2018b). This is due to the
fact that significantly higher soil strengths were measured in the preceding T-bar tests
and the aim was to reach effective stress levels similar to those expected beneath
shallowly embedded offshore structures once all excess pore pressures have dissipated.
The embedment ratio of 0.15 leads to final penetration depths of 3.75 mm and 15 mm
for the toroid and hemiball, respectively. For the toroid especially, such minor
penetration provides rather limited information about the soil strength profile, limited to
the very first few millimetres of the sample. For proof of concept purposes the spare
slots within the strongbox were used to perform two extra toroid tests with a slightly
greater penetration depth of w/D = 0.3, corresponding to 7.5 mm.
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The bearing capacity model of Stanier & White (2014) was used to translate the
measured penetration resistance, V, into an equivalent soil strength profile. The strength
profiles inferred from the three hemiball and two additional toroid tests are shown in
Figure 6.4. Two different interpretations of a T-bar test (D = 5 mm), one assuming a
‘conventional’ bearing factor, Nt, of 10.5 (Stewart & Randolph, 1991) and one
incorporating the proposed ‘shallow corrections’ according to White et al. (2010b), are
provided as a reference. Figure 6.4 demonstrates that the shallow penetrometer
measurements from both the toroid and hemiball are in excellent agreement with each
other and are bounded by the two T-bar interpretations.

Figure 6.4: Inferred soil strength profiles of hemiball and ‘extended’ toroid tests.

6.6. CONSOLIDATION PHASE
The bearing capacity load recorded at the final penetration depth was held constant for
the remainder of test (load-controlled dissipation and rotation stage), therefore
mimicking the self-weight of a pipe-shaped structure. To reach practical completion of
the consolidation process, a sufficiently long dissipation time was estimated for the BT
and ERT tests, with the hemiball taking longer than the toroid due to its larger diameter.
The shorter consolidation times of the OFS tests (Table 6.3) were defined to test the
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ability to extract the same parameters from tests where the degree of dissipation was
much reduced to achieve shortened test durations that might be required on offshore
survey vessels due to operational time constraints.
Following the recommendations of Schneider et al. (2018b), the invert and intermediate
pore pressure readings were used to estimate the coefficient of consolidation, cv, for
both the toroid and hemiball, respectively. The midface transducer measurements
(hemiball) were ignored due to the rather small penetration depth and the consequently
somewhat unreliable dissipation response at this location. The raw measurements were
corrected for excess pore pressure measurement lag using the Sully et al. (1999) root
time back-extrapolation method before normalisation of the timescale via multiplication
by a trial value for the coefficient of consolidation, cv, and division by the square of the
device diameter (i.e. Tdis = cvtdis/D2). Large deformation finite element (LDFE)
dissipation solutions provided by Schneider et al. (2018b) and Chatterjee et al. (2012)
were used to infer the coefficients of consolidation, cv, by adjusting the value for cv until
the measurements matched the numerical solutions at the normalised time at which
50% dissipation had been achieved (Tdis,50). Appropriate fitting parameters necessary
to define the theoretical dissipation solutions were estimated via linear interpolation (or
extrapolation for shallow embedment) to the target penetration depth, which is feasible
due to the quasi-linear dependency of the parameters on the embedment depth. As
shown in Figure 6.5, the evaluated coefficients of consolidation, cv, are very consistent
across the suite of tests (2-4 m2/yr) and in agreement with the trends extrapolated from
values derived for the same soil using other testing methods at greater depths (Chow et
al., 2018).
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Figure 6.5: Comparison of inferred coefficients of consolidation with existing literature for
carbonate silt.

6.7. ROTATION PHASE
6.7.1. TOTAL STRESS INTERPRETATION OF THE ROTATION STAGE
The rotation stage can be interpreted in terms of either a total or effective stress
framework, since pore water pressures are recorded at all times. In total stress terms, the
normalised pipeline friction, F/V, is defined as
F
T

 
V reff V

(6.1)

where the mobilised torque, applied vertical load and the interface friction coefficient
are denoted by T, V and μ, respectively. The effective radius, reff, is required to convert
the measured torque, T, into an equivalent axial pipeline force, F, and is essentially the
weighted average radius for the current contacting surface area of the penetrometer. Due
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to the device geometries, the effective radius is approximately constant for the toroid
but embedment dependent for the hemiball penetrometer, with
reff ,Toro  L  2D

and

reff , Hemi   D sinm  3

(6.2)

The semi-angle of the embedded segment, θm, is expressed as a function of the
normalised probe embedment as
m  cos1 1 2 w D

(6.3)

The normal force enhancement, as a result of the curved probe surface, is accounted for
by the wedging factor, ζ, which can be evaluated using analytical solutions published by
White & Randolph (2007) for a pipeline and Yan (2014) for the hemiball. According to
Yan et al. (2011) the pipeline solution can be adopted for the toroid penetrometer with
sufficient accuracy for a lever arm to diameter ratio, L/D, of 2 as used here. As such, the
minimal interference across the probe section implies near plane strain conditions, so
that
 Toro   pipe 

2 sin m
 1.27
m  sin m cosm

and

 Hemi 

3 sin 2 m

2 1  cos3 m 

 1.50

(6.4)

These wedging relations were derived assuming that the normal contact stress decreases
with increasing distance from the device tip according to cos (maximum at the invert
where θ = 0) and a smooth interface. However, since the principal motion of the rotation
stage is circumferential, the analytical solutions are thought to be reasonable in spite of
the shallow penetrometers used in this investigation being rough. Empirical solutions,
which were derived from small strain finite element calculations using the Modified
Cam Clay soil model, yield very similar results to the analytical solutions given above
(see Yan, 2014).
Generally, undrained conditions are assumed to prevail for dimensionless times of Trot <
Trot,10 (i.e. prior to any significant dissipation of excess pore pressure) and drained
conditions for Trot ≥ Trot,90 (i.e. after at least 90% of excess pore pressures have
dissipated or transducer readings plateau). For the undrained phase, assuming that the
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shallow penetrometer is sufficiently rough (as is the case here), the interface friction, μu,
can be expressed as
R   su,int  'no nc 

u
OCR

m



1  T

OCR m  reff V 



u

(6.5)

where R is the normally consolidated strength ratio and ′no represents the effective
normal stress at the start of the rotation phase. The effect of over-consolidated soil
conditions can be captured via incorporation of the over-consolidation ratio, OCR, and
the SHANSEP exponent m. In the case of normally-consolidated (OCR = 1) soil /
interface conditions the OCR term can be neglected, hence leading to R = u. Equation
6.5 is valid for rough interface conditions, but less adequate for smoother interfaces
(because of the non-linear nature of excess pore pressure development with stress ratio).
Similarly, for drained conditions the drained interface friction, μdr, can be defined as
 T
 reff V 


dr  


  tan   tan
dr

(6.6)

where δ can be assumed to be approximately equivalent to the internal friction angle of
the soil, ϕ', for a fully rough penetrometer interface.

6.7.2. EFFECTIVE STRESS INTERPRETATION OF THE ROTATION STAGE
Through incorporation of the recorded excess pore water pressures, the measured
response can also be expressed in terms of an effective stress framework according to
 ave 

(T reff )
Ac

and

 'n, ave   n, ave  uave 

V
Ac

 u pos

(6.7)

with τave, σ′n,ave and Ac representing the average mobilised shear stress, the average
effective normal stress and the corresponding contact area, respectively. The pore
pressure scaling factor, β, is used to convert a spot measurement of excess pore
pressure, Δupos – taken at a particular location such as the invert or intermediate position
– into a representative average excess pore pressure, Δuave, acting on the embedded
penetrometer interface. Again, it is advised to use the pore pressures readings measured
at the invert and intermediate transducer locations for the toroid and hemiball tests,

Centre for Offshore Foundation Systems

6-15

Chapter 6

Testing of Offshore Sediment

respectively. The relationships stated in Schneider et al. (2018c) can, therefore, be used
to define the β-factor for the intermediate hemiball transducer location. For the toroid, a
value of 0.725, corresponding to the invert location, was adopted for all tests (Schneider
et al., 2018a & 2018c).
During the experiments it became apparent that the contacting surface area, Ac, of the
device was smaller than what would be calculated from the actuator position assuming
‘wished-in-place’ conditions, which is due to the fact that soil was squeezed out radially
during the rotation stage. Consequently, as in Schneider et al. (2018a & 2018c), an
embedment cap was introduced based on test observations and photographic evidence
captured post-extraction where a clear line was evident showing the extent of soil
contact established during the test. Based on this evidence, the cap was taken as
(w/D)cap = 0.18 (θm,cap 50, slightly beyond the midface hemiball transducers) for all
silt tests and both devices, apart from the episodic hemiball rotation test, for which a
slightly larger embedment cap of about (w/D)cap = 0.25 (θm,cap 60) was determined.
Hence, as illustrated in Figure 6.1, an effective embedment, w′, can be defined as a
function of the probe embedment recorded by the actuation system, w, and the
previously stated embedment cap, wcap, leading to
w '  min  w, wcap  f ( m , cap ) 

(6.8)

Throughout this investigation, the effective embedment, w′, was used to define
embedment dependent interpretation parameters, such as the contact area, effective
radius (hemiball) and wedging factors, in conjunction with the equations stated above.

6.7.3. MONOTONIC ROTATION TESTS
The basic test (BT) features three rotation sub-stages (fms-rotation), with speed reducing
by a factor of ten from one sub-stage to the next. The aim of such a test is to identify the
entire backbone curve, consisting of an initial undrained and final drained limit as well
as a transition zone between these bounds, all in a single test. The first sub-stage (fast
rate) targets the undrained limit of the backbone curve by setting the dimensionless
velocity term accordingly, to Vrot = vrotD/cv  10 (Randolph et al., 2012). For the
toroid, such a criterion yields a non-dimensional time, Trot = cvtrot/D2, of 0.002,
assuming a normalised circumferential displacement at failure of about 0.02
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(Schneider et al., 2018a), taken at the effective radius, reff, of the probe. Experimental
results presented by Schneider et al. (2018c) and numerical simulations by Yan (2014)
confirm the validity of this approach. To limit device settlements during the test, the
rotation speed is successively reduced in the subsequent sub-stages (medium and slow
rate), with the drained limit reached at a dimensionless time of Trot = cv trot /D2 ≥ 1
(Randolph et al., 2012).
The results of a hemiball and toroid basic rotation test are shown in Figure 6.6. Figure
6.6a shows that the hemiball test successfully scans along the ‘backbone’ curve in spite
of the rotation rate adjustments that were incorporated to minimise settlements of the
device. Back-analysis in terms of the total stress framework leads to an undrained
strength ratio of 0.412 and an interface friction angle, δ, of about 30.4,
corresponding to the drained limit. Adopting the coefficient of consolidation estimated
from the dissipation stage results in an experimentally derived Trot,50 of 0.030
(dimensionless time at 50% consolidation), which is consistent with the numerical
SSFE-solutions of Yan (2014). A sudden drop in torque is evident after each reduction
of rotation speed, which is potentially caused by strain rate effects (Lehane et al., 2009).
If the selected speed reduction is too large, the friction response will not recover in time
to track the partially drained portion of the backbone curve, as is the case for the toroid
test illustrated in Figure 6.6a. For this reason, the backbone curve for the toroid
presented in Figure 6.6a was defined using the numerically derived Trot,50 after Yan
(2014). Even though the value of Trot,50 cannot be assessed for such a test, it is still
possible to estimate the interface friction parameters corresponding to the undrained and
drained limits of the curve as (su,int /σ'no)nc 0.473 and δ 30.4, which is in excellent
agreement with the results obtained from the hemiball test.

Centre for Offshore Foundation Systems

6-17

Chapter 6

Testing of Offshore Sediment

(a)

(b)
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(c)

Figure 6.6: Results of the basic rotation tests: (a) total stress response; (b) normalised excess
pore pressures; and (c) effective stress interpretation for the hemiball and toroid penetrometer.

When plotted in effective stress space, the stress paths closely follow the shear box
failure line determined via approach 2 (Figure 6.6c), which is consistent with soil being
detected between the two halves of the shear box on disassembly. For the sake of
convenience the data points corresponding to the undrained and drained limits as well as
the endpoint of the medium rate sub-stage are marked in all plots, with the points
generally lying within the two bounding shear box interpretations, but closer to the
failure envelope defined by approach 2.

6.7.4. CYCLIC ROTATION TESTS
The episodic rotation test (ERT) consists of repeated rotation cycles at an undrained rate
with intermittent waiting periods to facilitate excess pore pressure dissipation,
mimicking the behaviour of a pipeline being subjected to the thermal cycles induced by
operation and intermittent shutdown. Total and effective stress interpretations of an
episodic rotation test, for both the hemiball and toroid penetrometer with each
consisting of 20 rotation / dissipation cycles, are shown in Figure 6.7. The undrained
friction is mobilised in the first rotation cycle, with the friction then increasing
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progressively cycle by cycle as the soil hardens due to the intervening consolidation
phases. Total stress interpretation leads to undrained strength ratios of 0.455 and 0.324
as well as drained interface friction angles of 30.9 and 31.3 degrees for the toroid and
hemiball, respectively. The results are in excellent agreement with the values obtained
from the basic rotation tests, as also evident in effective stress space, where the data
match the effective stress envelopes from independent shear box tests (Figure 6.7b).

(a)
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(b)

Figure 6.7: Results of cyclic rotation tests: (a) total; and (b) effective stress interpretation.

Additionally, episodic rotation tests allow for the stiffness ratio, κ/λ, to be estimated
when the cycle number, N, is plotted against the consolidation index (referred to as
drainage index previously and in Yan et al., 2014), ψ, which can be defined as
  1  exp  0.7   N  1  N 50  1 

with

N 50 

0.9

  

(6.9)

according to Yan et al. (2014). Curve fitting of the test results yields a stiffness ratio of
κ/λ 0.125-0.150, with κ and λ representing the slopes of the elastic and virgin
compression lines (Figure 6.8). The cycle number to reach 50% hardening, N50, is
about 6-7 cycles, which is consistent with the results found for kaolin clay (Schneider
et al., 2018c).
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Figure 6.8: Results of cyclic rotation tests: cycle number vs. consolidation index.

6.7.5. SIMPLIFIED OFFSHORE TESTS
The simplified offshore test (OFS) is identical to the basic rotation test (BT) except that
the consolidation time allowed following penetration is reduced and the slow (drained)
rotation sub-stage is omitted to save time, with the inference being that an effective
stress interpretation will still allow the effective stress failure envelope to be determined
even in the presence of remaining excess pore pressures.
Figure 6.9 and Figure 6.10 show the results of the partial dissipation and rotation phase.
As can be seen, only 68% and 85% of the excess pore water pressures have
dissipated at the end of the stage for the hemiball and toroid, respectively.
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(a)

(b)

Figure 6.9: Partial dissipation response of simplified offshore routine: (a) hemiball; and (b)
toroid.

As the soil underwent only partial consolidation prior to rotation (degree of
consolidation: Um 68% for the hemiball and 85% for the toroid), the total stress
framework described previously will underestimate the normally consolidated
undrained strength ratio, as can also be seen from the normalised axial friction
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measurements shown in Figure 6.10a and Figure 6.10b. However, as pore pressures are
logged continuously, the effective stress interpretation method can still be used to backanalyse test measurements, in spite of excess pore pressures remaining at the end of the
dissipation stage. The effective stress response of the OFS tests is shown in Figure
6.10c, with the derived failure envelopes again being in close agreement with the shear
box data (approach 2). Both tests presented here also featured a slow rotation sub-stage
for validation purposes, as indicated by semi-translucent lines.

(a)

(b)
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(c)

Figure 6.10: Results of simplified offshore tests: (a, b) total stress response of the undrained
rotation sub-stage for the hemiball and toroid penetrometer; and (c) effective stress
interpretation of the tests.

6.8. FIRST OFFSHORE APPLICATION OF TECHNOLOGY
The shallow penetrometers described here were developed as part of the activities of the
Remote Intelligent Geotechnical Seabed Surveys Joint Industry Project (RIGSS JIP).
Towards the end of the RIGSS JIP an opportunity arose to use the shallow
penetrometers on offshore projects with four of our industry sponsors (Fugro, Shell,
Total and Woodside), via two offshore surveys and one laboratory campaign. Both of
the offshore survey opportunities provided by the RIGSS JIP sponsors were for subsea
pipeline routes aboard geophysical survey vessels. The following section presents
results of selected test data gathered offshore during one of the surveys. Figure 6.11
shows the back deck of the survey vessel where the RIGSS JIP operations were
conducted.
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(a)

(b)

Figure 6.11: Offshore site investigation survey: (a) impression of site investigation vessel; and
(b) hemiball penetrometer test in a recovered box-core.

6.8.1. PRELIMINARY PREPARATIONS
The box-core penetrometers were designed for offshore in-situ testing on a survey
vessel where additional challenges may be presented by the continuous vessel motion
due to sea swell, uneven soil sample surface in the recovered box core samples, sudden
changes in climatic conditions (storms, temperature changes, etc.), limited work space
and increased time pressure as a result of a tight work schedule necessitated by the high
daily cost of offshore operations. To cope with these challenging conditions all sensitive
instrumentation was packaged in rugged Pelican cases for on-deck usage. Additionally,
the load-control mechanism, an important feature of the probes, was subjected to
challenging testing sequences in the laboratory, mimicking strong vessel motions
associated with heavy offshore winds or waves, with the motion control parameters
relaxed in order to cope with the anticipated conditions. To save time offshore, a set of
standard tests, applicable to sediments at least as permeable as kaolin clay, was defined
and pre-programmed prior to departure.
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6.8.2. SELECTED DATA FROM THE SURVEY
The three data sets (BC1-BC3) presented are from samples recovered within a few
kilometres of each other along a subsea pipeline route. The box cores recovered to deck
consisted of very soft clay with extremely low soil strength. Compared to the toroid, the
hemiball is better suited to coping with such soft sediment as the load control for the
hemiball is generally more stable, resulting in cleaner measurements. The hemiball is
also less affected by the uneven sample surfaces often encountered in box core samples,
even when recovered from soft clay seabeds. For these reasons, only the hemispherical
probe was used in the box core samples.
A basic test (BT) as well as an episodic rotation test (ERT) comprising 10 fast rotation
cycles interspersed with dissipation pauses, are presented for each box core sample.
Figure 6.12 shows the strength profiles deduced from the shallow penetrometer tests,
which are consistent with profiles from T-bar tests carried out independently by the
contractor (assumed bearing factor: Nt = 10.5). Correcting the T-bar measurements at
shallow embedment according to White et al. (2010b) and adopting a bearing factor of
9.14 (Randolph & Houlsby, 1984), representative of a fully smooth probe (used T-bar
was relatively smooth), would lead to slightly higher undrained strength predictions,
consequently resulting in an even better match with the shallow penetrometer data. Data
markers are used to identify the measured strength traces, with each marker representing
the shear strength, su, corresponding to the final penetration depth, w, after accounting
for an initial scrape of the sample.
The normalised dissipation response is shown in Figure 6.13. It can be seen that only
partial dissipation was allowed for all tests, with the final degree of consolidation in the
range 54-75%. The procedure outlined previously yields coefficients of consolidation,
cv, of approximately 4-5 m2/yr.
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Figure 6.12: Soil strength profiles measured offshore: T-bar vs. hemiball tests.

Figure 6.13: Dissipation response measured at intermediate hemiball transducer location.
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Effective stress interpretations of the rotation phase are illustrated in Figure 6.14, both
in terms of the shear strength, τave, and the effective interface friction, ′.

(a)

(b)

Figure 6.14: Offshore friction measurements: (a) effective normal stress vs. shear stress; and (b)
effective normal stress vs. effective interface friction coefficient.
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An approximate failure envelope is indicated in Figure 6.14a, with most measurements
falling within a relatively tight range of about ±15-20%, even though the samples were
recovered at different locations. Figure 6.14b reveals that a rather consistent friction
coefficient, ′, of approximately 0.65 ± 0.1 (i.e. ±15%) can be estimated for the region
from which the samples were recovered.
The results of the shallow penetrometer tests presented demonstrate that the technology
is capable of providing timely and reliable interface / soil properties for fine-grained
marine sediments, even under the challenging conditions encountered aboard
geophysical site investigation vessels.

6.9. CONCLUSIONS
Shallow penetrometers can be used to estimate near-surface soil properties reliably for
seabed cable or pipeline design. Prior to this paper only laboratory tests in kaolin clay
had been reported. Acknowledging that offshore operations generate additional
challenges, particularly with respect to the test timescales viable on a survey vessel in
the field, it was necessary to demonstrate that the probes are capable of characterising
marine sediments under such circumstances just as accurately as in laboratory
conditions. The paper closes this gap by presenting the first experiments in a natural
offshore sediment, via a suite of laboratory tests performed in reconstituted carbonate
silt. After the development and verification of a testing routine of much shorter duration
than adopted for laboratory tests, the shallow penetrometers were deployed offshore on
a survey vessel for the first time. The key findings can be summarised as follows:


The results of the laboratory testing campaign demonstrate that the probes are
capable of gathering interface / soil parameters consistent with those derived
using de-facto industry standard methods.



Since the box-cores are processed offshore on the survey vessel deck, data
feedback delays and sample disturbance due to transit are minimised compared
to conventional (e.g. Rowe cell, shear box) tests, which are generally conducted
in an onshore laboratory.



In practice, the time pressures associated with offshore surveys would often
preclude test durations of sufficient length to facilitate full dissipation of excess
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pore pressures during consolidation stages of shallow penetrometer testing. The
test results presented demonstrate that the effective stress interpretation method
can be used effectively to evaluate the parameters of interest in spite of residual
excess pore pressures at the onset of the rotation stage.
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CHAPTER 7
CONCLUDING REMARKS

7.1. CONTRIBUTIONS & MAIN FINDINGS
This thesis describes and examines novel site investigation tools for near-surface seabed
characterisation in deep water, particularly the parkable piezoprobe as well as newly
fabricated box-core versions of the hemiball and toroid penetrometer. Initial proof of
concept studies reported by Chatterjee et al. (2014) and Yan (2014), for the parkable
piezoprobe and shallow penetrometers, respectively, have been systematically extended
through laboratory testing campaigns and complimentary numerical LDFE simulations.
As a result of the experimental technology and interpretive improvements, the box-core
sized shallow penetrometers were used on several live commercial projects towards the
end of the RIGSS JIP. Selected results of the measurements derived offshore are
showcased at the end of the thesis. The key outcomes of the research presented and their
respective contributions to the literature can be summarised as follows.

7.1.1. PARKABLE PIEZOPROBE
Preliminary FE-analyses published by Chatterjee et al. (2014) were expanded via a
centrifuge modelling campaign and an extensive numerical LDFE study investigating
the sensitivity of different soil parameters on the dissipation response. The finite
element model used was implemented in ABAQUS using the RITSS LDFE
methodology described by Hu & Randolph (1998), and incorporating the Modified Cam
Clay soil model. For both the undrained penetration and dissipation stage, excellent
agreement was achieved between the numerically simulated response and the
experimental measurements. Eventually, a practical, easy-to-use interpretation method
to facilitate measurement of the coefficient of consolidation was developed. The
proposed procedure was validated via additional LDFE-simulations and ‘blind’
interpretation of the centrifuge experiments. Compared to the SMARTPIPE, accurate
estimates of near-surface consolidation characteristics can be gained approximately
twice as fast with the parkable piezoprobe, mainly due to the difference in drainage
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patterns (radial vs. planar pore water flow), thus providing a very economical
alternative, especially when performed in parallel with other activities. The research
presented takes the technology from an initial idea to a stage where it can be deployed
offshore to quickly gain reliable estimates of the coefficient of consolidation in a wide
range of fine-grained marine soils.

7.1.2. SHALLOW PENETROMETERS
Yan (2014) reported proof-of-concept centrifuge experiments using small scale shallow
penetrometers as well as wished-in-place small strain finite element analyses (SSFE) of
the dissipation and rotation stage. Unfortunately, the centrifuge measurements suffered
from substantial data noise induced by the sensors selected (primarily due to inadequate
resolution and sub-optimal motion control). As a consequence, box-core penetrometers
equipped with significantly more sensitive sensor elements and a more capable actuator
were manufactured at COFS. The main objective was to develop a system that could be
used offshore for in-situ testing on the deck of a site investigation or survey vessel.
Additionally, novel interpretation methods derived from LDFE simulations, which are
envisaged to yield more accurate results than the existing SSFE-solutions of Yan
(2014), were developed for the back-analyses of shallow penetrometer tests.
The development process of the newly fabricated box-core sized probes, covering all
aspects such as design specifications, instrumentation selection and the specification for
the data acquisition system, is documented in Chapter 3. The actuation system required
to manipulate the penetrometers is also described in detail. Initial proof-testing of the
equipment developed quickly revealed that the installed pressure transducers yield
extremely clean, practically noise-free measurements of the excess pore water pressures
induced around the periphery of the device during penetration and rotation.
Furthermore, the load-control mechanism (which allows a constant pipeline self-weight
to be simulated) – a very important feature of the system – is shown to be capable of
maintaining a pre-set load within a very close range of about < ±1N. Ultimately, a goal
of the shallow penetrometer technology was to gather as many of the soil parameters
required for modern pipeline design as possible in a single experiment. New testing
routines, aimed at fulfilling this objective, were developed and proof-tested in the
laboratory at UWA, at first in commercial kaolin clay and then also in reconstituted
carbonate silt. The newly generated LDFE hemiball dissipation solutions as well as the
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proposed scanning equations to estimate the pore pressure scaling factor – a key
parameter requiring interpretation – have been used to back-analyse the experiments.
The results of the laboratory proof-testing campaigns revealed that the probes are very
capable of reliably measuring pipe-soil interaction parameters such as strength,
consolidation and the frictional properties of near-surface sediments. The undrained
strength profiles of the hemiball and toroid, derived via conversion of the recorded
penetration resistance according to Stanier & White (2014), are in excellent agreement
with each other (across several identical tests performed in the same sample) and
independent T-bar measurements. The same is true for the inferred coefficients of
consolidation and friction properties estimated from the dissipation and rotation stage
(including test variations with episodic undrained rotation phases), respectively, which
again are very consistent for both the toroid and hemiball devices and are in excellent
agreement with values stated in pre-existing literature for the same / similar soils and
stress histories. Further investigations revealed that the invert and intermediate pore
pressure transducer readings for the toroid and hemiball, respectively, should be used to
interpret the dissipation and effective stress response (rotation stage) of the soil as they
yield the most reliable measurements. The possibility of interpreting test measurements
in terms of an effective stress framework is one of the major benefits of the probes, and
the failure envelopes estimated are consistent with each other between the different
devices when similar tests are performed on the same samples, and are in close
agreement with independent shear box tests performed under comparably low stress
levels. The results presented in Chapter 4 and 5 clearly demonstrate the promising
potential of the novel shallow penetrometer technology.
In summary, it can be said that the penetrometers are capable of rapidly and accurately
estimating pipe-soil interaction properties, thus providing an excellent and rapid
alternative to conventional site investigation methods (e.g. CPT or T-bar testing) when
the aim is to quickly assess the near-surface properties of fine-grained marine soils.

7.1.3. OFFSHORE TESTING CAMPAIGN
Prior to taking the box-core sized shallow penetrometer apparatus offshore, all of the
sensitive elements had to be ruggedised and thoroughly tested by subjecting it to
challenging laboratory routines that were designed to mimic variable offshore
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conditions (e.g. checking of load-control capability, while rocking the whole testing
setup to mimic the influence of a choppy sea).
An minimalist yet adequate offshore testing program, consisting of only basic and
episodic rotation tests, was identified for fine-grained material (see also Chapter 5 & 6).
Moreover, the laboratory tests, reported in Chapter 6, prove that partial consolidation is
sufficient, in both the dissipation and rotation phase, to effectively estimate near-surface
pipe-soil interaction parameters. This finding is of great importance, as it significantly
reduces testing times, hence resulting in more economical testing and substantially
reduced time pressure during offshore survey operations.
To date, two geotechnical site investigation surveys have been enhanced by shallow
penetrometer tests. Both field campaigns were very successful and proved that the
technology can perfectly cope with the more demanding conditions found offshore.
Selected results of one of the testing campaigns (suitably anonymised) are presented in
Chapter 6.
Enhancing offshore geotechnical seabed surveys with shallow penetrometer tests seems
to be an excellent way to gain accurate design parameters early in a project life-cycle, as
firstly, ‘fairly undisturbed’ box-core samples are tested in-situ offshore, and secondly,
the time and costs associated with sample transportation can be significantly reduced.

7.2. FUTURE RESEARCH
Even though this thesis clearly demonstrates the potential of the novel site investigation
tools, there is still plenty of scope for future research. Further work could include device
improvements, additional numerical simulations (particularly of the rotation phase) or
experimental testing sessions.

7.2.1. POTENTIAL DEVICE IMPROVEMENTS
Future, more advanced versions of the shallow penetrometers should include some form
of contact pressure sensors on the device interface. This way, the effective probe
embedment might be directly measured, thus significantly reducing potential
interpretation errors due to inaccurate estimates of the parameter. This is particularly
important, as key interpretation parameters, such as the wedging factor, effective radius
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(hemiball) and the contacting area of the probe-soil interface are directly linked to the
measure.
The box-core sized penetrometers are sufficiently splash-proof for operation offshore on
deck of a site investigation vessel, however, special care must be taken not to submerge
and consequently damage the in-built instrumentation. To simplify future offshore trips
it would be appropriate to completely waterproof sensors and to simplify their electrical
design.

7.2.2. NUMERICAL MODELLING
The wedging factors and effective radius – key interpretation parameters needed to
back-analyse the rotation stage – were defined by assuming a cos(θ)-dependent
reduction of the contact normal stresses with increasing distance from the device tip, as
proposed by White & Randolph (2007). Even though the adopted relationships seem
appropriate for back-analyses of shallow penetrometer tests, it might be useful to
generate a three-dimensional finite element model – via rotation of the axisymmetric
model domain around its symmetry axis by a few degrees – to verify this assumption
through the rotation phase. Numerical simulation using such an FE-model, which would
be based on the stress state reached at the end of the LDFE-dissipation stage, would
eventually yield the exact shape of the contact normal stress distribution along the probe
interface; hence it could be used to potentially verify existing or generate slightly
adjusted relationships for the wedging factors as a function of the effective radius of the
hemiball. Additionally, the proposed scanning equation to define the pore pressure
scaling factor, β, could be verified independently through the rotation phase.

7.2.3. EXPERIMENTAL TESTING
Further know-how and operation experience can be gained through additional onshore
laboratory experiments or the participation in additional offshore in-situ testing surveys,
as opportunities arise.

A) Laboratory testing
To date mainly experiments in fine-grained soils have been carried out, as testing soft
marine clays was the initial main objective of the devices. Observations made offshore
revealed, however, that the probe-soil interaction is slightly different when the shallow
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penetrometers are used to characterise coarser grained material such as sands. For this
reason, further laboratory testing sessions using coarser grained soils, such as for
instance different sands, would be beneficial to understand the observed differences and
potentially define more adequate testing routines for such soils.

B) Offshore in-situ testing
Fabricating a larger field-scale version of the parkable piezoprobe would be next on the
agenda, as the technology is offshore-ready and awaiting its first offshore field-trials.
Likewise, new opportunities for taking the box-core penetrometers offshore are always
welcome to gain more experience in applying the technology in practical ‘real-world’
situations. Eventually, building larger field-scale versions of the probes that can be
deployed from a seabed frame or a ROV (remotely operated vehicle) would be a
meaningful extension of the project. This way the penetrometers could be used in-situ to
test the intact undisturbed seabed, without having to recover a new box-core sample for
every few tests, which would somewhat offset the slightly extended testing times caused
by the larger probe dimensions. Moreover, larger penetrometers would yield more
accurate estimates of near-surface soil parameters for numerous reasons, such as: (i) test
measurements would be less affected by an uneven mudline; (ii) potential local
extremes would be averaged out as more soil contributes to the overall response; and
(iii) the uncertainty arising from scaling of the penetrometer response to the structure to
be designed (e.g. seabed cable or pipeline) would be even further reduced.
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Abstract
The Remote Intelligent Geotechnical Seabed Surveys (RIGSS) Joint Industry Project (JIP) is advancing geotechnical site investigation technology. The JIP is developing new types of tools with improved control and
instrumentation, and new analysis methods to allow more direct application of data to geotechnical design.
The JIP is motivated by three visions: (i) improved use of robotics and intelligent sensors to characterise the
seabed, (ii) technologies that are simpler and cheaper to apply early in the project cycle, giving early information, and (iii) a trend towards ‘direct design’ from in situ test results, meaning that measurements can be
scaled more directly to geotechnical design applications. Examples of improved site investigation technologies are highlighted. An example of ball penetrometer analysis is described, including dissipation solutions
that show the ball can provide more rapid determination of consolidation coefficient than a standard cone
penetrometer. A recent class of shallow penetrometer devices is described, which are rotated as well as
pushed vertically, allowing a greater range of soil properties to be derived for the geotechnical design of pipelines. Finally, new hardware and interpretations for free fall penetrometers are shown. These advances improve the tools and interpretation methods available for seabed surveys. The sponsors of the JIP are Fugro,
Shell, Total and Woodside Energy.
1. Introduction
The Remote Intelligent Geotechnical Seabed Surveys Joint Industry Project (RIGSS JIP) was initiated by the University of Western Australia (UWA)
and is reaching the end of the 3 year program of activities. The JIP is developing new and improved
techniques for in-situ geotechnical investigation of
the seabed. The focus is on the upper few metres of
the seabed. This setting is particularly important for
marine pipelines and cables covering extensive areas, where low-cost, remotely operated SI tools and
smart testing techniques offer potential to improve
efficiency.
The RIGSS JIP has pursued three ‘visions’, which
are illustrated in Figure 1:
1. The RIGSS SI: a remote SI platform with robotic
control of intelligent tools gathering parameters
targeted towards design.

2. Earlier geotechnical definition in projects: leading to reduced uncertainty and risk, and a reduced need to carry multiple options through design.
3. Direct geotechnical design: a design philosophy
using in situ test data more directly to determine
the response of pipelines, foundations, and other
geotechnical systems.
Work to date has been laboratory-based, with some
tools deployed in the field for on-deck testing in box
cores, and the tools have been designed with marinisation and on-seabed use as a target.
A particular focus is on shallow surveys over extensive areas, such as for pipelines, where low-cost,
remotely operated SI tools and smart testing techniques offer potential to improve efficiency and deliver more valuable data.

pipeline friction, via pipe-like shallow penetrometers. Or, by scaling T-bar or ball penetration resistance directly to spudcan penetration resistance
(e.g. Erbrich 2005).
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Figure 2: RIGSS technologies relative to conventional SI

2. Tools advanced by the RIGSS JIP
The main tools advanced during the RIGSS JIP are
outlined in Table 1, along with the key advantage
that each offers relative to conventional practice and
the most relevant design applications.
3. Piezoball Penetrometer

Vision 3:
Direct
design
Figure 1: RIGSS JIP motivations

The conventional elements of a geotechnical site investigation, leading to geotechnical design, are
shown in Figure 2. This figure also illustrates the
two general ways in which the RIGSS JIP tools can
improve the process. Remote tools – such as free fall
penetrometers – gather large quantities of data rapidly. The results generally need conversion or scaling
to conventional in situ test parameters, to feed into
the design process. Intelligent tools – such as the
shallow penetrometers – give data that can be more
directly fed into geotechnical design, reducing the
timescale and uncertainty associated with the design
outcome. For example, by direct measurement of

The piezoball penetrometer provides a profile of intact strength and it can be used for both dissipation
tests (to determine coefficient of consolidation, c h )
and cyclic tests (to determine remoulded strength).
New solutions to interpret the pore pressure dissipation response to determine the consolidation coefficient have been derived numerically (Mahmoodzadeh et al. 2015) and validated via field
measurements (Colreavy et al. 2016). Testing has
shown that the mid-face pore pressure transducer
position yields rapid dissipation.
The pore pressure dissipation around a piezoball is
more rapid than around a cone when expressed in
terms of dimensionless time, c h t/D2 (where D is the
device diameter). This is due to the threedimensional shape of the tool and the top-to-bottom
direction of flow.

Table 1: Tools advanced by the RIGSS JIP
Tool
Free fall
penetrometers
Piezoball
penetrometer
Toroid penetrometer
Hemiball
penetrometer
Parkable
piezoprobe
Multi-PPT
lance
In situ
erosion flume

Key advantages over conventional tools
Rapid deployment and retrieval
Cyclic and dissipation capability gives intact and remoulded strengths, plus coefficient of consolidation

Most relevant applications
Pipelines, trenching/ploughing/burial assessment,
shallow foundations, suction caissons
Shallow foundations, suction caissons, piles, pipelines

Vertical and torsional actuation gives interface strengths
(undrained and drained) as well as soil strength and
consolidation properties

Pipelines
Shallow foundations

Provide near-surface measurement of consolidation coefficient and do not require actuation after deployment,
allowing simultaneous operations (SIMOPS)

Pipelines
Shallow foundations

Measures erosion properties (e.g. for scour) at seabed,
without sample disturbance

Scour prediction and mitigation, self-burial assessment: for pipelines, shallow foundations, piles

Dissipation time to reach t50 (min)

Ba ss Strait: Sandy silt - High

NWS: Ca l careous silt - High

Ba ss Strait: Sandy silt - Low

Wes t Africa: Clay, s hallow - High
NWS: Ca l careous silt - Low

Ba ss Strait: Calcareous clay - High

Wes t Africa: Clay, s hallow - Low

1000

The t 50 dissipation times for the 80 mm and 60 mm
diameter piezoball penetrometers are 2% and 42%
quicker than a standard CPT. The most rapid method
of determining c h is the 1 cm2 cone-tipped piezoprobe (Peuchen and Klein 2011) – a specialised
tool for measuring this property – which is ten times
faster than a standard CPT.
Ba ss Strait: Calcareous clay - Low
Wes t Africa: Clay, deep - High
Gul f of Mexico: Cl ay - High

(reported values, not intended to be
representative for design)

Wes t Africa: Clay, deep - Low

Regional and site-specific
exa mplera nges (low to high)

Gul f of Mexico: Cl ay - Low

Figure 3 compares dissipation times for a range of in
situ tools, including standard ones and those developed within RIGSS. The chart is based on a compendium of theoretical and numerical solutions for
pore pressure dissipation around the various different devices. The vertical lines show published values
of c v or c h for a range of locations worldwide.

100

Sensors listed from slow to fast
Va l ue at end of legend title is
dura tion relative to standard cone
Hemiball: Large, D=600mm: 11.99
SMARTPIPE: (D=225 mm): 6.49
Toroid: Large, D=150mm: 3.17
PPP: D=250mm: 2.56
Ball: D=113,d=35.7mm: 1.96
Hemiball: Midi, D=200mm: 1.33
Cone: Standard (10cm2): 1
Ball: D=80,d=25mm: 0.98
Ball: D=60,d=20mm: 0.58
Cone: Mini (5cm2): 0.5
Toroid: Midi, D=50mm: 0.35
Hemiball: Box core, D=100mm: 0.33
Piezoprobe: (1cm2): 0.1
Toroid: Box core, D=25mm: 0.09
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Figure 3: Comparison of timescale required by different tools for determination of consolidation coefficient

4. Shallow penetrometers: toroid and hemiball
The toroidal and hemispherical (‘hemiball’) penetrometers were first described by Yan et al. (2011).
These devices resemble a pipeline and are actuated
by a robotic motion control system. The aim is to
subject the seabed to a stress path and loading history that replicates the real conditions around a pipeline, therefore deriving measurements that can be
easily scaled to the design scenario.
A test involves penetration to a depth of less than a
diameter followed by one or more stages of rotation

under maintained vertical load. The soil-interface resistance is measured by the torque on the device.
Dissipation stages allow the consolidation coefficient to be determined. The rotation stages are designed to deduce both drained and undrained interface strengths.
The shallow penetrometers can be conceived at two
scales. A ‘full scale’ device has comparable dimensions to a pipeline, and is deployed at the seabed
from a frame (similar to the Fugro SMARTPIPE
system, Hill & Jacob 2008). A box core scale device
is deployed on deck for testing in a box core (similar

to the Fugro DECKSCOUT system, Borel et al.
2010). Versions of these penetrometers scaled for
use in box cores have been built by the RIGSS JIP,
and used successfully on the deck of an offshore
survey vessel, testing on the surface of box cores
samples.
The actuation system for box core shallow penetrometer testing is shown in Figure 4a and the box
core toroid penetrometer is shown in Figure 4b. The
actuator has a motion control system that operates in
load-controlled and displacement-controlled modes.
This allows the dissipation stages to be performed
under constant vertical load, with the penetrometer
automatically advancing as the consolidation settlement accumulates. The penetrometer is equipped
with four pore pressure transducers around the invert
and has an onboard data acquisition unit to minimize
cabling and signal noise. The motion control and data acquisition systems have evolved from UWA’s
geotechnical centrifuge systems (Gaudin et al. 2009,
De Catania et al. 2010).
The box core shallow penetrometers have been
trialled on reconstituted kaolin and carbonate silt
samples at UWA. The system has also been taken
offshore, for field trials on a survey by the RIGSS
JIP partners, and operated successfully. Field use is
more challenging than laboratory use since real box
core samples are not as uniform or flat-surfaced as
lab samples, so careful interpretation of the penetrometer embedment is required. Also, the back deck
of a survey vessel is a more challenging environment, for example due to vessel motions and changes in ambient temperature, as well as schedule pressures associated with an ongoing campaign.
However, a successful field trial has shown that
these issues do not prevent the data being gathered.
To date, the testing equipment has required operation by a researcher familiar with the equipment and
software controls. As the technology evolves, a simpler and therefore more commercially practical system will be evolved. The system would then be
available on a basis similar to the existing Fugro
DECKSCOUT and other in-box-core penetrometer
systems.
The results from a typical pair of hemiball and toroid
tests conducted in the UWA laboratory using kaolin
clay samples are shown in Figure 5 to Figure 8. The
vertical penetration stage is interpreted via bearing
capacity theory to determine the soil strength. The
measured resistance is shown in Figure 5a. The response is then interpreted using solutions for the variation in bearing factor, N c , with depth and normalized soil strength gradient, that are expressed
analytically and derived from numerical simulations
(Stanier & White 2015).

(a) Robotic actuator with toroidal penetrometer

(b) Box core-scale toroidal penetrometer, with onboard DAQ
Figure 4: Box core-scale shallow penetrometer equipment

Figure 5b shows the profile of bearing factor, N c ,
with depth from the experimental data assuming the
linear soil strength profile shown as dotted in Figure
5c. Conversely, Figure 5c shows the derived strength
profiles assuming the theoretical profiles of N c
shown dotted in Figure 5b.
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After penetration to the target depth, a dissipation
stage under constant vertical load is performed. The
resulting dissipation curves are shown in Figure 6.
Numerical solutions have been developed to interpret this stage to derive the coefficient of consolidation. The t 50 durations for the toroid and hemiball
tests were around 10 minutes, in these tests on a kaolin clay with a consolidation coefficient of a 10
m2/year.
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The aim of the rotation stage is to measure the undrained and drained interface strengths, for soils
where both conditions are of practical relevance. In
addition, the transition between these two values is
recorded, either during continuous rotation, or
through multiple episodes of undrained rotation interspersed with consolidation. These measurements
provide the parameters required for assessments of
axial pipe-soil friction, as well as the sliding resistance of shallow foundations.
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35

(a) Measured and computed penetration response
Normalised penetration resistance, Nc (-)
0
2
4
6

Normalised penetration depth, w/D (-)

The profiles from the two penetrometers are in close
agreement with each other, and with the theoretical
strength based on the stress history of the soil sample, which was prepared by consolidation under a
surcharge.
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Results from a continuous rotation stage are shown
in Figure 7. The rotation response is fitted by three
parameters which are the inputs to industry-standard
models for axial pipe-soil friction (White et al.
2017). The initial resistance indicates the interface
undrained strength. For these tests, this corresponds
to the normally-consolidated interface undrained
strength, controlled by the strength ratio, (s uint /Vc n ) nc . The final resistance indicates the drained
interface friction ratio, tan G (where G is the interface
friction angle). The timescale of the transition indicates the consolidation coefficient.
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(c) Output – shallow soil strength profile
Figure 5: Shallow penetrometer vertical penetration response

Figure 6: Shallow penetrometer dissipation test with load-hold

The rotation stage is performed in three steps, with
reductions in rotation speed between each step. This
allows the initial undrained resistance to be fully
mobilised in a short period of time (before being affected by consolidation), but the extra rotation prior
to reaching the fully drained resistance is minimal,
which prevents excessive settlement of the tool.
Figure 7a shows the torque converted to equivalent
friction on a pipeline at the same normalised embedment, by dividing by the effective radius of the
device. The black lines show the fitted profiles based
on the industry-standard axial friction model. The
difference between the results for each device is due
to the difference in embedment and therefore the
friction wedging factor (White & Randolph 2007).
The hemiball and toroidal penetrometers are
equipped with pore pressure transducers, which record the excess pore pressure during the rotation
stages. These measurements can be used to convert
the recorded vertical load and torque responses into
an effective stress profile in normal stress – shear
stress space, as shown in Figure 7b. These results are
in close agreement with a non-linear failure envelope derived from drained interface shear box testing
using the same soil and interface material. During
the rotation stages, the effective stress path moves to
the right as the shearing-induced excess pore pressure generated during the initial rotation dissipates.

Additional results are shown to illustrate an alternative rotation stage that involves episodes of rapid
(undrained) rotation, interspersed with dissipations.
This sequence mimics a pipeline subjected to cycles
of thermal expansion and contraction in operation.
The steady resistance rises with each rotation, and is
shown by the markers on Figure 8a (overlain on the
data from Figure 8a) and Figure 9. The effective
stresses match the continuous rotation case (Figure
8b). The episodic response is expressed in Figure 9
via a drainage index, \, rising from zero to unity
from the initial undrained to the final drained resistance. In this case, \ = 0.5 is reached after 6 cycles.
These examples show that shallow penetrometers
are uniquely able to determine the key near-surface
soil parameters required to estimate pipeline friction.

(a) Transition of interface resistance due to drainage

(a) Transition of interface resistance due to drainage

(b) Derived effective stress path
Figure 8: Shallow penetrometer test: episodic rotation stage

(b) Derived effective stress path
Figure 7: Shallow penetrometer test: continuous rotation stage

both the water (prior to impact) and in the soil,
which must be discounted to derive soil strength accurately.

Figure 9: Transition of undrained resistance to drained limit

5. Free fall penetrometers (FFPs)
The RIGSS JIP has also pursued new designs and
new interpretations of free fall penetrometers. The
RIGSS free fall penetrometers use the miniature inertial measurement unit (IMU) shown in Figure 10a.
The unit is equipped with 3 axis MEMs accelerometers and gyros, from which the full threedimensional motion of the system can be derived
(Blake et al. 2016). Trials using the IMU within a
free falling sphere (Morton et al. 2016) have been
performed in the East China Sea (Figure 10b). These
were successful despite a strong current making deployment challenging, but drag force on the recovery line did hamper interpretation.

In addition, tests using a miniature instrumented free
falling cone penetrometer in the centrifuge have
shed light on the difference in rate effect on the shaft
and tip resistance. The tip (q net(d) ) and shaft (f s(d) ) resistance during dynamic (free fall) penetration of the
cone have been compared with the static resistances
on the same device (q net(s) , f s(s) ) pushed in statically
at a reference velocity, v ref . The rate effects are
quantified by the parameters, E tip and E shaft :
f s,d
f s,s

R shaft
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¸¸
¹

Eshaft

, R tip

q net ,d
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©
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D

D ref

·
¸¸
¹

E tip

(1)

where v/D represents the strain rate, and allows scaling between objects of different diameter, D. A
higher rate effect is observed on the sleeve friction
(Figure 11a) compared to the cone tip resistance
(Figure 11b), with the latter being comparable to the
effect seen in laboratory element tests. This unexplained phenomenon highlights the value of using a
load cell for tip resistance to determine soil strength
rather than attempting to interpret strength from the
deceleration of a slender FFP. Consistent profiles of
s u from static and free fall cone penetrometer tests in
the beam centrifuge are shown in Figure 11c (Chow
et al. 2017).

Rshaft = fs,d/fs,s
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(a) Measured rate effect on cone shaft resistance

(b) Field testing of a free falling sphere in the East China Sea
Figure 10: Free fall penetrometer equipment

Improvements to the interpretation methods for free
falling penetrometers have been developed. These
have focused on rigorous quantification of the drag
and buoyancy forces acting on the penetrometers in

(b) Measured rate effect on cone tip resistance
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(c) Comparison of s u profiles from static and free fall CPTs
Figure 11: Free fall centrifuge CPT results (Chow et al. 2017)

6. Summary and Conclusions
The RIGSS JIP has advanced the development of a
series of tools for geotechnical seabed surveys, with
two aims in mind: the use of remote technology to
derive a greater volume of data more rapidly, and
the development of intelligent tools to derive better
data, more directly suited for application in geotechnical design. For each type of tool, the JIP has refined the design and instrumentation, devised a test
protocol that maximises the quantity and quality of
data gathered, and developed the test interpretation
to best derive geotechnical parameters from the
measurements.
This paper shows some results from the JIP activities. The comprehensive capabilities of the piezoball
penetrometer have been highlighted. A set of results
from box core-scale toroid and hemiball shallow
penetrometers display their ability to determine
pipeline design parameters. Improved free fall penetrometer interpretations are shown, based on centrifuge tests.
The JIP deliverables include recommended practices
for planning, executing and interpreting tests using
the new tools. To help transfer these technologies into practice, the JIP partners are provided with engineering drawings of the tools and bespoke software
that implements the derived interpretation methods.
Field trials using some of the tools are already underway.
This JIP represents a step towards utilisation of the
capabilities offered by remote and autonomous technologies in offshore site investigation. A future can
be envisaged in which shallow geotechnical investigations are performed by AUVs, equipped with intelligent micromachines carrying tools that probe the

seabed in a manner designed to mimic construction
and operation, giving measurements that are directly
applicable in design.
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ABSTRACT: This paper attempts to categorise geotechnical field site characterisation tools in a hierarchical
manner, as appropriate for the progression from initial surveys to detailed geotechnical design of specific infrastructure. In general, the hierarchy reflects more the sophistication, and hence cost, of the field tools, although small-scale tools developed to explore box core samples are something of an exception, with the potential for high quality data at low cost. These ideas are explored in the context of modern developments in
equipment and methods of deployment, and in the manner in which the data may be used efficiently in design.
1 INTRODUCTION
The current economic climate for offshore energy is
requiring improved efficiency in the design of subsea infrastructure, a key starting point for which is
optimising site investigation (SI) data and their application in design. Geotechnical design for deep
water developments is dominated by subsea infrastructure such as subsea foundation units and in-field
pipelines founded within the uppermost sediment
layers. Even anchoring systems, particularly for mobile drilling systems, will generally lie within the top
10 to 20 m of the seabed. Hence the vast majority of
deep water infrastructure is founded within sediments that are well within reach of relatively modest-sized robotic seabed tools or free-fall penetrometers. There is, however, a marked difference between
testing requirements for pipeline design parameters,
where the focus is generally the upper 0.5 m of the
seabed, and those for subsea foundations and anchors.
For coastal and other shallow water developments, the challenge of acquiring in situ test data is
reduced somewhat, although for applications like
cable laying it may be sufficient just to identify sediment type. Economic pressures, particularly for
wind and wave energy applications, will require optimisation of the spatial frequency of acquiring data
in situ, and how the data are then applied in design
to best advantage.
This paper discusses advances in site investigation approaches, with initial focus on novel approaches for near-surface characterisation and costeffective free-fall penetrometry, which have particular relevance for deep water projects or for identifying surficial sediment types generally. The advances

are considered in light of the need to balance cost
and quality of data at different phases of a project.
The paper also discusses the growth in ‘direct’ use
of CPT data in design methods, such as for jack-up
rig foundations. Potential differences between ‘indirect’ use of CPT data to derive simplified strength
profiles, and more direct incorporation of what may
appear relatively minor fluctuations in the cone resistance through the stratigraphy, are examined.
2 PHASES OF GEOTECHNICAL SITE
CHARACTERISATION
2.1 Exploratory phases
For a new development, early investigation phases
are focused on obtaining geophysical data in order to
establish a broad geological model for the region.
Historically, very limited (if any) geotechnical data
on the upper seabed sediments are obtained until later. This approach is influenced to a large degree by
cost, since geophysical data may be gathered using
relatively small vessels, with limited deck space for
accommodating geotechnical investigation equipment.
Nowadays, however, lightweight (compact) tools,
such as box core samplers, free-fall penetrometers
and lightweight seabed frames equipped with small
diameter coiled rod cone penetrometers are being incorporated increasingly in geophysical investigations. These provide early indications of the nearsurface sediment properties, which are difficult to
assess from standard seismic reflection tools
(Peuchen & Westgate 2018).
In spite of inevitable disturbance of the soil recovered in a box core, reasonable quantitative esti-

mates of intact and remoulded shear strength may be
obtained from miniature penetrometer (T-bar or ball)
tests conducted in the upper 0.3 m or so, depending
on sample recovery (Low et al. 2008). As discussed
in more detail later, additional parameters for pipeline design may be determined from torsional tests
on novel types of penetrometer (White et al. 2017).
Free-fall penetrometers also offer cost-effective
investigation of the near surface seabed. Even simple devices that just measure the deceleration (e.g.
Stark et al. 2009, 2012) will allow approximate estimation of the strength of the upper sediments,
providing useful guidance for pipeline route assessment. Modern lightweight free-fall piezocones offer
much more quantitative assessment of the strength
profiles through the upper material (Stegmann et al.
2006), provided the interpretation approach is appropriate (Chow et al. 2017).
2.2 Main geotechnical SI phases
In the main phases of geotechnical site investigation,
larger vessels capable of handling larger and more
sophisticated drilling and field testing equipment are
used. Even here, though, the modern trend is for
more compact, seabed-based robotic drilling and
testing equipment, rather than conventional drill
ships. In deep water, seabed-based systems are preferable in terms of cost (with compact equipment allowing smaller vessels) and datum stability since the
systems are decoupled from wave-induced vessel
motions.
Advances in robotic control have led to a number
of commercial seabed-based robotic drilling, sampling and testing systems. The pioneer amongst
these in terms of increased depth of water and soil
depth investigated was the portable remotely operated drill (PROD), developed by Benthic Geotech
(Figure 1). The equipment fits within standard shipping containers for transport. PROD and other systems, such as the Fugro Seafloor Drill (Figure 2),
use an umbilical cable to power the seabed frame,
although smaller systems can use remotely operated
vehicles (ROVs) as a power source (Randolph
2016).
Seabed frames with advanced actuation offer the
potential for more sophisticated penetration testing,
for example by varying the rate of penetration in order to explore effects of strain rate and partial consolidation. This can yield measurements that are
more representative of conditions around the target
infrastructure – which may involve significant
changes in soil strength due to installation and inservice loading.
Full-flow penetrometers, such as the T-bar and
piezoball with projected areas typically a factor of
10 greater than that of the shaft immediately behind
the probe, provide potential for cyclic motion in order to remould the surrounding soil. They are often

considered as applicable only for shallow uniform
fine-grained sediments. However, experience in layered carbonate material has shown that they provide
consistent data to CPTs in layered sediments, generally with T-bar and ball resistances showing slightly
lower magnitudes of spikes in resistance (Figure 3).
The addition of pore pressure sensors on so-called
‘piezoball’ penetrometers, either as discrete button
filters or continuous annular filters, enhances their
potential as a stratification tool, and also allows field
assessment of consolidation properties by means of
dissipation tests (Mahmoodzadeh et al. 2015).
As illustration of this potential, Figure 4 shows
the range of penetration resistance mobilised in a
carbonate silt, relative to a standard rate penetration
test. The data are from the RIGSS JIP (White et al.
2017) and span a factor of 20 between fully remoulded conditions and those after full consolidation.

Figure 1 Benthic Geotech's portable remotely operated drill
(PROD)

Figure 2 Fugro Seafloor Drill

Figure 3 Comparison of in situ cone and T-bar penetration
tests from Australian North-West Shelf

The data from Figure 4 were obtained under laboratory conditions, in a centrifuge model test, although similar data may be acquired from in situ
tests. In the carbonate silt, penetration under undrained conditions even at the very high rates associated with free-fall penetrometers, gives lower resistance than for drained conditions at a very slow
penetration rate. In stronger soils, such as medium
dense silica sand, undrained conditions will most
likely provide the highest penetration resistance due
to the dilative nature of such soils. The effect of sand
density on the relative magnitudes of drained and
undrained penetration resistances is well illustrated
by the penetrometer data presented by Chow et al.
(2018).
The very high resistances in sand mobilised under
undrained conditions have been observed in field
free-fall penetrometer tests, leading to rapid arrest of
the penetrometer (Stark et al. 2012). Although this
limits the depth that can be explored, the information
Resistance or strength

4.1

Pause
(dissipation)

5.7

2.5
1.8

twitch

x 2.5

1
cyclic

Numbers indicate
relative penetration
resistance

post-dissipation
breakthrough

x 0.2

0.2

post-twitch
breakthrough

free-fall
x1.8
x 5.7

Depth

Relative penetration resistance

Cycles
(remoulding)

x 4.1
intact
(drained)

remoulded intact
(undrained) (undrained)

Penetrometer velocity

Figure 4 Penetration resistances mobilised in a carbonate silt through different penetrometer test procedures
Strength increase due
to reconsolidation
(>1,1)

Time passing,
drainage
(1,1)
CAU lab test
ideal sample

Spudcan
extraction
Pipeline-soil
interaction

Strength decrease
due to remoulding
(o 0,1)

Disturbance, pore
pressure softening

Drag anchor
design load

Spudcan
penetration
Pipeline-soil
interaction

Pipeline
installation
Drag anchor
installation

Riser-soil
interaction

Riser-soil
Through life drainage and consolidation
interaction
Skirted
Skirted
dissipation
Vane tests
foundation:
foundation:
cyclic loading
cyclic loading
Field
Episodic
dissipation Post-dissipation
penetrometer Cyclic
Drainage and consolidation
penetration test
penetration test
test
test
Twitch test including ‘breakthrough’

Foundation
decommisioning

‘Twitch’
penetration test

Strength increase
due to strain rate
(1,>1)

Skirted
foundation:
dynamic

Free-fall
penetrometer
test

Riser-soil
interaction

Remoulded
penetration
test

Debris flow

Torpedo anchor
installation
Direction of similar net
strength

Figure 5 Map of different soil tests and design applications (extended from Randolph et al. 2007)

of shallow sandy sediments with high (undrained)
penetration resistance has value for design. With
some additional inputs, for example knowledge of
mineralogy and particle size of the sediments, the
deduced penetration resistances may be interpreted
in terms of relative density, in the same way as for
static CPTs (White et al. 2018).
Prior to cavitation the undrained strength of sand
may be estimated using the framework of Bolton
(1986) or a state parameter approach (Been et al.
1991). After cavitation, although this is unlikely to
occur in deep water, an upper limit to the penetration
resistance may be estimated by considering the cavitation pressure as a ‘back pressure’ acting in conjunction with the geostatic effective stress state.
Improvements in control and testing procedures
open the door to much more sophisticated seabed
testing. Figure 5 shows schematically the range of
shear strength data that may be acquired, relative to
strengths relevant for design of different offshore infrastructure. The diagram reflects the variations in
penetration resistance arising from different testing
procedures, as discussed with respect to Figure 4.
The horizontal spread reflects changes in strength
due to consolidation (left side) or disturbance and
remoulding (right side), while the vertical axis signifies changes in strength due to shear strain rate.
Modern robotic systems also have the control potential to allow seabed testing that targets stiffness
measurement. For example, fatigue design of riser
systems requires information on the vertical risersoil stiffness, and how that varies with time and displacement amplitude of cyclic perturbations.
For a steel catenary riser, the relevant stiffness
may vary by 1 or 2 orders of magnitude through the
touchdown zone as the displacement amplitude of
the riser changes. At a given amplitude, the stiffness
will also tend to reduce in the short term as the soil
responds to cyclic shearing, but to increase with time
due to consolidation (Clukey et al. 2017, Yuan et al.
2017).
Future potential for field tests, either on the seabed or in recovered box core samples (Kelleher et al.
2010, Boscardin & DeGroot 2015), is discussed in
the following section, drawing on recent experience
on Australia’s North-West Shelf and in the Caspian
Sea.

nical investigation of the upper few metres of the
seabed.
The RIGSS JIP has pursued three ‘visions’,
which are illustrated in Figure 6:
1. The RIGSS SI: A remote SI platform with robotic
control of intelligent tools gathering parameters
targeted towards design.
2. Earlier geotechnical definition in projects: leading
to reduced uncertainty and risk, and a reduced
need to carry multiple options through design.
3. Direct geotechnical design: a design philosophy
using in situ test data more directly to determine
the response of pipelines, foundations, and other
geotechnical systems.
Together, these three ideas aim to allow more accurate forecasting of the behaviour of seabed infrastructure. New types of penetrometer can be shaped
and manipulated in ways that more closely represent
the infrastructure being designed. The resulting data
provide the potential to eliminate or simplify the
journey from measured resistance to a lab-based
strength and back to a predicted resistance or capacity.

3 NOVEL SHALLOW PENETROMETERS FOR
PIPELINE DESIGN PARAMETERS
3.1 Background - RIGSS JIP
The Remote Intelligent Geotechnical Seabed Surveys Joint Industry Project (RIGSS JIP) was initiated by the University of Western Australia (UWA)
and is reaching the end of the 3 year program of activities. A focus of the JIP has been the development
of new and improved techniques for in-situ geotech-

Figure 6 RIGSS JIP motivations (after White et al. 2017)

A particular focus of the RIGSS JIP has been on
shallow surveys that cover extensive areas, such as
for pipelines, where low-cost, remotely operated SI

tools and smart testing techniques offer potential to
improve efficiency and deliver more valuable data.
Intelligent tools – such as the shallow penetrometers
– give data that can be fed more directly into geotechnical design, reducing the timescale and uncertainty associated with the design outcome.
3.2 Offshore box core testing
Three types of ‘shallow’ penetrometers have been
pursued within the RIGSS JIP. The toroidal and
hemispherical (‘hemiball’) penetrometers were first
described by Yan et al. (2011); more recently a ringshaped variant on the toroid with a flat interface has
been trialled. During a test, these devices are penetrated to a depth of less than a diameter (of toroidal
bar, or hemiball) and are then subjected to one or
more stages of rotation under maintained vertical
load. Their shape and the interfacial sliding mode of
failure resemble a pipeline, or other surface infrastructure such as mattresses or surface foundations.
Devices at box core scale have been developed
and trialled in the UWA laboratory on reconstituted
kaolin and carbonate silt samples. The system has
also been taken offshore, for field trials on two surveys by the RIGSS JIP partners. The general design
of the box core toroid penetrometer and the integrated data acquisition system are shown in Figure 7.
The vertical force and torque on the penetrometer
are monitored continuously, as are the pore pressures at multiple locations on the surface.

be continued in parallel with shallow penetrometer
testing within a previously recovered box core sample. Depending on the drainage properties of the
samples, a full set of penetrometer tests in the box
core might take 1-3 hours. If this aligns with the cycle time for the vessel transit between locations and
box core recovery, then two sleeves can be alternated between sampling and testing.

Figure 8 Typical box corer during sample recovery to deck

Figure 7 Toroid penetrometer with on-board DAQ and 2-axis
load cell (vertical force and torque)

The soil-interface resistance is derived from the
measurements, in terms of both total and effective
normal stresses. Dissipation stages allow the consolidation coefficient to be determined for fine-grained
soils, while the timing of rotation stages may be varied to deduce both drained and undrained interface
strengths.
Box-coring operations during one of the recent
offshore trials are shown in Figure 8. By utilising
multiple box core sleeves, sampling operations may

The box core actuator system is shown during
testing within a box core sleeve in Figure 9. Another
approach is to take large diameter tube samples from
the box cores, and perform tests off the sampling
critical path using the arrangement shown in Figure
10.
The initial field trials provided valuable lessons to
improve the procedures for deploying the tests and
determining the best combination of tests to perform
in a given soil type, to optimise the information
gathered. The deck of a survey vessel is a challenging environment for performing precision testing,
but vessel motions and changes in ambient temperature have had no detrimental effect on the measurement quality emerging from the shallow penetrometer tests. To date, the testing equipment has required
operation by a researcher familiar with the equipment and software controls. As the technology
evolves, simpler systems will be created. We anticipate that shallow penetrometer testing could then be
available on a basis similar to the existing Fugro
DECKSCOUT and other box core penetrometer systems.
A typical set of results is used to illustrate the
performance of the toroid penetrometer (Figure 7),
operated in a box core sample of carbonate silt. The

initial stage of a toroid test involves vertical penetration of the device to a depth of typically 20% of the
diameter (Figure 11). The results are converted to a
linear profile of undrained strength, s u , using the
bearing capacity model set out by Stanier & White
(2015). In this approach, the bearing factor, N c , is
varied according to the depth and strength gradient,
and a (small) adjustment is also made for soil buoyancy. An iterative process is required to reach s u because N c varies with s u itself. The minimal noise in
the measured data is equivalent to less than 0.1 kPa
of strength (Figure 11).
After reaching the target depth, the vertical load
on the penetrometer is maintained constant, while
the excess pore pressure at the invert dissipates
(Figure 12). The initial response – over the first five
seconds of the dissipation – shows a rise in pore
pressure, typical for dilatant soils. During the subsequent 10 minutes, the response follows closely the
analytical model set out by Yan et al. (2017), based
on numerical analysis. By matching the curves at the
50% dissipation point, a consolidation coefficient of
65 m2/year is determined.
The next stage of the test involves rotation of the
toroid (Figure 13). Initially a high rotation rate is
used to mobilise the undrained interface strength, including any initial peak but continuing towards the
stable or residual value used in pipeline design. The
rotation rate is then reduced by a factor of 10. Rotation continues as the resistance rises towards the
drained limit, controlled by the interface friction angle.

Figure 10 Shallow penetrometer system in ‘tube sample’ mode

Figure 9 Shallow penetrometer system in ‘box core’ mode

The measured torque and vertical force are converted to interface friction ratio by dividing the
torque by the effective radius (at which the resultant
of the circumferential resistance acts) and multiplying the vertical force by a ‘wedging factor’ (White &
Randolph 2007) to give the total normal force on the
interface. The resulting interface friction ratio can be
fitted by undrained and drained limits (Figure 13),
which are key inputs to pipeline design. The rate of
transition provides another indication of the consolidation coefficient, which may differ from the initial
dissipation stage.
The undrained limit, if the soil has been normally
consolidated under the penetrometer vertical load, is
the ‘c/p’ or normally consolidated undrained
strength ratio for the interface. The drained limit is
tan(G res ) where G res is the residual interface friction
angle. This interpretation is aligned with conventions for pipeline design (White et al. 2017, DNVGL
2017).
The interface response can also be interpreted in
effective stress terms using the pore pressure measurements (Figure 14). This provides useful confirmation of the drained friction, particularly if the tests
are curtailed before pore pressure equilibrium is
reached.

The data may be interpreted within a consolidation
framework, and used to support assessment of ‘consolidation hardening’ by which pipeline axial friction can rise through cycles of movement.

Figure 11 Fitting of measured toroid penetration response in
carbonate silt with analytical model: (a) measured vertical load;
and (b) interpreted profile of undrained shear strength, s u

Figure 13 Toroid rotation in carbonate silt: evolution of interface friction, μ with (a) displacement; and (b) dimensionless
time

Figure 12 Toroid dissipation in carbonate silt: (a) measured response; and (b) interpreted coefficient of consolidation, c v

An additional type of test involves episodic rotations with intervening dissipations, which results in
gradually increasing undrained resistance with each
cycle (Yan et al. 2014, Boscardin & DeGroot 2015).

Figure 14 Toroid effective stress interpretation: (a) effective
stress envelope; and (b) effective interface friction, ȝ

Overall, subject to a suitable box core sample being recoverable, a short series of shallow penetrometers tests (e.g. 2-3 tests performed over several
hours), supplemented with conventional miniature
T-bar (or ball) penetrometer tests, can provide all of
the geotechnical strength and consolidation parameters required for pipeline design. We hope that these
technologies will be taken forward by the RIGSS JIP
partners over the coming years, allowing wider
adoption in project practice.
4 FREE-FALL PENETROMETERS
4.1 Introduction
Free fall penetrometers (FFPs) may be divided into
different classes, according to the sophistication of
instrumentation (ranging from just accelerometers to
fully instrumented with tip and shaft load cells and
pore pressure sensors). Recent developments have
included two-stage combined FFP systems where
free-fall penetration is followed by static penetration. In addition, extended base FFPs have been explored for soft sediments, as discussed later. The
discussion below describes different types of FFPs,
and then summarises interpretation in fine-grained
sediments.
4.2 Probe geometry
A variety off FFPs are shown in Figure 15. They
vary in mass and geometry from the 52 mm diameter
by 0.215 m long 0.7 kg expendable bottom penetrometer (XBP, Stoll & Akal 1999) to the 160 mm
diameter (with a standard CPT tip) by 23 to 35 m
long 3200 kg CPT-Stinger (Young et al. 2011). Penetration is generally proportional to mass (or momentum) per unit area (Peuchen et al. 2017), with
the XBP generally penetrating less than 0.3 m, and
the CPT-Stinger capable of reaching 20 m of dynamic penetration followed by another 15 m of static
penetration.
A class of intermediate size probes capable of 4
to 6 m of penetration in soft clays, 1 to 2 m penetration in stiff clays and silts, and less than 0.5 m penetration in sands is seeing increased use for shallow
investigations in soft materials. These penetrometers
are relatively portable and can be used from survey
size vessel with a high-speed winch for deployment
and retrieval, with diameters of 100 to 200 mm,
lengths of 1 to 6 m, and mass of 10 to 500 kg. They
include:
x NAVFAC eXpendable Doppler Penetrometer
(XDP) (Beard 1985, Orenberg et al. 1996,
Thompson et al. 2002)
x Seabed Terminal Impact Naval Gauge
(STING) (e.g. Mulhearn 2003)
x Brooke Ocean Free Fall CPT (FFCPT ) (Furlong et al. 2006)
x Bremen Free Fall CPT (FFCPT) (Stegmann
et al. 2006)

1.8 m

(a)

87.5 mm

(b)

(c)

(d)

Figure 15 FFPs: (a) CPT Stinger (Young et al. 2011) (b) University of Bremen FFCPT shown in long and short (inset)
modes (Stegman et al. 2006) (c) Brooke Ocean ‘FFCPT-660’
(Mosher et al. 2007) and (d) BlueDrop (Stark et al. 2014)

Figure 16 UWA inertial measurement unit (IMU)

x
x
x
x
x
x

NIMROD (Stark et al. 2009)
LIRmeter (Stephan et al. 2011)
BlueDrop (Stark et al. 2014)
Graviprobe (Geirnaert et al. 2013)
Instrumented Free-Fall Sphere (IFFS) (Morton et al. 2016a)
SEADART1 (Peuchen et al. 2017)

4.3 Sensors
Historically FFPs were only equipped for acceleration or velocity measurements. With the need for
higher quality measurements of the location of the
seabed, soil strength, as well as inferences of soil
type, additional sensors such as optical sensors, tip
stress, sleeve friction, penetration pore pressure, and
resistivity have been added to probes.
The most efficient means of FFP operation is
whereby the instrumentation package has sufficient
power and storage for a series of tests. In a continuous test mode, where the penetrometer is repeatedly
deployed and retrieved, the instrumentation package
should have storage and battery capabilities for
about 12 hours of testing. After this the package can
be removed from the penetrometer for battery recharging and data download, or alternatively the
package could be replaced with a spare system, allowing testing to continue without delay.
Modern data acquisition systems allow for this
mode of operation. For example, the UWA instrumentation package shown in Figure 16 is sufficiently
compact to fit within the smallest FFPs, but allows
for sampling rates of up to 500 kHz and at a practical sampling rate of 1.5 kHz for FFP tests, up to 225
hours of data storage and 20 hours of continued use
before the batteries require recharging.
All FFPs measure acceleration along an axis
aligned with the body of the FFP (although often
sensors with different measurement ranges are included to optimise resolution). The UWA instrumentation package shown in Figure 16 is an inertial
measurement unit (IMU), which measures acceleration along each axis of a Cartesian coordinate system and provides independent measurements of the
rotations about each axis of the same coordinate system. Transforming the measurements from the body
reference frame of the FFP (which will be changing
during an FFP test if the FFP tilts by varying
amounts) to a fixed reference frame avoids the difficulty in identifying the component of the acceleration signal that is due to FFP rotation from that due
to changing acceleration (Blake et al. 2016).
O’Loughlin et al. (2014) showed that the corrections using this approach become appreciable at tilts
in excess of 10°. Conical shaped penetrometers appear to tilt less than this threshold (Kopf et al. 2007),
but for other penetrometers, particularly the free-fall
sphere penetrometer (described later), the tilts are

likely to be much higher, such that an IMU approach
is required.
4.4 Interpretation using acceleration data
The ultimate objective of a FFP test in fine-grained
material is to assess the undrained shear strength s u .
This may be derived from the tip resistance in the
conventional way as for a static CPT, but with appropriate allowance for the high strain rates resulting
from the high velocity penetration. Ideally, the FFP
should measure the tip resistance directly. However,
for FFPs that do not include a tip load cell, estimation of the tip resistance involves a number of steps
and uncertainties.
The tip resistance may be derived from the penetrometer mass, m, times the measured acceleration,
a = v(dv/dz) according to
q ୲, =

Wୠ െ mv(dvΤdz) െ Qୱ െ Fୈ െ Fୠ
A୲୧୮

(1)

where v is the FFP velocity, z the penetration, W b
the submerged weight of the FFP in water, Q s the
frictional resistance along the shaft, F D the drag resistance (due to soil inertia), F b the buoyancy force
equal to the effective weight of the displaced soil
and A tip the cross-sectional area of the tip (True
1976, Rocker 1985, O’Loughlin et al. 2004, Chow et
al. 2017).
The challenge with this approach is in correctly
identifying and quantifying the magnitude of the
various terms in Equation (1). A further complication is that, since the undrained shear strength (derived from the tip pressure q t,FFP ) contributes towards the shaft resistance, an iterative approach is
needed in solving for the tip resistance. This may be
avoided for extended base FFPs such as the free-fall
sphere and STING, since the shaft resistance may be
excluded from Equation (1). However, it may then
be necessary to consider the additional soil mass that
moves with the base (Morton et al. 2016b).
4.4.1 Hydrodynamic and soil drag
Soil drag resistance can dominate interpretation of
strength in weak seabeds at shallow embedment, and
accounting for this parameter is necessary for accurate strength assessments as well as in probe design.
Soil drag is calculated in the same manner as for hydrodynamic drag, as
Fୈ = 0.5Cୢ ɏୱ A୲୧୮ v ଶ

(2)

where U s is the saturated density of the soil and C D
is the drag coefficient, the value of which depends
on the penetrometer geometry. The density must be
estimated (since samples are not taken) and there is
uncertainty in the drag coefficient.

Consideration of the acceleration trace during the
free-fall in water phase allows the fluid drag characteristics, and its variation with Reynolds number for
a particular geometry, to be established (Morton et
al. 2016a, O’Beirne et al. 2017). It is common to estimate the soil drag coefficient as the same as the
fluid drag coefficient, which tends to vary from
about 0.15 (increasing with L/D) for cylindrical penetrometers with hemispherical tips, to about 0.26 for
spheres.
If the fluid and soil drag coefficient are assumed
equal, the influence of the tether on drag characteristics should be considered. Depending on probe mass,
geometry, fall height through water, and tether characteristics, tethered terminal velocities may be half
or less than untethered velocities, as indicated by
offshore data in Figure 17. Upon seabed impact the
tether may tend to go slack, changing the drag resistance implied by the probe impact velocity.

discussed later) and hence a higher rate parameter
R f,shaft (Steiner et al. 2014, Chow et al. 2017). The
uncertainty in both the soil sensitivity and R f,shaft is
the most significant factor for accurate estimation of
soil strength using the accelerometer measurement.
4.5 Cone tip resistance and derivation of su
Improved estimation of soil strength can be obtained
by measuring the FFP tip resistance directly with a
load cell. Interpretation is similar to that for a static
CPT, with the additional need to deduct drag resistance and to discount the soil strength for strain
rate effects, according to:
s୳ =

q ୡ, െ q ୈ + uଶ (1 െ Ƚୡ୭୬ୣ ) െ ɐ୴
R ,୲୧୮ N୩୲
q ୬ୣ୲,ୢ
q ୬ୣ୲,ୱ
=
~
R ,୲୧୮ N୩୲ N୩୲

(4)

where q c,FFP is the measured tip resistance, u 2 the
pore pressure measured or estimated at the cone
VKRXOGHU Į cone WKH XQHTXDO DUHD UDWLR ı vo the overburden stress, q D the drag resistance (equivalent to
F D /A tip from Equation (1)), R f,tip the strain rate factor for tip resistance, N kt the cone factor, q net,d the
resulting dynamic net cone resistance and q net,s the
static net cone resistance from a conventional CPT.

Figure 17 Influence of tethering on penetration of NAVFAC
XDP drop through 30 m of water into a low plasticity clay with
s u of 10 to 20 kPa in the upper 0.75 m

4.4.2 Shaft frictional resistance
For probes that only measure acceleration or velocity, the friction along the side of the probe must be
subtracted from the total resistance to assess tip resistance. Shaft friction on the side can be estimated
based on the undrained strength through an adhesion
factor, D, which is commonly assumed to be the inverse of the soil sensitivity. The total shaft friction at
any given penetration is:
Qୱ =  οAୱ୦ୟ୲ R ,ୱ୦ୟ୲ Ƚs୳

(3)

The significant uncertainty in soil sensitivity (or
D), and how that varies with depth, will propagate
through to the accuracy of the estimated tip resistance. The shaft friction is also found to exhibit
much higher rate effects than the tip resistance (as

4.6 Viscous rate effects
The extremely high penetration velocity of an FFP
(especially at shallow depth) leads to very high
strain rates in the soil that will enhance the soil
strength beyond nominally undrained values. The effect of strain rate may be modelled using either a
semi-logarithmic (or inverse hyperbolic sine function) or power law (including the Herschel-Bulkley
formulation). The simple power law of
R ,୲୧୮

v/D ஒ
=൬
൰ =൬
൰ 1
(v/D)୰ୣ
ɀሶ ୰ୣ
ɀሶ

ஒ

(5)

has generally been adopted as it is found to capture
rate effects better than logarithmic functions over
large ranges of strain rate (Biscontin & Pestana
2001). Here ɀሶ is the strain rate, ɀሶ ୰ୣ the reference
strain rate associated with the reference value of undrained shear strength and E a strain rate parameter.
The average strain rate may be linked directly to the
normalised velocity, v/D. Due to the different rate
effects observed for the tip and shaft resistance (see
later, Figure 19) different strain rate parameters, E tip
and E shaft are recommended for estimating R f,shaft and
R f,tip in Equations (3) and (4) respectively.
The reference strain rate, and hence selection of
v ref and D ref , should correspond to nominally undrained conditions, similar to those that would de-

4.7 Example interpretation from test data
An example interpretation from centrifuge experiments in kaolin clay (Chow et al. 2017) is provided
in Figure 18 to Figure 20. The interpretation based
solely on acceleration measurements (but with no
account taken of any ‘tethering’ effects since these
are negligible for the centrifuge model test) underestimates the strength deduced from static CPTs by
approximately 50%, even when separate strain rate
parameters (E tip and E shaft ) are applied, as established
in direct measurements from the tip and shaft load
cells of the FFP (see Figure 19). This large discrepancy is caused by the uncertainty in estimating the
dynamic shaft resistance reliably (Chow et al. 2017).
Figure 20 shows (for the same Chow et al. 2017
centrifuge tests) that when the interpretation is based
on the tip load cell and u 2 pore pressure measurements, s u values determined from static CPTs and
FFP tests are essentially indistinguishable. The interpretation on Figure 20 uses a median E tip = 0.06,
with variations in E tip (reducing to E tip = 0.035 and
increasing to E tip = 0.085) leading to changes in the
FFP s u
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velop in a static cone penetrometer test. For instance
selection of v ref = 20 mm/s and D ref = 35.7 mm
would result in a strength that would be comparable
to that measured by a 10 cm2 cone penetrated at the
usual 20 mm/s. For an FFP with diameter of
100 mm, travelling at velocity, v = 10 m/s, v/D =
100 s-1, two orders of magnitude higher than in the
static 10 cm2 cone test. For this magnitude variation
in strain rate, the strain rate parameter E tip is typically in the range 0.03 to 0.09 for tip resistance (Lehane
et al. 2009, O’Loughlin et al. 2013, 2016, Chow et
al. 2017).
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Figure 19 Back-fitted rate parameters for (a) shaft resistance
and (b) net tip resistance (after Chow et al. 2017)

Figure 20 Deduced s u profiles using tip load cell (after Chow et
al. 2017)
Figure 18 Estimated s u profiles using the accelerometer method
(after Chow et al. 2017)

interpretation that vary by less than r10%. Interestingly, the u 2 excess pore pressure response was

mainly negative in the FFP tests and positive in the
static CPTs, although the measured (negative) u 2
without adjustment was needed in Equation (4) for
correcting the unequal area effect in order to provide
the agreement in Figure 20.
The negative u 2 measured during the dynamic
penetration has been attributed to local effects due to
the cone geometry and position of the u 2 sensor
(Chow et al. 2014). The phenomenon may be considered a result of Bernoulli effects, as illustrated by
computational fluid dynamics analyses for free fall
in water (Lucking et al. 2017, Mumtaz et al. 2018).
Negative u 2 values following embedment were also
found in large deformation finite element analyses
for soils that show strain rate dependency of strength
(Sabetamal et al. 2016). This requires further experimental validation, and is particularly important if
FFPs are to be interpreted to provide Robertson-style
soil behaviour types.
4.8 Penetrometer shape
Where accurate determination of s u at shallow
depths (e.g. < 1 m) is required, there may be benefits
in employing ‘extended base’ FFPs. Examples include the plate-tipped STING (Mulhearn 2003,
Fawaz et al. 2016; Chow & Airey 2014; see Figure
21a) and the free-fall sphere (Morton et al. 2016a, b;
see Figure 21b). Due to the relatively large tip area
of these FFPs, drag resistance becomes a significant
and often dominating component of the soil resistance.

(a)

(a)

(b)

Figure 21 Extended base FFPs: (a) STING (Fawaz et al. 2016),
(b) free-fall sphere

(b)
Figure 22 Comparison of undrained shear strength profiles derived from free-fall sphere acceleration data and push-in piezoball penetration resistance: (a) a lake site (Lough Erne, Northern Ireland) and (b) a nearshore site (Firth of Clyde, Scotland)
(Morton et al. 2016a)

In addition to the better resolution in s u permitted
by the larger tip area, there is essentially no shaft resistance on an extended base FFP, so that the complex calculation of dynamic shaft resistance is
avoided. This allows s u to be determined indirectly
from the acceleration measurements, meaning that
this class of FFP does not require load cell measurements.

Example interpreted s u profiles for the free-fall
sphere are provided in Figure 22 for a lake-bed clay
in Northern Ireland and a nearshore clay in the Firth
of Clyde, off the West coast of Scotland. Significant
penetrations were achieved, particularly in the very
soft lake-bed clay, using impact velocities typically
in the range 4 to 8 m/s.

Figure 23 Sensitivity of interpreted s u profiles to changes in the
strain rate parameter (Morton et al. 2016b)

The free-fall sphere s u profiles are seen to agree
well with static piezoball tests on Figure 22, where
the same piezoball factor was used (at each site) to
calculate s u from the static and FFP net resistance,
and the same strain rate parameter, E = 0.07 and
drag coefficient, C d = 0.26 were used for both sites.
Interpretation of the Clyde tests – static and free-fall
– required adjustment of the bearing capacity factor
at shallow depths, as discussed in the following section.
The sensitivity to uncertainty in E is demonstrated by Figure 23, which compares centrifuge s u profiles from free-fall sphere tests with equivalent static
profiles for a reconstituted carbonate clay from Laminaria (Timor Sea); E is varied by ±0.02 from the
base case E = 0.07 (used for both the centrifuge and
field tests). TKH ORZHU ERXQG ȕ   FRUUHVSRQGV
with the largest departure from the base case profile
HVWDEOLVKHG XVLQJ ȕ   DOWKRXJK E\ OHVV WKDQ
20%. This uncertainty is comparable to the differences that are commonly linked to uncertainty between different laboratory strength tests (Bienen et
al. 2010).
4.8.1 Shallow Embedment Correction Factors
For large diameter penetrometers, it is necessary to
modify the bearing capacity factor, N FFP , for shallow
embedment (e.g. Rocker 1985, Aubeny & Shi 2006,

White et al. 2010, Morton et al. 2016a). The bearing
capacity factor tends to increase from the shallow
foundation factor at the seabed interface to the deep
factor at depth. In soils with a constant strength, the
deep factor is typically reached within approximately four diameters (depending on the normalised
strength ratio s u /J'D). The shape of the transition to
‘deep’ conditions will be influenced by the strength
gradient and unit weight of the soil (e.g. Stanier &
White 2015).
4.9 Summary comments on FFPs
In spite of the cost-effectiveness of free-fall penetrometers (FFPs), compared with mobilising a seabed frame to conduct static penetrometer tests, the
quality and usefulness of the data acquired need to
be considered carefully within the context of the site
investigation objectives. In the early stages of characterising the seabed, and particularly for spatially
extensive surveys for pipeline routing, it may be sufficient to acquire data that merely distinguishes rock
(or cemented) outcrops, from sandy deposits all the
way down to fine-grained sediments of different
strengths. Where soft sediments can be anticipated,
quantitative strength data in the upper metre or so
would be useful even at a preliminary SI stage.
Lightly instrumented FFPs are sufficient for primary categorisation of the seabed material. Penetration of the seabed will be minimal for cemented
crusts, and unlikely to exceed a fraction of a metre in
most types of coarse-grained (silty sands and coarser) material, regardless of the mineralogy or relative
density (Stark et al. 2012). This may be sufficient
during concept selection and pipeline routing studies. However, where anchors are anticipated, it may
be difficult to distinguish between sandy sediments
sufficiently thick for good drag anchor performance,
and superficial sand layers overlying rock, resulting
in much less certain anchor holding capacity.
As in other methods of site investigation, the
guiding principle must be to ensure free-fall penetration (and ideally deduction of the tip resistance profile) to depths compatible with the design target. In
fine-grained sediments, where quantitative assessment of the shear strength profile is important, the
required accuracy needs to be considered in choosing the type of FFP.
The new generation of combined dynamic and
static penetrometers, where calibration of dynamic
effects can be achieved through overlapping zones
of dynamic and static data (Young et al. 2011, Randolph 2016), are an excellent cost-effective approach
for moderate-sized foundation or anchoring solutions. However, the deployment of such systems requires prior knowledge that the sediments are finegrained and relatively low strength, excluding any
sandy layers or other obstructions. Additionally,
since calibration with respect to rate factors etc. is

sensitive to the soil type, the correction may not be
valid over the full depth of dynamic penetration.
For assessing the shear strength of the upper 1 m
or so of the seabed, smaller FFPs, either free-falling
piezocones or extended base devices, are more cost
effective than larger FFPs. Ideally one or two independent static CPTs should be included for calibration, balancing the operational efficiency of FFP
testing with the improved confidence and accuracy
from calibration against data from static penetrometer tests (Steiner et al. 2012). Overall, though, for
free-falling cone penetrometers, direct measurement
of tip resistance, albeit under dynamic conditions, is
essential, given the uncertainties associated with
drag resistance at shallow depths and estimating the
rate-enhanced shaft resistance.
5 APPLICATION OF PENETROMETER DATA
IN DESIGN
5.1 Trends of indirect and direct penetrometer
correlations
Along with the development in geotechnical site investigation, which routinely includes in situ penetrometer testing, methods to use the acquired data
more directly for foundation design have become
widespread. The boundary between ‘indirect’ and
‘direct’ is not clear cut, but here the former is restricted to deriving simplified profiles of fundamental soil properties such as shear strength or the
equivalent (friction angle or relative density) for
free-draining sediments. By contrast, direct design
approaches derive foundation design parameters
from the CPT data, such as modern approaches for
axial pile capacity in sand as detailed in Recommended Practice 2Geo of the American Petroleum

Institute (API 2011).
For shallow foundations there are a range of approaches, from directly correlating the penetrometer
resistance with the foundation capacity (e.g. Lee and
Randolph 2011, Pucker et al. 2013, Bienen et al.
2015), using the cone tip resistance as input in numerical analysis (e.g. Schneider et al. 2018), to inferring the soil type from the penetrometer data and
using the deduced strength in traditional bearing capacity predictions (e.g. Safinus 2015). The last approach might really be considered as ‘indirect’ except that the method to extract the layering and
strength properties is fully automated.
As with any other engineering application,
though, the prediction method cannot increase the
quality or relevance of the input data. Hence, in order to obtain accurate predictions, sufficient high
quality penetrometer data are required at the target
location in combination with a sound correlation
method. Furthermore, while computational power is
ever increasing, the target application may still limit
what is practicable for routine design (e.g. direct input of a CPT profile into large deformation numerical analysis to obtain a jack-up spudcan loadpenetration curve).
Jack-up spudcans have been the focus of a number of proposed correlation methods recently, as a
result of often sparse site investigation data available
for a priori predictions and relatively high proportion
of incidents and accidents (Osborne et al. 2006,
Hunt 2008, Jack et al. 2013). The proposed approaches to using penetrometer data in design differ
in the detailed treatment of soil behaviour, but also
in the computational effort required.

Figure 24 Spudcan load-penetration curve prediction (after Safinus 2015)

Figure 25 Comparison of the performance of direct CPT correlation and predictions based on ISO (2012)

Figure 26 Normalised enhancement of penetration resistance
with non-dimensional velocity

Assigning soil layers in the geotechnical design
process retains an element of subjectivity that is difficult to remove. Automatic identification of primary
geotechnical layers from in situ penetrometer data,
for example following Robertson’s approach of categorising the soil behaviour type index (Ic,RW – Robertson & Wride 1998, I B – Robertson 2016) to assign strength values, feeds into a top-down
calculation to arrive at the predicted spudcan penetration resistance profile (Safinus 2015). The method
offers the advantage of capturing the evolution of
the soil profile (and plug) with spudcan penetration,
with an example provided in Figure 24. Limitations
of the approach include the reliance on correlations
of questionable accuracy to infer soil unit weight
and strength parameters for carbonate sediments, in
particular sands.
The cone tip resistance profile can also be used
directly to obtain the spudcan load-penetration curve
via a correlation factor. With the bearing capacity
factor N c of a deeply penetrated foundation of approximately 9.0 and recommended average value of
N kt of approximately 13.5, a correlation factor of

0.67 is arrived at for clay (Osborne et al. 2011). Similar direct correlation factors for spudcans penetrating into siliceous and uncemented carbonate sand
are provided in Pucker et al. (2013) and Bienen et al.
(2012), respectively. This direct correlation method
has been benchmarked against field data from offshore wind installations on sand sites in the North
Sea (Edwards et al. 2013), with similar performance
to predictions based on ISO (2012, previously
SNAME) – see Figure 25.
Layered soil profiles introduce the issue of scaling, as a large size object such as a spudcan will
have an averaging effect, while a penetrometer will
resolve finer detail of strength variation. In the
guidelines originating from the InSafe JIP (Osborne
et al. 2011) a strength averaging approach is adopted
to account for the apparent size effect.
Two other aspects of scale are important. The
first involves differences in drainage regime for the
penetrating object compared with a penetrometer.
The second concerns the different modes of failure
arising in strongly stratified profiles, i.e. with sand
layers interleaved with layers of fine grained sediments.
The drainage regime may be close to fully undrained for a large diameter foundation such as a
penetrating spudcan, even in sediments that are essentially free-draining during a penetrometer test.
These differences in drainage characteristics lead to
variations in the mobilised resistance, as illustrated
in Figure 4 and Figure 5. The guidelines resulting
from the InSafe JIP (Osborne et al. 2011) recommend modifying the factor of N c /N kt by the ratio between spudcan and penetrometer ‘q net ’ values arising
from partial drainage, as illustrated in Figure 26.
Values of q net are estimated from the consolidation
curves for normalised velocities V = vD/c v using the
spudcan and penetrometer diameters.
Erbrich (2005), Amodio et al. (2015) and Erbrich
et al. (2015) provide detailed discussion of the effect
of drainage on spudcan response, including additional consideration of cyclic degradation of the carbonate soils prevalent in areas of oil and gas developments offshore Australia (North West Shelf, Bass
Strait).
With respect to the different penetration mechanisms that occur in stratified profiles, some methods
(e.g. Safinus 2015) take specific account of effects
such as squeezing of soft material overlying stronger
material, punch-through for ‘sand over clay’ profiles, and allowance for a plug of stronger soil being
trapped ahead of the penetrating spudcan. Simpler
approaches are based on direct correlation to obtain
an estimate of the spudcan load-penetration curve
from the cone tip resistance, including consideration
of the averaging distance. A method of this type is
described by Bienen et al. (2015) for stratified ‘sand
over clay’ profiles that may bear the risk of punchthrough failure.
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5.2 Direct and indirect application of penetrometer
data in numerical analysis
Most foundation and anchor design is based on ‘interpreted’ penetrometer data, where simplified
piecewise linear variations of shear strength are fitted to profiles of net penetrometer tip resistance using appropriate bearing (i.e. cone, T-bar, ball, etc.)
factors. Schneider et al. (2018) discuss the potential
errors that may arise from this approach, comparing
results obtained using either an idealised strength
profile, or the actual variation of (factored) net cone
resistance.
Figure 27 shows the strength profile deduced
from CPT data using a cone factor of N kt = 13.5,
from the second example (C6) considered in Schneider et al. (2018). The CPT profile is compared with
the corresponding idealised s u profile of
s u = max(1.9, 1.43z) kPa, where z is the depth in m.
Corresponding ratios of the idealised and ‘direct’
(i.e. from the CPT profile) shear strengths are shown
in Figure 28.
The idealised strength profile shown in Figure 27
might not be considered an appropriately ‘conservative’ idealisation for use in design. However, in
practice such profiles are generally fitted (conservatively) through a number of CPT profiles, rather than
being a strict lower bound to all profiles. The purpose here is to explore what potential over prediction of capacity might arise from the mismatch of
the shear strength profiles in the upper few metres.
For the shallow foundation systems considered by
Schneider et al. (2018), the vertical capacity of strip
foundations of widths 5 to 20 m estimated using the
CPT data directly were some 15% lower than those
based on the idealised s u profile. More significant
differences were found for a foundation system
compromising two linked skirted foundations, with
skirt tips embedded 1.75 m, where the moment ca-

pacity using the CPT data was less than 50% of that
from the idealised profile.
Considering the profiles of cumulative average
strength ratio shown in Figure 28, it might be expected that the capacity of a suction anchor would be
relatively insensitive to the detailed stratigraphy observed from the CPT data, in particular the weak
zone between 2 and 5 m depth. However, there are
still significant differences.
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Jack-up spudcans are only one application example, of course, with other relevant applications affected by soil stratification including laterally loaded
piles and anchor response. The example provided in
Schneider et al. (2018) illustrates the merit of using
in situ penetrometer data as input into numerical
analysis to obtain foundation capacity in soil with
layering. Another example, but for suction caisson
capacity, is given below.
This section has illustrated a range of approaches
to utilise penetrometer data in design. Penetrometer
based methods need to be evaluated alongside more
traditional design approaches, using data from actual
foundation performance, in order to improve confidence in the methods and encourage further evolution. This also offers the opportunity of evidencebased selection of the most economical prediction
method, balancing an appropriate level of sophistication relative to the available input data.
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Figure 29 Suction anchor and upper bound failure mechanism

Common applications for suction anchors for
deep water developments include relatively small
caissons for manifolds and pipeline end terminations. Typically, lateral loading for such caissons is
applied near the seabed surface, leading to a rotational failure mode.
Figure 29 shows a 4 m diameter caisson embedded to a depth of 10 m, with loading applied at a
depth of 1 m at an angle of 5 ° from the horizontal.
The corresponding upper bound failure mechanism
(Murff & Hamilton 1993) is as indicated, with a
conical wedge failure extending to a depth of about
6 m, below which there is a rotating spherical failure.
Upper bound capacities evaluated using either the
factored CPT data directly or the linearised s u profile
shown in Figure 27 are 828 kN and 957 kN respectively. The nearly 15% difference may be attributed
partly to the approximately 9% difference in the cumulative average shear strength for the two profiles
between 0 and 10 m. However, the weaker upper
soil layer leads to further difference in capacity for a
caisson with loading applied near the ground surface. By contrast, capacities for a purely horizontally
translating caisson differ by just the difference in
average shear strength over the relevant depth range.
These results are summarised in Table 1.
It is possible to obtain similar capacities by judicious choice of the idealised s u profile (for example,
a crustal shear strength of 2.1 kPa, below which the
shear strength is given by s u = -4.2 + 2z kPa). However, offshore design tends to follow a phased approach, with a geotechnical interpretive report
providing simplified strength profiles for a range of
possible foundation or anchoring systems, and detailed design undertaken in a subsequent engineering
phase. The potential for significant over-estimation
of capacities due to subtle limitations in the idealised
strength profiles is evident.

Average s u
(0 to 10 m)
Anchor capacity
(rotating)
Anchor capacity
(translating)

CPT data

Idealised
su

Ratio

6.7 kPa

7.3 kPa

0.92

828 kN

957 kN

0.86

3041 kN

3278 kN

0.93

6 SUMMARY
This paper has considered a number of issues pertaining to penetrometer testing and interpretation
with respect to offshore geotechnical design. The
important trends are for improved cost-effectiveness,
timely acquisition of quantitative strength (or other
design) data, and increased sophistication in testing
and control procedures.
In keeping with these trends, the paper has included extended discussion of free-fall penetrometers and the techniques required to obtain equivalent
‘static’ strength or resistance parameters. Similarly,
the potential for integrating box core sampling and
deck-based penetrometer testing in early phases of
(geophysical focused) site investigation has been
discussed. The manner of the box-core tests, with
close control of load and displacement on different
axes of motion, is extendable to seabed-based testing, consistent with the underlying objective of
‘bringing the laboratory to the seabed’.
A final consideration has been the manner in
which penetrometer data should be utilised in design
calculations. Important issues here are (a) to make
appropriate allowances for the differences in scale
between penetrometers, seabed layering and the design target; and (b) the increasing potential to incorporate the full detail of CPT data in design calculations.
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