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Abstract

This thesis addresses the design methods for offshore piles, and specifically the role of the end bearing
of open-ended piles in contributing to capacity. In the design of offshore jacket structures, the
response of open-ended tubular piles is governed by their interaction with the soil along the shaft and
at the base. To estimate the total static capacity, the shaft and base capacities are estimated separately
and added together. These estimates are based on empirical relationships correlated against the results
of soil and pile tests. Many design methods exist for open-ended piles. However, for this research the
design methods investigated are the APl (2014), ICP (2005) and UWA (2005) methods. The target
of these methods, is to estimate the load-carrying capacity of the designed pile, after an axial pile
head displacement of 0.1D,,. Over the last few years, much research has focused on more accurately
capturing this value, and much less on the distribution of the axial load between shaft and base. It has
been found that, in general, the design methods investigated, do estimate the total capacity well.
However, the capacity distribution can be improved. Recent pile tests performed using double walled
piles in both sands and clays have revealed more about the behaviour of the soil plug, which
contributes to the base capacity in open-ended piles, and are analysed here to gain a better
understanding of the overall distribution. The role of the plug, in open-ended piles, is of significant
concern for designers in determining its contribution to capacity. Simplifying assumptions are often
made that the pile is either fully plugged or unplugged, and these assumptions directly impact
foundation stiffness and capacity. In this research project, each of the design methods investigated
employ a different criterion for plugging and therefore result in different foundation solutions.

To study this problem, a one-dimensional, finite element analysis procedure has been written in
MATLAB, which allows a detailed examination of the load distribution between the pile shaft and
the base. This procedure can model the behaviour of open-ended piles, specifically isolating the
internal and external shaft frictions, and the end bearing on the annulus. Using our existing knowledge
of the components and their interactions, we can adopt the design parameters from the design methods
to deduce their finite element variants and associated capacities. In addition, by examining the factors

contributing to capacity in more detail, recommendations can be made to improve the finite element
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procedure leading to the development of modified finite element variants of the design methods for
clays, sands and layered soils. Despite these scientific variations and modifications, the variability of
soil, and considering the low number of reliable open-ended pile tests in compression, which
accurately distribute the applied load between shaft and base, it has been difficult to derive robust
conclusions. The results have found however, that while no significant improvements were observed
when the database comparisons of total capacity were analysed, the modified finite element variants
of the design methods did produce pile head responses that achieved acceptable capacities based on

an improved model of the soil plug.
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Nomenclature

cross sectional area of the pile (0.257(D,* — D;%))

cross sectional area of the plug (0.257D;?%)

area ratio of the pile, used in UWA method for base resistance (1 — FFR(D?/D2))
area ratio of the pile, used in UWA method for shaft resistance (1 — IFR(D?/D2))
closed-ended pile

external pile diameter

diameter of the cone penetrometer used for CPT testing (0.036m)
internal pile diameter (D, — 2t)

relative density

end bearing

derived force at the base of the annulus

derived force at the base of the plug

final filling ratio, MIN(1, (D;/1.5)?)

derived force at elevation along pile (o, 4,)

derived force at elevation along plug (o,;4,:)

force applied at the top of the pile

a factor in the UWA method for compressive or tensile loading
shear modulus

in-situ shear modulus of non-cohesive material in the vertical direction
initial shear modulus

distance from pile base along shaft

incremental filling ratio

plasticity index

earth pressure coefficient

coefficient of radial effective stress for shaft after full equalisation
coefficient of radial effective stress for shaft at failure

length of the pile

active length of the plug

length of the plug

length of the wedged plug (L)

length of the un-wedged plug

constrained modulus of plug

normally-consolidated

dimensionless bearing capacity factor in clays

dimensionless bearing capacity factor in sands



ocC = over-consolidated

OCR = over-consolidation ratio
OEP = open-ended pile
P, = atmospheric pressure (100kPa)
P, = external perimeter of the pile
P; = internal pile perimeter

= mobilised end bearing capacity
qp = total end bearing resistance
Qp = total end bearing capacity
db,p+9ann end bearing resistance of annulus

db,pt,dplug end bearing resistance on plug base

Qvp = end bearing capacity of annulus

Qbpt = end bearing capacity on plug base
Q./Qm= capacity calculated / capacity measured
qc = cone tip resistance (kPa)

Qoxt = total external shaft friction

Qine = total internal shaft friction

P, = external perimeter of the pile

P; = internal perimeter of the pile

R = external pile radius

R; = internal pile radius

R* = equivalent pile radius for an OEP [(R2 - Riz)o's]
R¢ = failure ratio

Tim = zone of influence, “magic radius”

Spile = alternative definition for pile head displacement found in literature
St = sensitivity of soil

Su = undrained shear strength of the soil

t = wall thickness (WT)

Ucs = unconfined compressive strength

Whpy = virtual displacement of the pile base
Wpp = virtual displacement of the plug base

W, = virtual displacement along the pile nodes
Wy = virtual displacement along the plug nodes
W = (virtual) displacement of the pile head
YSR = yield stress ratio (o, /0" )

z = depth below the ground/seafloor level

Zpp = displacement of annulus base



Tf =

displacement of plug base

displacement required to mobilise full base resistance
local pile displacement

local pile displacement to mobilise maximum capacity
local plug displacement

shaft friction factor in cohesive material

ratio of t; /o',

interface friction angle

strain (G = t/y)

effective unit weight

constant volume or critical state angle of interface friction

operational peak or ultimate (residual) interface angle of friction

plug compression

relative void index

relative void index at yield

change in pile length

change in plug length

roughness thickness for lightly rusted steel
coefficient of compressibility

axial stress in the pile

axial stress in the plug

equalised radial effective stress

radial effective stress at point of shaft failure
vertical (initial) effective overburden stress
initial effective vertical stress

vertical effective yield stress

mobilised interface shear stress

shear stress at the pile shaft

mobilised interface shear stress in the external shear zone
design ultimate external shaft resistance
local shear stress

design ultimate internal shaft resistance
mobilised interface shear stress in the internal shear zone
maximum interface shear stress

shear stress of the surrounding soil
Poisson’s ratio

interface friction value of soil



1. Introduction

This research focuses on the optimisation of open-ended piles (OEPs) which are predominantly used
to support offshore jacket structures. These jacket structures are effective in converting horizontal
and vertical loads from above the water surface to the seabed. These structures were originally used
to support structures in the offshore oil and gas industry and are now in use in offshore wind.
Through research, the American Petroleum Institute (API) agreed upon methods to undertake the
design of OEPs from as early as 1978 and has continuously updated and carefully advocated their
methods to undertake these designs. The most recent of these documents is the AP1 RP 2GEO (2014).
Within this document the API sets out an OEP design method that has a proven track record of
success.

Professor J.B. Burland initiated research at Imperial College (IC) London in pile-soil behaviour in
1981, which led to the research thesis by (now Professor) R. Jardine in 1985. Bond (1989) developed
a specially designed, highly instrumented, closed ended, IC pile, whose work was then followed by
Lehane (1992) and Chow (1996) leading to the development of the Imperial College Pile (ICP) design
method published in 2005. This new method was able to improve the estimate of the capacity of OEPs
and against the widely used API pile design method. The basis of the ICP method in sands is a
correlation of both shaft and end bearing resistance with CPT measurements, whereas in clays, shaft
resistance is related to the soil’s stress history (YSR) and sensitivity (S;). To compare both the API
and ICP design methods, the APl commissioned the University of Western Australia (UWA) to
undertake a detailed comparison in sandy soils. The result was the development of the UWA (2005)
pile design method, which lowered the variation of calculated to measured capacity in sands even
further.

In each of these methods, the end bearing (EB) capacity is computed differently and each has a
different means of estimating if the phenomenon of pile plugging occurs. Plugging refers to the
formation of a theoretically rigid immovable plug of soil inside the base of an OEP. Piles are referred

to as unplugged when no rigid plug forms but rather the pile behaves in a coring manner. To determine
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whether a pile is plugged or unplugged, the API compares the internal interface capacity to the EB
capacity on the plug; the ICP relates the internal diameter (D;) to Di and g, in sands, and to g, in
clays; and the UWA method considers that all OEPs supporting jackets behave in a plugged manner.
As found by Benson et al. (2013), in conducting the designs of OEPs, it is typical that the API design
method gives the longest estimate of pile lengths. In some cases, however, the API design method
may give shorter pile design lengths than the ICP method and this can be due to differing estimates
of the whether the pile is plugged or unplugged. These differences affect the predicted stiffness of the
load-displacement response. As a result of observing this discrepancy, on a major offshore wind
development, this research topic was launched.

From what the industry knows on the behaviour of the soil plug in OEPs, in clays it has been found
that the mobilisation of the internal soil plug under quasi-static loading is different to its mobilisation
in sands. In clays, Doherty et al. (2010) found that there is a large proportion of pile capacity attributed
to the end bearing on the annulus, but additional capacity is also gained along most of the plug length.
In sands, tests performed by many researchers (Széchy, 1959; Kishida, 1967; Lehane & Gavin, 2001)
found that the total load on the pile base is resisted by a solid sand core over an active plug length of
up to 3 times the internal pile diameter (3D;), with a large radial stress at the base. This increased

radial stress was attributed to the large effective stresses at this point.

1.1. Computerised Model of an Offshore Jacket Structure

If an offshore wind turbine supported by a jacket structure is used as an example, as shown in Figure
1-1, current methods of jacket design requires both the superstructure and substructure to be
modelled. This can be performed using a finite element program such as SACS (Bentley, 2018),
USFOS (SINTEF, 2018) or Sesam (DNVGL, 2018). The properties of the structural members would
be assigned to the model and the design load combinations applied. The resulting load effects would
then be used to size the members.

The piles in these structures are modelled using the method of soil reaction curves originally
established by Winkler (1867), which essentially models the progressive failure of the pile-soil

interaction per layer, best replicating the pile behaviour observed when tested. Figure 1-1 shows a
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typical model of an offshore wind turbine supported by a jacket structure. The piles supporting the

jacket are expanded to demonstrate the arrangement of the soil reaction curves along its length. These

include:

—P-y curves

=tz curves

-—Q-z curve

Figure 1-1  Offshore wind turbine

(Atkins, 2013)

E Displacement Profile

Base Mobilisation

NV

Figure 1-2  Progressive failure in clay
(adapted from Doherty and Gavin (2011).

>,
~
z

e the p-y curves which model the mobilisation of
lateral soil resistance at the pile-soil interface;

e the t-z curves which model the mobilisation of
axial pile-soil interface resistance along the pile length;
e and the Q-z curve which models the mobilisation
of the axial base resistance of the pile.

The total capacity of any pile is usually quoted as the
mobilised load after a pile head displacement (w;) of
0.1D,,, with the capacity separated into the shaft and the
end bearing. The contribution of each component is
dependent on several factors, especially the length of the
pile, the pile diameter, D, and the soil type. As an axial
load is applied, the shaft resistance is mobilised along
the pile length as the pile compresses and similarly, the
base resistance mobilises, as the pile base displaces. As
shown in Figure 1-2, after w,=0.1D,,, the total shaft and
EB would be at different proportions of their total
capacities, dependent on the levels of strain.
Considering clays, at peak capacity on the pile head
load-displacement response, some elements of the shaft
may be at peak resistance, with others at their ultimate
values, however the EB may still be increasing in
resistance. As further load is applied, the base resistance

continues to increase, but the shaft may now strain to
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levels that mobilise the full ultimate resistances along the entire shaft. The separation of the pile
capacity into the shaft and EB contribution is therefore not straightforward. At peak pile-head load,
the breakdown would not necessarily be that of a total shaft peak and maximum EB but rather a more
complex result.

In addition, as the base is mobilised, the pile’s annulus
and plug’s base attract different proportions of load. In
sands and clays this load distribution is quite different,

and currently not well understood or modelled. In sands,

Shaft Friction >

=
&,:) the contribution of the base can be upwards of 30% of

[a

<
3 the overall capacity and in clays it is about 20% (Chow,

<
'5 1997), see Figure 1-3. With regards to the capacity

Plug Base =
y distribution at the base, tests performed using double-
: walled piles have suggested that the annulus can attract

Annulus

: about 30% of the base load in sands (Paik et al., 2003)

Figure 1-3  Schematic of capacrty
distribution in OEPs. and much more in C|ays_

1.2. Aim of the Research

The main aim of the research is to determine if an improved distribution of the load between the shaft
and base can be found for open-ended piles. This is performed using a 1D finite element method
which isolates the mobilisation of the soil plug, allowing the contribution of the shaft, annulus and
plug capacities to be separated.
To facilitate this process the study is undertaken in the following stages:
e An initial investigation of the existing industry methods of computing the base capacity in
open-ended piles (OEPS);
e An analysis of the three selected OEP design methods to understand their mechanics in detail;
e From the geotechnical engineering database, select OEP tests that are loaded in compression

for sites in sand and clay;
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e Using the database tests, estimate the static capacity of the test piles with the selected design
methods;

e Write a finite element method in MATLAB which models the soil-pile-plug interaction and
Is capable of isolating the response of the soil plug;

e Extract design values of local shear stress (z7) and end bearing resistances (g,) determined
from the API, ICP and UWA design methods, and adopt these as input parameters to the finite
element method. This results in the finite element variants (FEA) of the methods;

e Vary input parameters to the finite element variants of the design methods (API-FEA, ICP-
FEA and UWA-FEA) to determine the sensitivity of the response to each parameter;

e Based on the accuracy of results of the sensitivity analysis, select the most representative
modifications to the finite element variants of the design methods;

e Using these modifications, determine improved versions of the finite element variants of the
design methods for clays, sands and layered soils.

e Compare the results of the modified methods to the original static design methods and
measured values, to determine if any improvements are observed and make recommendations

based on this comparison.

1.3. Limitations of Research

1.3.1.  Residual Stresses

Residual stresses are not being considered in this research project. These stresses are present within
the soil and pile after installation, with differing degrees of influence depending on the method of
installation. The difficulty in determining these stresses can be related to that of correctly obtaining
the soil’s resistance to driving (SRD), which is also a difficult task with the methods that currently
exist today. However, improving the accuracy of the SRD estimation would then inform the residual
stresses within a pile prior to loading. If these stresses are ignored there may be a tendency to
overestimate the shaft friction, by the development of positive skin friction, and underestimate the

base resistance (Kraft, 1990). This factor can also be related to the databases used in this study, for if
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there are many test results with high unaccounted for residual stresses, this consideration would
question the accuracy of the measured results. Piles are therefore assumed to be wished-in-place.
1.3.2.  Cyclic Loading

Offshore structures are subjected to numerous cycles of loading and unloading. The aim of this
research, however, is to focus primarily on monotonic, quasi-static loading. During the course of the
research the developed program has been updated to model cyclic loading, but these developments
are not addressed here.

1.3.3.  Scour

Scour occurs due to the interaction of the substructure and underwater currents. Due to this
interaction, vortices are induced which erode the seabed material reducing the effective overburden
stress in the soils around the pile. If unaccounted for, this phenomenon could undermine the
robustness of the foundation. The effects of scour are not considered in this study.

1.3.4.  Pile Type

It is anticipated that low L/D piles (such as monopiles in the offshore wind industry) are less prone
to plugging and have a low contribution to axial capacity from the plug base, than the larger L/D

ratios used for jacket piles. This research focuses on jacket piles with L/D >10.

1.4. Thesis Outline

The chapters included in this thesis are outlined as follows:

o Literature Review: This focuses on identifying the available literature on OEP design with
specific emphasis on the base capacity derivation currently available in the industry.

o Finite Element Modelling of Soil Plug: Here the mechanics of the finite element model that
incorporate the pile-plug-soil interaction are outlined.

o Base Capacity of Clays in the Case Studies: The database in clays is outlined and an analysis
performed to determine the existing performance of the static APl and ICP design methods.

The results from selected sites from the database, in clays, are input into the finite element
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method to determine the effects on each of the input components. Recommendations on the use

of the FE variation of the methods are suggested.

° Base Capacity of Sands in the Case Studies: The database in sands is outlined and an analysis
performed to determine the existing performance of the static API, ICP and UWA design
methods. The results from selected sites from the database, in sands, are input into the finite
element method to determine the effects on each of the input components. Recommendations
on the use of the FE variation of the methods are suggested.

o New FEA Method for OEPs: The recommendations outlined in the previous sections are used
to deduce new methods in sands, clays and layered soils. These results are then compared to
the original static estimates from the design methods and the measured test results. The benefits
of using the 1D finite element method is then discussed.

o Conclusions & Recommendations: Here, conclusions are offered based on the results of the

research along with recommendations for future work.

1.5. Supplementary Material

The supplementary material contains three main items, as follows.

1.5.1. Appendix A, Paper 1: “Finite Element Analysis of Soil Plug Behaviour within
Open Ended Piles”

This paper outlines the initial work undertaken during this research project. It outlines the OEP design

methods that were considered and introduces the numerical process. The database used to validate

the model is also outlined and comparisons are shown of the predictability of the FE variants of the

design methods, with the direct consideration of the base response.

1.5.2.  Appendix B, Paper 2: “One-Dimensional Finite Element Analysis of the Soil
Plug Behaviour in Open-Ended Piles under Axial Load”

This paper outlines in more detail the numerical processes used in the program VIRTUPLUG. The

paper details the finite element method and demonstrates the versatility of the program in estimating
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the axial response of the pile, the mobilisation of the plug and annulus, and compares the finite
element variants of the design methods with measured responses.

1.5.3.  Appendix C: VIRTUPLUG Program Manual with Source Code

The manual outlines the numerical processes, the capability of the program and details how data is to
be input. It also outlines the cyclic capabilities of the program, which are not however, directly used
within this research project. The verification of the program and the source code, developed in

MATLAB, are presented as part of the manual.
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2. Literature Review

This work focuses on the distribution of total capacity of an open-ended pile, with specific emphasis
on the contribution of the plug. In this literature review, the most applicable concepts that govern the
incorporation of the soil plug into OEP design are initially investigated followed by the base capacity
methods adopted by the API, ICP and UWA design methods. The estimates of shaft capacity using
these methods are then briefly discussed before outlining the axial load-transfer process adopted when
piles are modelled as discrete elements in the design of offshore structures. Based on the concepts

outlined in this literature review, the OEP load-transfer diagram is outlined.

2.1. The Concept of Pile Plugging

When OEP’s are driven or loaded it is understood that they can behave in a plugged manner whereby
the core of soil within the pile is carried down with the pile; or unplugged where the core of soil
remains approximately static while the pile itself moves downwards. Whilst most piles behave as
unplugged during driving, principally because of dynamic effects, their subsequent behaviour during
(quasi-) static loading is normally plugged (Lehane & Randolph, 2002). This thesis provides a more
detailed analysis of the conditions controlling plugging post-installation under static loading. It

critically assesses the published design methods that adopt different assumptions about plugging.

2.2. Types of Plugging

2.2.1.  Plugging During Installation

During installation, it has been found that piles are normally driven in an unplugged manner
(Paikowsky et al., 1990; Randolph et al., 1991, Schneider, 2008). This type of plugging has been
investigated by a number of researchers such as White et al. (2005) who used cavity expansion theory
to determine the flow field around the annulus of a pile. Figure 2-1 shows that as a pile is installed,
the theoretical behaviour can be unplugged, partially plugged or fully plugged and the radial stress

varies with the mode of installation. IFR will be explained later in Section 2.3.2.2.
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Figure 2-1  Schematic streamlines of soil flow and profiles of radial stress, &, (White et al., 2005)

2.2.2.  Plugging During Static Loading

An improved understanding of the plug behaviour has been found under static loading by different
researchers based on a limited number of tests that focus on the soil plug. Some of these researchers
have found that piles fail in a plugged manner under static loading, such as Paikowsky et al. (1989)
and Lehane & Randolph (2002), while others, such as Chow (1997) and Jardine et al. (2005), argue
that this is not always the case. The bulk of this thesis will focus on the behaviour of the plug under
static loading.

2.2.3.  Plugging During Dynamic Loading

Only a limited number of pile tests have focused on the soil plug, with even less focus on the plug
behaviour under dynamic loading. In terms of offshore wind structures, this behaviour is important
for the actions of turbine and large wave loads. The behaviour of the plug under this kind of loading

is not looked at in this study.
2.3. The Development of Plugging Research in Sands

The scientific understanding of how the soil plug within an OEP behaved, was under consideration
for quite some time. Early publications of the API RP 2A (1984) indicated that the total end bearing
(EB) should not exceed the internal shaft capacity of the plug. Prior to this, Kishida (1967) did tests
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on OEP in sand and found that the plug resistance was related to the degree of compaction. Kishida
& Isemoto (1977) found that the internal friction was greatest near the annulus and postulated that
this was due to the creation of sand arches within the plug. In the same publication, the 9" ICSMGE
(Tokyo), Klos and Tecjchman (1977) also suggested a design procedure for OEP.

The APl Recommended Practice at that time, maintained the use of the a-method in total stress pile
design methods, for clays, and effective stress pile design methods for sands. Here, the internal and
external stresses were assumed equivalent (z; = t,.). Recent developments have shown however, that
this is not a correct assumption for sands.

2.3.1.  Theoretical Research

2.3.1.1. Interpretation of Plugging Physics

Figure 2-2a considers a scenario where a constant static load is applied to the pile head and the
arrangement is in equilibrium. A horizontal slice of the soil plug is examined as shown in Figure 2-2b.
This slice of soil is cut off from the external soil. The overburden pressure, o, plus the shear stress
along the wall of the pile, 7;, balances the increased pressure below the slice, o, + da,,. The value of
7; is directly related to the overburden pressure by the relationship 7; = Bo’,,, where the effective
overburden pressure increases the internal friction.

The change from a plugged to unplugged behaviour occurs when there is slip along the entire column
of the plug. This will only initiate if the cumulative internal shaft resistance is less than the ultimate
base stress, g,. As previously outlined, early researchers such as Kishida and Isemoto (1977) found
that t; increases non-linearly towards the base of the pile.

Paikowsky, (1989) investigated plugging and explained his theory on arching within his PhD, making
references to samples installed in different materials and the arches that each made under different
loading types. He suggested that the silo effect occurs creating downward concave arches in piles that

increase the internal shaft friction near to the base.
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d Randolph et al. (1991) suggested an explanation
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- ple for this phenomenon which considered a load
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H{’] , h/D;. In their paper, a 1D plug analysis method
e
® a ° b for drained, undrained and partially drained soil

Figure 2-2 Stress conditions within soil plug

(Randolph et al., 1991) is set out. For a drained cohesionless soil, the

base capacity is normally the result of the plugging of the pile brought on by the arching action within
the plug. For undrained conditions, where insufficient time is available for drainage the excess pore
water pressure supports the load but without an increase in t;, leading to an unplugged condition as
a greater length of the soil plug is mobilised.

Experimentation performed by Lehane and Gavin (2001) on model piles in a testing chamber agree
with the method outlined by Randolph et al. (1991). However, they also suggested that the sand near
the annulus dilates, increasing the internal radial stress and the internal shaft friction thereby
generating a plugged response.

Chow (1997) concluded that plugging in sand is a function of pile diameter, relative density and the
dilative properties of the soil along the internal pile walls. Her research indicated that the greatest
susceptibility to plugging occurs in small diameter piles installed in dense sand.

2.3.1.2. The ‘Wedged’ Plug Length

The wedged plug length is used to determine the capacity of the plug in drained soil. This is based on
work undertaken by Murff et al. (1990), O’Neill and Raines (1991) and Randolph et al. (1991). This
wedged length is due to the compression of the plug from the base. Without a load applied to the pile

head, the base resistance of the plug, g, = 0, = ¥'z (Figure 2-3). As vertical load is applied to

the top of the pile, the plug’s base is mobilised and qy,,,4 Will increase by an amount related to the
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friction along the sides of the mobilised wedge, hence g,y = o', + Aq. Where Aq will equal the
integral of the internal shaft resistance along this wedged length, L,,,.
Therefore Aq = fOL‘”” 1;.dz (where t; = Bo’,).

As the axial load increases, the stress within the

plug propagates, thereby increasing L, to
balance the stress change. The value of t; within
the plug will be a maximum at the base of the
plug and decrease to zero at the top of the wedge.
The soil within the un-wedged zone will only

contribute to ¢',. Using the Randolph et al.

(1991) methodology, the vertical stress

increment over the wedged plug length can be

Figure 2-3  Concept of the wedged and
unwedged plug length (Salgado et al., 2002)

Dy’
sog = (e =)y (1) + 2} - 5 ()

estimated from:
14
4B
where L,,, is dependent on the stress change at the base balanced by the integral of 7;. Equation (1)
does not give the internal friction along the shaft of the wedged plug as this is dependent on the

surface roughness and the grain size of the plug material. The wedge concept has been verified in
further research by De Nicola and Randolph (1997) and later by Salgado et al. (2002).

2.3.1.3.  Compression of the Soil at the Base of the Plug

Resistance at the pile base is provided by soil mobilised by the annulus, the plug and the soil mobilised
by the plug. The overall stiffness of the base response will be as a result of the combined stiffnesses
of these individual components. The resistance of the annulus has been found to be similar to that of
the g, value recorded at the depth (Chow, 1997). The resistance below the sand plug depends on the
compressibility and the shear stiffness of the sand, which can be similar to the base resistance of a

bored pile and can be used as a lower bound stiffness (Lehane and Randolph, 2002).
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If sand is considered, the compressibility of the sand will be an important criterion in estimating the
resistance. The compression of the sand will be a maximum at the base and reduces upwards through
the plug. The compression of the sand can be assessed using a 1D method by Lehane and Randolph
(2002) adopting the compressibility coefficient, k*, and suggestions by Wroth and Houlsby (1991)
expressing compressibility in terms of strain rather than void ratio as follows:
& =Kk"In(a'y/0"y) (2)
The compression of the sand in the plug can be determined using the stress distribution within the
plug. Lehane and Randolph (2002) interpreted the stress distribution as quite substantial near to the
annulus with an exponential decrease up the plug within the wedged section. The compression of the
wedged section of the plug was derived as:
Syrug = 0.5k 0(Lyp)” — k*[(A/B + Lyyp)In(A + BLyy) — Lyyy — A/BInA]
6 = 4p/d; A=p8/(y’ +pb) ®)

B=)//9/(]//+p9) C:V//(Lup)
2.3.14.  Consideration of p and K

Many estimates of o', within the plug have been suggested (Randolph et al., 1991, Lehane and Gavin,
2001) but it is noted that its relationship with t; is sensitive to the values of g and K. This sensitivity
leads to difficulty in applying the concept of pile plugging to general pile design (Brucy et al., 1991,
Leong and Randolph, 1991). Theoretical computations of B were derived by Randolph et al. (1991)

as shown in Figure 2-4.

0.4 De Nicola and Randolph (1997) suggested a
tan d/tan ¢ : 1-0

method of determining the value of K from

o
w

back analysing model tests in a centrifuge to

separate the internal and external frictions

o
a

Interface stress ratio 3
o
[\¥]

and from calibrations with experimentation

0 10 20 30 40 50 by Paik and Lee (1993). The process
Soil friction angle ¢ : degrees
Figure 2-4  Variation of limiting stress ratio, f3, included integrating derived relationships

with friction angles 6 and ¢ (Randolph et al., 1991)
between g, and q. and assuming K profiles
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along the length of the soil column. This process was then iterated until the profile of K selected were

consistent with the derived plug capacities. There may be merit in these derivations for driven piles,

although additional work would have to be done to increase the accuracy. Figure 2-5 gives the K

profile deduced.

A

MGix ITII'I)

41D

(K ey — Ko
m= ——=—

ID = Internal diameter
h = Height of soil column

a. Without driving shoe.

Figure 2-5
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41D
o
max - K'n"]
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Sh = Sleeve height
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b. With driving shoe.

Lateral earth pressure coefficient (K) design profiles (De Nicola and Randolph, 1997)

Hight et al. (1996) indicated that the values of K would depend on the dilatational characteristics of

the soil. Paik and Lee (1993) indicated that the values of K was based on the initial D,..

0.6 -

l
0.5 -

0.4

i)
t/c'y

B:

Figure 2-6

5=28°

36
¢, (degrees)
p variation with ¢,

40

(Lehane and Gavin, 2001)

Assuming y=1.25(0,0.); 9,=32° |

Tests undertaken on jacked model piles in sands by
Lehane and Gavin (2001) have shown that the value of
B is relatively constant for a plug with low interface
friction angles, 8. As & increases, the 8 values reduce
with increasing peak internal friction angles (Figure
2-6). Values of 8 were estimated to range from 0.08 to
upper bound values of 0.45. However, the main range
of 8 was suggested as about 0.2 to 0.3.

Paik and Lee (1993) give results of B of 0.35 to 0.25
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based on their experiments. Salgado et al. (2002) interpreted the results of field tests and those

performed in calibration chambers. Relationships were derived for estimating the EB capacity with

the assumption that K = 0.4.
Theoretical Derivations of Plug Capacity
Randolph et al. (1991) produced theoretical design charts which could be used to estimate plug

2.3.15.
capacity. These charts were based on parametric studies and deduced for partially drained cases of

plug capacity using the loading rate and drainage characteristics of the soil. The aim was to provide
a simpler means of estimating plug response without relying on detailed numerical analyses. As a
result, consolidation parameters were adapted and modified to be plotted on non-dimensional axes.
Figure 2-7 and Figure 2-8 show the design charts for plug capacity and plug base displacement,
respectively, in partially drained soils. In these diagrams, h = Ly,;, d = D;, qy,, is the undrained plug

base resistance, o.,;; is the pre-consolidation stress of the soil and E, = M, when ¢', < 0.,

otherwise E, = (1/m,) (0", /0i)™

T
4
3
&
2
o
2
1 1 1
1 2 3 4
4BEw/dqp,

4

Figure 2-7

(cvy'hiqdP)(hid)' "
Design chart of plug capacity

al., 1991)

' 0
Figure 2-8  Design chart of plug base

displacement at failure for partially drained
conditions (Randolph et al, 1991)

for partially drained conditions (Randolph et
The bearing stress below the plug was later extended by Lehane and Randolph (2002) to

/ x70-5 .
Apiug/ T vo ~ exp|(8p1g/Di)(8B/x™)] ~ when Ly, /L is small and

OJUO = V’(L - La )

(4)
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2.3.2.  Empirical Research

2.3.2.1.  Mobilisation of the Plug Resistance

The base displacement is computed as the summation of the compression of the plug and the
compression of the soil below the plug (De Nicola and Randolph, 1999). The external shaft resistance
is generally mobilised after 1% displacement (API, 2014). Randolph (1987) suggested that the
displacement to mobilise the internal shaft friction was less than that of the external. He suggested

that the displacement was 0.2-0.5% of the external pile diameter.

In drained cases, plugging occurs from
the base. As a pile is loaded, the external
shaft and EB on the annulus (qgnn) iS

mobilised initially. The EB on the plug

q (kPa)

(Gpiug) 1s then slowly mobilised with an

upward propagating resistance. Hence,

the greater the load, the greater plug

capacity mobilised. Tests performed by

Spile (MN1) ) .
Figure 2-9  Development of EB during load test Lehane and Gavin (2001), in a pressure
(Lehane and Gavin, 2001)

chamber in sand, show that this occurs
as OEPs are loaded (Figure 2-9). The results also show that the resistance of the annulus is similar to
that of a closed ended pile (CEP), represented by g (only in this diagram). The stiffness response of
the annulus and a CEP of equal diameter, is also observed to be similar, however the plug’s stiffness
is lower than both.
Salgado and his team published two main documents on their findings from experiments on plugging
in sands: a report by Salgado et al. (2002); and a journal paper by Paik et al. (2003). This
experimentation was performed using an 8.24m long double walled pile, which isolates the internal
and external friction. Separate layers of instruments were applied to each layer as shown in Figure
2-10. The interpretation of the base resistance mobilisation is shown in Figure 2-11. As the load

increases, the resistance of the annulus is mobilised initially followed by a gradual plug mobilisation.
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Figure 2-10  Schematic of open-ended
test pile (Salgado et al., 2002)

The total base resistance is then offered by the annulus
and the plug. Figure 2-11 demonstrates that the annulus
contributed approximately 30% of the total EB. Actual
measurements indicate that the full plug capacity is
mobilized over a length of 6.8 times the internal shaft
diameter from the base. Figure 2-12 shows the
normalised base resistances of the components whereby
the resistances are normalised by the average value of
cone tip resistance, q.,. The annulus resistance is
highest and mobilises full capacity at a displacement of
10% of the wall thickness. The resistance of a similarly

sized CEP would have a smaller base resistance than

that of the annulus which can be linked to the degree of

compaction at the bases of these components. This was also suggested by Lehane and Randolph

(2002). The plug resistance is less than that of the base resistance of the open-ended pile as this

accounts for the average resistance of the annulus and the plug over the entire base area.

Normalized UnitBase Resistance, qu/dc b

_ r 0.0 05 1.0 15
E Base resistance 0 g
E i
] i )
@ ) : - Base (OEP)
ﬁ @ Strain gauge measurements 0 \'\‘
5 E ‘— Annuius (OEP)
c E i ]
2 | Annuius resistance E 100 ‘.\ Plug (OEP)
b | Plug resistance g i
c - ot [
] ©
= » Base (CEP)
E -'--'/"/., ol

Vertical Load in Soil Plug (kN)

200

Figure 2-11  Determination of plug and Figure 2-12 Comparison between normalised

annulus resistance (Paik et al., 2003)

unit base resistance of open and closed-ended
pile (Paik et al., 2003)

Even after the full capacity of the plug is mobilised, many researchers have attributed different

measures of contribution. Salgado et al. (2002) suggest that the annulus contributes approximately

30% of the full base capacity (Figure 2-11). Jardine et al. (2005) indicate that the end bearing
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contribution of a plugged OEP in sand is about 50% of its closed ended counterpart. Chow (1997)
indicated that considering the presence and length of the plug gave better estimates of pile capacity.
The use of the plug length however was omitted from the eventual methodology of the ICP-05 due
to the complexity in predicting the plug behaviour during driving.

2.3.2.2.  Incremental Filling Ratio (IFR)

The IFR, although an installation parameter, is one of the key considerations of pile plugging that has
been found in published literature. The IFR is a measure of the rate at which the plug length changes

relative to pile penetration and computed as AL,,;/ALp (Table 2-1). The IFR has been found to depend

on the internal pile diameter, soil layering, plug densification or dilation, area ratio and installation
method. The final value of IFR at the depth of pile penetration is assumed critical to pile capacity.

Table 2-1 IFR Values The UWA database contains 31
Mode IFR

open-ended driven piles and of

Fully Plugged Pile (ALp;=0) IFR=0

these the majority were driven with
Partially Plugged Pile (0 < AL,; < AL,) 0<IFR<1

IFR values close to unity. Figure

Coring or Unplugged Pile (AL,; = AL,) IFR =1

2-13 and Figure 2-14 show the
variation in IFR with pile penetration from different studies. These show the typical trends of IFR
varying with Dy during installation. Loose soil tends to compact and become partially plugged, while
dense soil tends to dilate and maintain unplugged behaviour.

White et al. (2005) suggests that the IFR is critical to estimating OEP capacity. They have indicated
that the area ratio, A,, the ratio of added volume to the gross pile volume during installation, is used
to estimate the degree of plugging of an OEP. This is calculated as A, = 1 — IFR(D?/D2).
Estimates of the IFR were empirically derived by Salgado et al. (2002) based on tests on different
sets of small-diameter piles, as shown in Figure 2-15. This relationship is presented in Figure 2-15
which adopts the plug length ratio (PLR = L,;/Lp). Jeong et al. (2015) derived another version of

this equation from a different database (Figure 2-16).
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Some researchers have concluded, based on testing performed on OEP’s in sand, that piles behave as
fully plugged under static loading regardless of the final value of IFR (FFR) obtained (Beringen,
1979; Paikowsky et al., 1989; Paik & Lee, 1993; Salgado et al., 2002).

2.3.23.  Measured Internal Shaft Frictions in Sands

Paik and Lee (1993) measured the vertical stress within the plug based on strain gauges used in double
walled pile tests (L=908mm, D,=42.7mm, D;=35.6mm). The results are presented in Figure 2-17 and
show that there is a marked increase in vertical stress within the wedged zone of the plug.

The experimentation performed by Salgado et al. (2002) was able to isolate z;. Figure 2-18 shows the
load distribution along the internal pile wall under ten incremental static load tests. This shows that
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the total base load is initially taken by the annular area and as the load increases, passing 0.59MN, t;

mobilises along the internal plug. Further increases in loading show a maximum mobilised t; t0 6.8D;.

The values of t; were found to be 45% higher than ..
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Figure 2-17  Distribution of vertical stress within

soil plug (Paik & Lee, 1993)
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The internal friction allows a plug resistance to be formed and this is only possible if the friction is

sufficient. Raines et al. (1992) suggested that as a minimum, §=26° but Lehane and Gavin (2001) did

tests on model piles and found z; for §=18°.
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Figure 2-20 Load transfer for different
pile diameters from PIV (LUkeng &
Kempfert, 2013)

Liukeng & Kempfert (2010) performed tests in sand using open-ended double walled piles. These

piles were instrumented and installed to 140cm with D,=19cm, D;=16mm. Static tests were then
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performed on the pile. The internal shaft friction over the base two pile diameters also showed a
marked increase in shaft friction (Figure 2-19).

In another test, particle image velocimetry (PIV) was conducted. This method allowed the
displacement vectors of sand to be observed in a model pile. The study showed that the plug is created
by compression arches within the sand (Figure 2-20) and these are influenced by the relative density
and the internal diameter of the pile. Smaller piles showed a greater tendency to form a resistive plug.
2.3.24.  Empirical Derivations of Plug Capacity

A number of methods have been developed to estimate the contribution of the plug to pile capacity
based on OEP tests investigating the behaviour of 7;. A few of the key methods are discussed here.
Based on the results of the centrifuge testing, De Nicola and Randolph (1997) derived a design chart

relating the EB resistance of the plug to the relative density of the embedment layer (Figure 2-21).
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Figure 2-21  Normalised plug end-bearing Figure 2-22  Values of 7;/qp,g measured
resistance for open-ended piles (De Nicola and in three experimental programs (Lehane and
Randolph, 1997) Gavin, 2001)

Tests performed by Lehane and Gavin (2001) allowed the formation of a design chart which plots the

variation in internal shaft friction with plug height when s,;./d; = 0.5% and h/R; < 4, and if a
constant ratio was assumed for 8 = 7;/0, , then

= ©)

T; = qulugexp (R_
i
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Figure 2-22 shows a comparison of this relationship against the work of others.
Based on field, lab testing and available model test data, Salgado et al. (2002) proposed a new method

to estimate the base resistance by design charts considering the plug and annulus wrt D, IFR and q,

(Figure 2-23).
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Figure 2-23  Normalized pile unit resistances for open-ended piles: qp,4/9. Versus Dg, and
Apiug/ 4. Versus IFR (Salgado et al., 2002)

Jeong et al. (2015) suggested a new relationship to define t; along the wedged length of the plug.
This was based on field tests used to create an SPT based design method considering the plugging

effect. This adopts the soil plug index (SPI) and an estimation of the IFR (Figure 2-24, Equation (6)).
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Figure 2-24  Proposed equation for internal skin friction (Jeong et al., 2015)

SPI = —0.03D; + 432 o SPI(%) = Lyy/L, X 100
Ti
Ky,o',tan §

(6)
= 33.4 (IFR x D;)™048
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2.4. The Development of Plugging Research in Clays

2.4.1.  Theoretical Research

There is a limited amount of research published on the internal shaft friction capacity of piles in clay.
This could be due to the lower immediate gain in strength of undrained soil plugs and the cost of
these tests. If drained, the effective stresses would increase under loading, but in an undrained state,
the increase in axial stress is supported by pore water pressure which does not result in increased
shear strength. Randolph et al. (1991) outlined that under undrained conditions, the value of z; would
be the same as that prior to loading.

2.4.2.  Empirical Research

Chow (1997) indicated that only a small proportion of base capacity is obtained in clay material
(~20%). In addition, she interpreted that piles with L/D>10, do not necessarily plug under static
loading. A close correlation was found with cone tip resistances and base capacity in undrained
conditions (q, = 0.8q.) with lower results found in fissured clays. As a comparison, drained
conditions (at the Bothkennar test site) indicated that g, can be 50% higher than in undrained clay

conditions. From her database, she deduced that for OEP’s in clay, piles would plug if:

D; +0.163q. <13 (7)
Average shaft shear stress: kPa More recently field work was performed at
0 2 4 6 8 10
20 ym U . 't L™ University College Dublin on OEPs in clay
I DDI lﬂn jﬁ ¥
EIEP - ?:F' A = ayil= . (Doherty et al., 2010). These tests used the
3-0 - % O F [ | ? '| =
R O m ] twin wall construction method as outlined in
35 : F ¥ N ;ﬂ
E 40 ,-l?#;- 1- " Section 2.3.2. Their test results, shown in
8 451 .':ﬁ Figure 2-25, found that in clays, the aver
¥ O g , ys, the average
Gse ] as
"7 E‘IE O internal shaft resistance (q;;) was smaller
557 | . : :
= % than the external shaft resistance (gs.) in an
6‘0 _ D
65 OEP, and that g5, was less than the external
Figure 2-25  Average shaft stress results from o
tests (Doherty et al., 2010) shaft friction of a CEP (therefore q5; < qse <
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qs)- This was applicable to depths up to 4.0m for the tested piles with equivalent L/D ratios of 23.
After this depth, the OEP’s behaved in a plugged manner and q5; = qg.. The results found that in
clays the internal shaft friction develops immediately from installation to a maximum value and
remains constant to the final penetration depth irrespective of the IFR. In terms of mobilisation, the
tests found that the base was mobilised before w,=0.1D,,. This was also found by Clarke et al. (1985)
who installed an open-ended pile in hard clays. As for the capacity of the plug (gp..g4), this was linked
to the IFR with the following derived:

Qpiug = 9.(0.8 — 0.6 IFR) (8)

There have only been a few tests in which the internal soil resistance has been directly tested.
Referring to the tests performed in Kinnegar, Ireland (Doherty et al. 2010), the piles here were tubular
steel and double walled. They were also jacked to the required depth without load tests being
performed, however, these piles were highly instrumented (along a 2m section) and as a result, further
insight can be gained out the behaviour of the soil plug during installation. Specifically, the increase
in internal resistance from the base of the pile, upwards.

These piles were installed in clays with an initial sand layer of 1 - 2m thick. The instrumented section

of pile is shown in Figure 2-26. From this diagram, the values of h/D are visible along the centreline.
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Figure 2-27 shows that as the pile enters the cohesive soil, after approximately 2.0m, the internal
friction near the base increases to a value of 30kPa and maintains this resistance throughout the
installation. As the piles are jacked in, this can be viewed as a series of small load tests, most likely
without sufficient time passing for pore water pressure dissipation or relaxation of circumferential
arching. The higher loads experienced in these tests near to the base of the pile agree with those
performed in other scenarios that show an increase in t; near the annulus. The results also show that
further up the pile at h/D values of 2.25 and 7.25, there is still load visible in the strain gauges. This
suggests that the active zone mobilised in clays is much greater than that in sands. This can be due to
more of the pore water becoming activated and mobilising up the cohesive plug. In sands the
behaviour is governed by the dilation of the soil increasing the stresses in the plug near the annulus.
In clays, there is no dilation but the ability of the soil to influence more of the plug column (as
observed in Figure 2-27) is intrinsically due to its behaviour as a material governed by the effects of
excess pore water pressure. Doherty et al. (2010), have also found that the stress below the annulus
is independent of the behaviour of the soil plug within the pile. Figure 2-28 was derived and indicates

that here q;, , = q..
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Figure 2-28  Developmemt of stress below annulus (Doherty et al., 2010)
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2.5. End Bearing Comparison in the API, ICP and UWA Methods

In this section, the end bearing methodologies of the three selected design methods are investigated.
The Author notes that there are other methods in the literature that aim to deduce the capacity of
OEPs. Among the more frequently used methods is the Fugro-05 (Kolk et al., 2005a), however, this
was removed due to misprinted equations in the guidance. Another is the NGI-05 (Clausen et al.,
2005), which is not without merit; however limits needed to be introduced in this research. The UWA-
05, Fugro-05 and NGI-05 methods are only for non-cohesive stratigraphies, and the UWA-05 method
was chosen as the most promising to pursue.
25.1. APIRP2 GEO (2011)
The API recommends that the soil plug should be considered in design and for in-place analyses.
Whether a pile is plugged or unplugged is determined by a comparison of the internal shaft friction
to the EB on the plug. Piles are considered unplugged when the internal shaft capacity is smaller than
the plug’s base capacity; or plugged in the reverse case. The capacity of the pile is computed
differently for a plugged or an unplugged pile. The external shaft capacity at each unit depth is
summed over the pile length for a fully plugged pile, and this is added to the EB capacity of a fully
CEP.
QpLucep = Qer + Qp = [ TeAs.dz + qpA, 9)

The unit shaft capacity on both the external and internal sides of the pile are added together for the
unplugged condition. This is then added to the EB on the annulus.

QunrLuceep = Qer + Qir + Qp = [ TAes.dz + [TA;5.dz + quA, (10)
The EB pressure on the base is computed differently in sands and clays. The computation for sands
is q, = N0y, (Where 8 <N, <50) and for clays q, = Nys,, where N,= 9. Other researchers (Gibbs
etal., 1993; Chow, 1997) have found that the correlation for N, (in clay) is not always demonstrated.
The reliability of the APl method has been proven through extensive use, however the variance of
measured vs predicted capacities is much smaller for the newer CPT based design methods. Some of

the drawbacks to the APl method are listed below.
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e This method is unreliable in silts and loose sands and underestimates capacity in dense sands.

e The radial effective stress, ¢',., is proven to change with depth however K is assumed constant.

e EB is computed by the empirical relationship of 9s,,, rather than in-situ q. values.

e Insands, the internal shaft friction is assumed equal to the external side friction even though the
stress regimes on both sides of the pile are very different.

e The friction during tension is assumed the same as that during compression.

e No increase in lateral stress in the soil during loading brought on by dilation or Poisson’s effect.

e Interface friction angles are not influenced by relative roughness.

e The method does not consider the length or the effects of a change in length of the plug to the
behaviour of the OEP under static loading. '

e No guidance is provided on the presence of a pile driving shoe at the base of the pile. f

NB. TCommon to all three methods.

2.5.2.  ICP-05 Method

2.5.2.1.  Guidance in Sands

The Imperial College Pile Design Method is based on a series of research projects on offshore pile

design from Imperial College, London. This research began in the 1980°s and stemmed from Jardine

(1985) to Chow (1997). This design method has a unique way of assessing the capacity of the end

bearing (EB). One of the main assumptions is that total shaft friction is gained entirely from the

external shaft friction and that any internal shaft friction is lumped together within the EB capacity.

By doing this the separation of internal and external capacity is quite difficult. In addition, axial pile

response and the effect of plug length changes are difficult to quantify. This method does not consider

the capacity of the plug and neglects to interpret the plug length or any wedged or unwedged sections.

This method mainly focuses on the derivation of capacity as it matches database results to its

methodology. Field evidence used to justify the development of a plug in sand is presented in Figure

2-29. This diagram suggests that the maximum diameter that allows plugging is 1.4m. The method

also addresses pile plugging differently in sands and clays.
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In sands, plugging occurs if D;< 0.02 x (Dg—30) and if D;/D:pr <0.083q./P,. If plugging does not
occur, then the resistance is applied to the annulus of the pile only. The ratio of g,,,,»,/q. is taken as
unity although estimated as 0.7 through numerical analyses performed at Imperial College. By taking
the ratio as unity the extra 0.3q, is adopted to consider the effect of the internal plug. This extra is
considered to approximate the maximum t, at the annulus, applied along the internal plug up to 30t
to 40t above the toe.
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Figure 2-29  Field evidence for the adopted rigid-basal plugging
criterion in sand (Jardine, 2005)

Hence, if plugging occurs:
Q» = q(D,/2)* with g, = q.[0.5 — 0.2510g(D,/Dcpr)] (11)
Here the base capacity is fully mobilised after a pile head displacement of 0.1D,. For unplugged piles:

Qp = Qbaﬂ[(Do/Z)z - (Di/Z)Z] with  qp, = q, (12)

2.5.2.2.  Guidance for Piles in Clays
Chow (1997) considered open-ended and closed-ended piles to analyse separately the capacity of the

shaft and end bearing in clays. She noted that the original value of ¢, = N_s, did not estimate the end
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bearing very well. The values of N, ranged from 5 to 20, depending on D,,, as shown in Figure 2-30

and as also found by Jardine and Christoulas (1991).
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Figure 2-30  Open-ended base resistance over full pile and plug area wrt D, (Chow, 1997).
Figure 2-31 shows the plot of the base resistance over the full base area normalised by q.. From this
diagram Chow went on to deduce the end bearing resistance in CEPs for conditions of undrained or

drained clays as 0.8 and 1.3 times q.., respectively.
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Figure 2-31  Resistance over full pile base of OEPs in clay (Chow, 1997).
While noting the limited database on which to deduce the end bearing on clays, OEPs can act in a

fully plugged or unplugged manner under axial static load. From the pile testing results it was found
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that in fully plugged piles the base resistance develops 50% of that in CEPs. Therefore, the end
bearing resistance in fully plugged OEPs in clays was deduced:

for undrained loading qp = 0.4q. (13)

for drained loading qp = 0.65q, (14)
For OEPs that behave in an unplugged manner, the resistance at the base of the annulus was deduced
from Figure 2-32 whereby:

for undrained loading Qba = 9c (15)

for drained loading Qve = 1.6q, (16)
While this database used 16 OEPs, only 5 had strain gauges along the length (reduced to 3 in Jardine
et al., 2005). The criterion for plugging was deduced from Figure 2-32 and normalised by the CPT

cone diameter and Pa.

[(Di/Dcpr) + 0.45q./F,] < 36 (17)
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Figure 2-32  Plugging criterion for open-ended piles in clay.
The ICP method has been based on the results of geotechnical testing in the laboratory and in the
field. Although relatively detailed, there are weak points within the methodology with specific
reference to the plug.
e Considering unplugged piles in sand, the EB of 1.0q,. is adopted to the annulus area to represent

the EB on the annulus of 0.7q. and 0.3q,. to cater for the unknown contribution from the plug.
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e The marginal contribution to capacity from the EB needs better interpretation for piles bearing
in clay.

e None of the interpretations from published research performed on the plug (such as Salgado et
al., 2002) and presented in Section 2.3, have been directly included in the ICP methodology.

e If the plug is sand based, internal shearing would cause an increase in the dilation of the sand
thereby expanding the plug and increasing the internal shaft friction and EB on the plug.

2.5.3. UWA-05 Method

The UWA-05 method originated from research sponsored by the American Petroleum Institute (the

API) to review and compare the then recently published methods of the APl (2000) and three CPT

based methods (Fugro-04, NGI-04 and ICP-05). The University of Western Australia’s (UWA)

researchers found that the predictive capability of the CPT based methods was better than the API’s.

The API was found to better predict the behaviour in clays, to under-predict the capacity in dense

sands and to over-predict the capacity in loose sand.

After assessing the results and the use of the UWA database, the reviewers created a new design

method, the UWA-05, which improved on the existing methods for OEP and CEP installed in sands.

They identified that the pile base capacity can best be interpreted as a function of IFR parameter over

the last few stages of installation (FFR), g, and pile geometry. In addition to this, they identified that

if the internal plug is greater than 5 internal pile diameters in length, then the pile will behave plugged

under static loading regardless of pile diameter. In practice this means all piles in sand are considered

plugged. The criteria for the EB of an open-ended offshore pile using the UWA-05 method is as

follows:

Qp = qpm(D,/2)? qp = q.[0.15 — 0.454,,,]
A" =1-FFR(D;?/D,?)
FFR ~ min[1,(D;/1.5)%?%] (18)

Not only is the behaviour of the plug interpreted differently within the UWA-05 method, but there

are also shortcomings with the method itself:
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e  Firstly, this method is for use with sands only. Approximations are outlined in further work by
Lehane et al. (2005) on shaft resistance in clay layers, but this is not very representative.

e No guidance is provided by this method on layered stratigraphies.

e No consideration of the length of the plug is adopted into this method.

e An EB estimate has been provided for sands but no base capacity method is outlined if the
annulus bears in a clay layer.

e The UWA method adopts the FFR as the only input into the behaviour of the plug. This ratio is
an empirical estimate as the minimum of 1.0 or (D;/1.5)%2. This means that only the plugged
pile response is considered.

Each of the main industrial design methods are inherently different due to their varying assumptions

and empirically derived relationships. The resulting relationships will therefore not produce equal

pile length estimates at each site.

2.6. Shaft Friction Comparison in the API, ICP and UWA Methods

The derivation of the shaft capacity is not a main focus in this research, however some salient features
are outlined in the three methods being considered.

2.6.1. API

The recommendations used to estimate shaft friction have evolved over the years by the API with the
most recent derived from research from Randolph and Wroth (1989). These recommendations have
then been used to design many offshore installations thereby granting the method a solid track record.
Figure 2-33 shows the relationship of the adhesion factor, «, to the strength ratio, s,,/o’,,. The vertical
dividing line through the chart where s, /o', = 1, reduces a for clays which are more highly

consolidated where s,, /', > 1.
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Figure 2-33  Variation of o against the strength ratio s,/6’y (Randolph and Wroth, 1982).

With regards to sands, the API adopts an effective stress approach adopting the following approach:
Tr = Ko'yptan § = (K tan §)o’,, = o’y (19)
Specific values are deduced for 3, although a fixed value of 0.8 has been used for K in the past.
2.6.2. ICP
The ICP method was developed to estimate the capacity of a pile at w,=0.1D,. The method was
derived mainly using tests performed at a number of test sites using the IC pile with the results of
these tests and the procedures developed outlined in a combination of research publications including
Jardine (1985), Bond (1989), Lehane (1992) and Chow (1996). These sites included: Canons Park,
London, UK; Cowden, Humberside, UK; Bothkennar, UK; Pentre, UK; and Dunkirk and Labenne,
France. The IC pile is a cone tipped 102mm diameter pile which has the capability of measuring the
axial load, pore pressure, radial total stress and the local shear stress. Using the results from the IC
pile and soil testing the following were deduced:

e The local radial effective stress, o', and the local shear stress, 7, were both directly related to

the measured q. and s,,, for sands and clays respectively, on the test sites.

e In addition, it was found that the shaft resistance at a specific horizon reduces as the annulus is
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advanced during installation. This was suggested to be caused by: the action of free surface
effects, as the soil is pushed upwards during pile advancement; gapping during installation; and
friction fatigue by the cyclic remoulding of the soil to different degrees along the pile length.
e It was also found that the normalised stress reduced quite rapidly behind the annulus.
e Pile capacity is sensitive to pile length, decay in local shear stress, the soil’s OCR, pile material,
installation method, sensitivity, interface friction angle and pile ageing.
Chow (1997) updated the Coulomb failure criterion for clays to:
7 = (Kf /K. )o've tan 8 = (K; /K, ) (K.0"yo) tan &; (20)
K. = [2.2+0.016 YSR — 0.870 Al |[YSR%*2(h/R)~°2 (21)
The factor K¢ /K. (= 0.8) was introduced correctly by Lehane (1992) to cater for the reduction in the

overall load-displacement response due to softening after attainment of a peak load in clays. K. was
also outlined to be derived from S; or AlL,,.

The initial ICP design methods were specifically for CEPs. Results from the strain path method were
used to deduce an adjustment factor for the shaft friction mobilised externally in OEPs. The
conversion to open-ended is performed by equating the unit volume of soil displaced by a CEP of
radius R*, to that of an OEP with external and internal radii, R and r, respectively, using w(R? — r2)
over the pile length.

In sands, the value of 7, was derived to be related to the measured q. values along the pile length, the
overall pile length and the dilation of the soil surrounding the pile. The shaft resistance was also found

to follow a Coulomb failure criterion as follows:

T = 0'rptan g, = (0'p¢ + Ad’rq) tan &, (22)
o'y = 0.029 q, (¢’ ,o/P,) 13 (h/R)0:38 (23)
Ac'ry = 2G Ar/R (24)
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2.6.3. UWA

The UWA method was deduced by Lehane et al. (2005) using a slightly modified database and by
refining the factors used in the methodology of the ICP in sandy soils. Therefore, similar to the
guidance outlined for the ICP method, the shaft resistance was also found to follow a Coulomb failure

criterion as follows:

T = 0'pptande, = (f/1c) (0'yc + Ao'rg) tan &y (25)
0o're = 0.03 q¢ (Ars")°3(R/R)703® (26)
Ac'yq = 2G Ar /R (27)

2.17. End Bearing Mobilisation (Q-z)

The derivation of the Q-z soil reaction curve adopted by the APl RP 2GEO (2014) is based on
Vijayvergiya (1977). Here several pile tests were identified along with the movement required to
mobilise the maximum base resistance. This database included bored piles, closed-ended steel piles,
prestressed concrete square piles and open-ended steel piles. Due to the limitations of the database,
no differentiation was allowed for the behaviour of piles in sands and clays and these were considered
to behave in similar manners under loading. The empirical relationship that was developed based on

these tests is:

Q (Z_b> 13 (29)

& \z
where z. was observed to range from 2%D, to 9%D,. Figure 2-34 shows this relationship which
depicts the gradual mobilisation of the base resistance, @, from zero to a maximum of Q.
The API modified this model and created a design method recommending a fixed z. of 0.1D,,. This
adjusted the Q-z curve to that shown in Figure 2-35 which is now the guidance provided in the API

RP2 GEO (2014). The maximum values of Q,, are as outlined in Section 2.5.1.
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Figure 2-34  Normalised Q-z curve for sand Figure 2-35 Q-z curve for sand and clay (API
and clay (adapted from Vijavergiya, 1977). RP 2GEO, 2014).

2.8. Shaft Friction Mobilisation (t-z)

In a finite element model of an offshore jacket, the pile is discretised as a series of discrete continuous
points connected to the surrounding soil. This interaction is modelled by a series of t-z soil reaction
curves that represent the axial resistance along the length of the pile. There are different
recommendations that have developed over the years for the derivation of these curves. The main
form of these curves has been presented in the APl and an alternative is presented in the DNV-OS-
J101 (2014). Only static curves are investigated here.

2.8.1.  API t-z soil reaction curves

The API t-z soil reaction curves were designed to represent the mobilisation of shaft friction for OEPs
in sands and clays. These have evolved over the years being designed to fit data derived from
laboratory scale and field tests performed in sands and clays. The earliest curves for clays that are
similar to those used today, were derived by Coyle and Reese (1966) as shown in Figure 2-36. These
curves depicted strain softening and the load transfer is normalised by the shear strength derived from

the total stress approach (as,).
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Figure 2-36  Ratio of load-transfer to soil shear strength vs pile movement for field curves in clay,
laboratory curves and adjusted curves (Coyle and Reese, 1966).

Similar curves were also deduced for sands based on field and laboratory testing (Figure 2-37). The

load-transfer is normalised by the shear strength derived from the effective stress (K tan &) approach.
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Figure 2-37  Ratio of load-transfer to soil shear strength vs pile movement for field curves in sand,
laboratory curves and adjusted curves (Coyle & Sulaiman, 1967).

Further work over the next few years improved these relationships with Vijayvergiya (1977)
eventually outlining the standardised form of the curve that is adopted today based on an empirical

relationship. This is shown in Figure 2-38.
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The coordinates in Table 2-2 set out the points along the t-z reaction curves outlined in the APl RP

2GEO (2014).
Table 2-2 Definition of t-z curves
T/Tmax
ZplZpeak
Clays Sands
0.00 0.00 0.00
0.16 0.30 0.30
0.31 0.50 0.50
0.57 0.75 0.75
0.80 0.90 0.90
1.00 1.00 1.00
2.00 0.70 to 0.90 1.00
00 0.70t0 0.90 1.00

2.8.2.  The DNV t-z soil reaction curves
To develop the DNV curves, researchers fit load-transfer curves based on pile test results. Other teams
were however developing analytical models based on the behaviour of piles.

Randolph and Wroth (1978) contributed to a model

which adopted a cylindrical pile fully embedded in a

o~ e uniform linear soil, being subjected to an axial load.
Tl I‘ This deformation was assumed to cause the load to be

shed in concentric layers (Figure 2-39) surrounding the

I ¢ _,:,_-I T o pile, out to a radius (r;,,) where no further deformation

occurred.
Figure 2-39  Mode of deformation of

shaft (Randolph and Wroth, 1978)
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From this model an external element of soil can be extracted as shown in Figure 2-40.
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z
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Figure 2-40  Stresses in soil element (Randolph and Wroth, 1978)
Considering the forces on the element, the vertical equilibrium of soil gave:

—(rr) + r% =0 (29)

Where in the context of this model, r is the radius of the pile, T is the mobilised shear stress and o, is
the vertical compressive stress. This is then related to the shear modulus, G, and the strains are
integrated over the length of the pile to give

ToTo [l

Zp = G

- (30)

where z,, is the local pile displacement, 7, is the radius at which 7 is negligible, 7, is the shear stress
at the pile shaft, r,, is the pile radius, and G is the shear modulus. Randolph and Wroth (1978) therefore

produced a linear load-transfer relationship with a gradient of

G
K=—"2

1o In %” (31)

to model the t-z soil reaction curves. When considering non-linear soils, which achieve the same

ultimate value with non-linear stiffness, several other researchers (such as Kondner, 1963; Duncan &

Chang, 1970; Kraft et al., 1981) focused on hyperbolic relationships of the form (Pando et al., 2006):

lixr (32)
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Where y is the shear strain (G = 7/y). Duncan & Chang (1970) highlighted the relationship between
Tmax aNd Ty Was a factor Rg, where
Tmax = ReTuie (33)

Which substituted into the hyperbolic relationship, solved and integrated over the radius r,, gives

Tm _ To
7 = ToTo In To meax
b G p_ oRr (34)
Tmax

The above is recommended by DNV to deduce the t-z curves, with the slight variation that the ratio 7, /7,

is represented by a dimensionless zone of influence, z,, as follows:

To
ToTo 1 ZIF Rf Tmax
Zy = n

PG, 1— TRy (35)

Tmax

Further guidance is then provided to estimate G, for clays:
. 300
based on plasticity Gy = T Su (36)
p

based on the over-consolidation ratio Gy = 5,,(600 — 170 VOCR — 1) (37)

No guidance is given on strain softening in clays. As for sands:

_1000tan ¢ /100 x g,

0 2(1+v) (38)

2.9. OEP Load-Transfer Diagram

From the information that has been presented, Figure 2-41 demonstrates a more realistic
representation of the behaviour of the soil, pile and plug when a static load is applied to the top of an
OEP. The height of the active plug length will depend on many factors especially the soil properties,

D; and the installation method.
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Figure 2-41  Annulus and plug behaviour under axial static load.
In the load transfer diagram, the active plug length, L,, is the length of plug mobilised due to the

interaction between the plug (column) and soil at the base of the plug.

2.10. Derivation of a new Q-z curve

It has been shown in Section 2.7 of this chapter that the existing Q-z reaction curve, which is currently

used to model the non-linear response of the base of OEPs in finite element models, originated from
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the paper by Vijayvergiya (1977). The methodology was derived from a variety of pile and soil types,
generalised to encapsulate the database results and simplify the base response. In addition, there were
(and continues to be) a very small number of OEPs available for the reliable calibration of the Q-z
reaction curve. This has mainly been due to the cost of instrumentation, but also, due to the damage
to the instruments during pile installation, many of the pile base capacities have been interpolated.
This results in an over-conservative design method and has led to the true behaviour of the end bearing
inadequately captured in the OEP design methods.

The geotechnical engineering database of pile tests contains a variety of interpretations of pile
capacity. In some studies, the base capacity is with reference to the displacement of the pile toe from
its original position, which is also the basis of the Q-z curve. However, in many database results, as
shall be shown later in Chapter 5, at OEP test sites such as Euripides and Tokyo, the base capacity is
provided relative to the displacement of the pile head. This creates an issue of consistency as after
w,=0.1D,, differing portions of the pile may have mobilised pre-t,qqx, Tpeak: OF Tuir (POSt-Tpeqr), @S
in Figure 1-2, whereas, the base may not have yet achieved its peak capacity. In the pile design
methods discussed in this chapter, the base and shaft capacity are determined separately and then
added to establish the capacity. This process however, gives no indication of the initial stiffness or
response. As will be shown in Chapter 5, especially in sands, the capacity of the base continues to
increase after w;=0.1D,,, due to the mobilisation of the soil plug. In hindsight, the values that are
indicated as the base capacity in some case studies, taken at w,=0.1D,, will not be the best
representation of the base response.

The Q-z curve is intended to replicate the response of the base of a pile. As the base of an OEP is
comprised of two main parts, this curve should therefore be designed considering input from the
expected response of each component. The original derivation of the slope of this curve came about
from testing and non-linear relationships outlined in Chapter 2. The main Q-z curve, used in the
offshore industry for OEPs is that of the API. In the API’s methodology, a plugged or unplugged pile
is estimated and the maximum base capacity, Q... IS derived. This is then related to the displacement

of the base, which is expressed as a ratio of z/D,. From research and test results (Salgado et al., 2002;
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Doherty et al., 2010; Ko and Jeong, 2015), full mobilisation of base capacity occurs at different
displacements for both annulus and plug, and is also dependent on soil type; as some soils create
larger internal arches than others, engaging more of the plug.

The method presented here illustrates a new means of deriving a load displacement (Q-z) response at
the base of an OEP. This method suggests the isolation of the Q-z responses, using a finite element
method as will be outlined in Chapter 3, at the base of the annulus (Figure 2-42) and plug (Figure
2-43) allowing their superposition. The full base response is then derived as an improved Q-z curve
for an OEP, shown in Figure 2-44, fully mobilised at a settlement of 0.1D; of the annulus. In the
subsequent chapters that follow this procedure is integrated into the finite element method and not

separately input.

-
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Figure 2-42  Mobilisation of EB on annulus.
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Figure 2-43  Mobilisation of EB on plug. Figure 2-44  Combined base mobilisation, Q-z
curve.

It is also noted that the full mobilisation of the base of an OEP requires a large degree of settlement.
The design settlement at the mudline, to fulfil the serviceability requirement, is usually stated as
0.1D,,. In very long piles, this settlement is usually achieved by the compression and displacement
along the length of the pile and the displacement of the annulus. Further capacity however is gained
by the mobilisation of the plug which may not achieve full capacity when the limit of the mudline

settlement is reached.
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3. FE Modelling Method for Soil Plug

This section develops a theoretically based method for the analysis of the soil plug. The finite element
method is used to solve a 1D differential equation representing an installed pile under static vertical
load. The statement of equilibrium is derived on the basis of the theory of virtual work. The soil is
modelled with a linear and non-linear constitutive relationship and the Newton-Raphson method is
used to converge towards the solution.

The main development of this methodology was outlined in Joseph et al. (2018). This paper is
included as Appendix B of this document. This section expands on the development of the

relationships presented the paper, but omitted due to page constraints.

3.1. Open-Ended Pile Model

Consider an OEP as in Figure 3-1 with an axially applied load F;. In this system the elastic pile is
assumed to be in equilibrium with the load applied, being balanced by the external and internal shear
stress, 7, (z) and 7;(z), respectively, along the length of the pile plus the EB at the annulus of the pile
and over the base of the internal soil plug. The vertical displacement of the pile, w,, (z), and internal
plug of soil, wy, (z), will vary with depth. The external soil, wy(z), acts as a boundary.

The shear stress or traction generated on both the internal and external sides of the pile are within an
interface layer. The thickness of interface layers does vary, but for this model it is assumed to be zero.
The relative displacement across the interface is dependent on the mobilisation of both the interface

stiffnesses, and the soil or plug stiffnesses to that of the pile.
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Figure 3-1. Loads and resistances
surrounding pile, plug and soil.
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3.11. Pile

The end-bearing of the pile and plug also have
separate constitutive relationships. For the pile and
plug this is based on the displacement of the
annulus, w,(L) and base of the plug, wy(L),
respectively. The loading on the area of the annulus
generates a resistance of gy, ,, and the compression of
the internal plug due to t; generates a resistance of

qp,p1 at the base.

If a 1D slice were taken of the pile only, from Figure 3-1, this can be analysed as shown in Figure

3-2:

R —
Soil ET

o

Op

!

Pile| Oz

+ og,

Figure 3-2. Reactions for a section of an OEP.

If compression is taken as positive:

0pAp = T.FPdz + 1;Pidz + (ap + dap)Ap (39)
do
d_ZpAp + TePe + TiPi =0 (40)

3.1.2. Plug

If the plug only was considered and a 1D slice taken as shown in Figure 3-3 (again compression

positive):
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Figure 3-3. Section through plug of an OEP.

O-plApl = —TiPl'dZ + (o-pl + dapl)Apl (41)
do
—d;ﬂ Apl - TiPi =0 (42)

3.1.3. Solil

The soil acts as a radial boundary in this model where all the load mobilised through the interface is

transferred.

Figure 3-4. Section through plug of an OEP.

Here, as compression is positive:
0 =1,P,dz — t,P,dz (43)

0= (Ts - 7'—e)Pe (44)

3.2. Strong and Weak Forms of the Equations of Equilibrium
Equations (40), (42) and (44) represent the strong forms of the governing equations of equilibrium
necessary to represent the soil-pile-plug model.
The boundary conditions at the top of the pile (where z = 0) and for a pile of length L are

ap(0)4, = Fi; a,(L)Ap = (F,) (45)
and for the pile plug are:

p1(0)Ap; = 0; a(L)Ap = (Fp1) (46)
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3.2.1. Pile

Using the resistive components for the OEP, the axial stress, g, in the pile satisfies the equation of
equilibrium outlined in Equation (40). This equation is in the strong form and to solve this equation,
it is to be converted to the weak form by multiplying by the arbitrary function, §w(z), and integrating

over the length of the pile.

fL6W (—1 A, + 1P +T-P-) dz=0 (47)
D l D ele il
0 Z

3.2.2. Plug

The same is done for the plug however integrated over the plug’s length.

" 0 _plA —17,P;)ldz=0
Wpl pl T, (48)
L—Lpl 4z

3.23. Solil

The same can be done for the soil and integrated over the pile’s length.

L
j Swy, (13— 1)P.dz =0 (49)
0
3.24. Solving

Using the boundary conditions these equations can be solved.

From Equation (47):

fLSW <d&A + 7.P, + T-P-)dZ =0 (50)
r\ gz “r ele il =
0
L dsw L L
[5Wp0'pAp]z - fo opd, (#) dz +f0 Swy, (1.P,)dz +J(-) swy,(T;P)dz =0 (51)

Adopting the boundary conditions

L dé‘Wp L L
[6wppFyp — W, F, | — J opAyp <?> dz + f Swy, (1. P.)dz +J Swy,(1;P)dz =0 (52)
0 0 0
L dSWp L L
Swyp pFpp — W Fy — f 0,4, (?> dz + f Sw, (1. P.)dz +f Sw,(1;P)dz =10 (53)
0 0 0

where b is base, and t is top.

From Equation (48), this expression is integrated over the length of the plug.

L d
J- SWpl (ﬂApl - TiPi> dz=0 (54)
L

dz
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[6Wp10145] fL Ay (2220 4 fL Swy(TiP) dz =0
Yoopdpd oy, T, e\ e )T, Ol de = (55)
Adopting the boundary conditions,
L d6Wpl L
[awb,plFb,pl — 0] - f O-plApl dz dz — J- 6Wp[( TiPi) dz=0 (56)
L—Lpl L—Lpl
L déw L
8Wb,plFb,pl - f O_plApl (%) dz — J- 6Wpl( TiPi) dz=0 (57)
L—Lpl L—Lpl

and from Equation (49), this expression is also integrated over the length of the pile.
L
f Swe(ts— 1,)B,dz=10 (58)
0
L L
f Swt P, dz — f SwT, P, dz =0 (59)
0 0
The summation of Equations (53), (57) and (59) is found as:

L déw, L déwy,
6WtFt = Wb,pr,p - f O'pAp ? dz + 6Wb,plFb,pl - f O-plApl 7 dz
0 L

-L
L L L P L
+f 5Wp(TiPi)dZ—f Swy, (7;P;) dz+f 5Wp(TePe)dZ—f Swet, P, dz (60)
0 L-Ly; 0 0
L
+f Swt P, dz
0
L déw, L ddwy,
SWtFt = 6Wb,pr,p - J‘ JpAp ? dz + wa,plFb,pl - j O-plApl 7 dz
0 L-Lp (61)

L L L
+ J- (5Wp - 6Wpl)Pi T,dz + f (SWp - SWS)PeTedZ + f SwytsP, dz
L=Lp; 0 0

Equation (61) is equivalent to Equation 3 in Appendix B (Paper 2).

Joseph et al. (2018) goes into further detail on the derivation of expressions for the internal and
external virtual work of the pile-soil-plug system and then outlines the standard Galerkin approach to
solve the weak form of the equation of equilibrium. The use of 2-noded elements to model the pile,
plug and soil elements are identified along with 4-noded elements to model the interfaces. Lagrangian
shape functions are then used to relate the axial displacements within each element to the nodal
displacements. After outlining the Galerkin form for each element, the internal force vector (Fiyr),
the stiffness matrix and the displacements vector are all assembled (A[~]) and used to form the vector
equation which compares F;yr to the externally applied load, Fgxr. This is then solved using the
Newton-Raphson method.

The verification of this process is presented as part of the VIRTUPLUG Manual (Appendix C).

58



4. Base Capacity of Open Ended Piles in Clay

The mobilisation of the base capacity of OEP’s in clay, and its contribution to the total capacity is
investigated in this chapter. An overview of each of the test sites considered from the geotechnical
engineering database is initially presented. This is then followed by the results of an analysis that
evaluates the performance of the APl and ICP design methods when applied directly, using the data
from these sites. Using the distribution of the shaft and end bearing capacities from the design
methods, an RMS-error calculation is performed to quantify the deviation from the measured values.

With the input of 7, and g, from the APl and ICP methods, into the finite element method, the FE

variants of these methods are computed, resulting in the API-FEA and ICP-FEA methods. The inputs
to these methods are then sequentially varied in a series of cases using the Pentre and Tilbrook test
data to determine the sensitivity of each input parameter. The results of this sensitivity analysis are
then compared and the summaries of the findings presented along with recommendations for

improvements that best capture the behaviour.

4.1. Case Study Investigation

To perform this study, site specific data are used selecting published data from the geotechnical
engineering database on piles. The case studies considered are shown in Table 4-1, which lists 21
tests performed at 8 sites, in predominantly undrained (clay) material. These sites were selected as
they comprised piles with the following characteristics:

e Open-ended e  Uniform cross sections o All steel
e Installed by driving e  Static compression loading e  Circular

e Base capacity interpreted

It is noted that no two sites or pile tests are alike, resulting in interpretations being made on available
data. The variations in the selected case studies to form the pile test database for this study include

sites with differing:

¢ Pile base configuration e OCR states ¢ Pile installation methods
e Time before testing e Initial testing direction e Pile diameters and wall
e Plasticity Index (Compression or tension) thicknesses
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It is noteworthy, that similar to Chow’s (1997) database which contained 57 pile tests, only the Kansai
Bridge test has a pile diameter of greater than 1m, a typical offshore pile size, with the rest of the
database on smaller piles. For this research project, the primary focus is the soil plug and the
variations outlined above will have an effect on the contribution of the plug to the total capacity of
the pile. Following Table 4-1 is a short description of the main geological and geotechnical features
at each clay site.

Table 4-1 Plug Capacity Validation in Clays

erlﬁf)er Site Location I:I’\:fm-LZS: Reference Authors Le(nmg)th Dla(rrrnx;ter t (mm)
1 Kinnegar Belfast Lough, N. Ireland | UCD-OE-3 | Doherty et al. (2010) 6.1 0.168 9.0
2 Pentre - LDP Pentre LDP Gibbs et al. (1992) 55.0 0.762 15.0
3 Tilbrook - LDP Tilbrook LDP Gibbs et al. (1992) 30.0 0.762 30.0
4 Noetsu Bridge | Noto Peninsula, Japan T2 Matsumoto et al. (1995) 8.3 0.800 12.1
5 Kansai Bridge Osaka Bay, Japan T1 Matsumoto et al. (1992) 37.1 1.500 22.0
6 Empire 1 1 15.2 0.356 12.0
7 Empire 2 - 2 15.2 0.356 12.0
8 Empire 3 Louisiana, USA 3 Cox and Kraft (1979) 27 0.350 20
9 Empire 4 4 12.2 0.356 12.0
10 Kontich 1 . . 1 (66' 20.1 0.610 25.4
11 Kontich 2 Kontich, Belgium 2 E??'; Hereema (1979) 235 | 0610 | 254
12 West Sole 1 B 6m 6.0 0.762 31.8
13 West Sole 2 B 9m 9.0 0.762 31.8
14 West Sole 3 B 12m 12.0 0.762 31.8
15 West Sole 4 B 15m 15.0 0.762 31.8
16 West Sole 5 B 18m 18.0 0.762 31.8
17 West Sole 6 North Sea, UK A 6m Clarke et al. (1985) 60 0762 38
18 West Sole 7 A 9m 9.0 0.762 31.8
19 West Sole 8 A12m 12.0 0.762 31.8
20 West Sole 9 A15m 15.0 0.762 31.8
21 West Sole 10 A 18m 18.0 0.762 31.8

4.1.1.  Kinnegar, Belfast Lough, Northern Ireland — Doherty et al. (2010)

This is a predominantly clay site with a stratigraphy that includes a 1.83m thick superficial layer of
sandy gravel fill, underlain by 8.5m of Quaternary glacial drift deposits (Lehane et al., 2003). There
are also, to a lesser extent, traces of silts and sands. These layers were formed from rises in sea levels
causing the transportation of these drift deposits via rivers, which were eventually deposited in areas
such as the Belfast Lough. This material is described as a very soft clayey organic silt with high
plasticity. The organic content was found to be due to the presence of course fibrous plant material.
The material has a low apparent over-consolidation ratio with YSR ranging from 1 to 1.6. Despite the

presence of organics and silt, permeability and consolidation tests observed behaviours similar to
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clay. This material is commonly referred to as Sleech and is underlain by a harder glacial till which
is predominantly sand.

4.1.2. Pentre, UK - Gibbs et al. (1992)

The Pentre site was selected due to the requirement to perform pile testing in soils which were similar
onshore to these at typical offshore sites in the North Sea, to improve the reliability of OEP design
methods in clays (Lambson et al., 1992). The Holocene (surface) deposits were found to be 3-4m
thick followed by Quaternary deposits of normally consolidated, low to medium plasticity, very silty
clays. Gravels are also present in this layer, due to glacial lake deposition. To a depth of 15m the
clays are generally uniform with low anisotropy due to continuous deposition. This is then followed
by a zone of highly laminated to very finely laminated, medium to highly anisotropic layers formed
by seasonal deposits. The undrained shear strength values ranged from 50-250kPa. The OCRs
measured at the site were as high as 4. However, the testing at the Pentre site targeted the deeper
zones which had OCR values ranging from 1 to 1.50. Due to the high anisotropy, the soil
demonstrated higher permeability horizontally, a characteristic that results in faster equalisation of
pore-pressures.

The OEP tested in compression at this site had 55m of penetration with a D, of 0.762m and t of
15mm. The tests targeted the soil below 15m, therefore casing was driven to 15m then the soil plug
was removed. The actual pile was then installed through the casing to 55m, making the effective pile
length from 15m to 55m. At the end of driving, the soil plug was measured as 1.73m above the base
of the casing. During pile driving the strain gauges below 37m were damaged.

4.1.3. Tilbrook, UK — Gibbs et al. (1992)

The Tilbrook site was selected due to its high OCR values. The upper clay layer is a thick 18m deposit
of Lowestoft Till. The till is described as a blueish grey, silty clay with chalk and flint, and is of low
to moderate plasticity. The upper bedrock of the site, underlying the till, is Oxford Clay. This is a
very hard and fissile clay with concretionary nodules and bands of limestone (Lambson et al., 1992).
This clay is described as being uniform and having a moderate to high plasticity and is highly fissured.

Its anisotropy ranges from moderate to high, increasing with depth. These layers have been subjected
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to two glacial periods and two interglacial periods making the layers heavily over-consolidated. This
is also observed in the liquidity indices of the clays as these are quite low and generally with negative
values. The undrained shear strengths overall are high, ranging from 400 to 800kPa with apparent
OCR values in the range of 20 to 50 in the top 7m and decreasing with depth to about 10 at 25m
(Clarke et al., 1992). The coefficient of compressibility, m,,, was between 0.01 to 0.04m%MN,
indicating that the soil was relatively incompressible, Lambson et al. (1992).

This OEP was driven to a penetration of 30m at this over-consolidated clay site. The pile had a D, of
0.762m and a t of 35mm. The elevation of the soil plug at the end of driving was 13m from the pile
base, a plug length ratio (L,,/Lp) of 0.43. Pile tests were performed on the pile 130 days after the pile
was installed.

4.1.4. Noetsu Bridge, Noto Peninsula, Japan — Matsumoto et al. (1995)

The superficial Holocene deposits are described as a 1.5m thick very soft clay. This is underlain by a
20m thick deposit of soft clay termed “diatomaceous mudstone” (Oka et al., 2010), a highly structured
and porous clay. The data available showed very low bulk densities with high water contents, which
suggests that the clay is organic or that it has an extremely high plasticity. SPT and CPT resistances
were generally low and consistent with soft clays. No Atterberg limit tests nor consolidation tests
were performed. UCS values were also provided for the soft clays here.

4.1.5. Kansai Bridge, Osaka Bridge, Japan — Matsumoto et al. (1992)

The stratigraphy here includes a soft alluvial clay deposit which is approximately 10m thick. This is
followed by an 8m thick layer of gravel and sand, underlain by a deposit of Pleistocene clays of at
least 25m thickness. There is no further geological data available on the Kansai Bridge site. There are
also no Atterberg limit tests nor consolidation tests performed although SPT data are provided.
4.1.6. Empire, Louisiana, USA — Cox and Kraft (1979)

This location is characterised as a clay site with soil parameters typical of many offshore installations
(Cox and Kraft, 1979) and selected due to the normally consolidated clay stratigraphy, typical of Gulf
of Mexico clays. The upper 30m soil layer comprises fine sand with layers of soft clay. This is
underlain by a 24m thick firm grey clay, then an 83m thick stiff grey clay with sand seams. The
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testing at this site targeted the deep clay layers. The undrained shear strength profile increases linearly
with depth consistent with a normally consolidated soil. These values range from 100kPa to 125kPa
at the base of the last pile test and demonstrate a high plasticity. CPT data are also available.

4.1.7.  Kontich, Belgium — Hereema (1979)

Heerema (1979) gives no explicit mention of the geology of this clay site in which significant pile
testing was performed. The results from limited CPT testing are available, and the undrained shear
strength is shown to increase linearly with depth from 100 to 300kPa. Holeyman (2001) described
separate pile tests at a site in Kontich, indicating 3m of Holocene deposits of sandy loam followed by
tertiary Boom clay down to a significant depth. Belgium Boom clay is an anisotropic material of the
Oligocene period. This material is a stiff, fissured, layered and over-consolidated clay. Samples
obtained of the clay indicate it to be of a high plasticity.

4.1.8. West Sole, UK, North Sea — Clarke et al. (1985)

At this site the Holocene sediments are predominantly sand of a thickness of less than 1.0m. This
sand is underlain by Pleistocene deposits comprised of Glacial Till (Boulder Clay), of a thickness of
13m overlying Lias Clay to about 24m. The Till contains sand, fragments of chalk, siltstone and
granite. The undrained shear strength varies in the Till from 200kPa to about 700kPa and is an over-
consolidated clay with OCR values ranging from 5-12. The Lias Clay is a hard shaly silty clay with
undrained shear strength values ranging from 400kPa to 980kPa. These layers are of low to medium

plasticity and also over-consolidated with OCR values ranging from 1.7 to 5.5.

4.2. Evaluation of Performance of Current Design Methods

The performance of the API and ICP methods implemented directly from their methodologies
outlined in Section 2, was used to estimate the capacity of OEPs in clays using the database
considered. The results of these analyses are presented in Table 4-2 where the ratio of the calculated
capacity (Q.) to the measured capacity (Q,,) is also presented for the components of the total capacity.
The figures following this table show this Q./Q,,comparison for the total capacity and components

using the design methods.
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In Figure 4-1, the APl method seems to predict total capacity well. The outlier is due to the
installation of this pile by jacking.

Figure 4-2 shows that for OEP’s the ICP method seems to under-predict the total capacity.
Figure 4-3 shows that the APl method, on average, provides a good estimate of shaft capacity.
However, some results are over-predicted and some are under-predicted.

Figure 4-4 shows that the ICP method seems to under-predict the shaft friction of OEP’s.
Figure 4-5 shows that there seems to be quite a variation in the predicted base capacity of the
API method.

Figure 4-6 shows that the ICP method, in general, underestimates the base capacity of the OEPs.
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Table 4-2 Comparison of estimated and measured component capacities using design methods for OEPs.
Measured Values API ICP
. Total Total Total Total /Qm /Qm Total Total /Qm /Qm
o | s oy on | o | T o | e [ To0 | st | S | 2| T | Tt | 1o, | st | Ena | 22| Tl | T
kN) Friction | Bearing (kN) Friction| Bearing Capacity S.ha.ft Eng kN) Friction | Bearing Capacity S.ha.ft Enq
(kN) (kN) (kN) (kN) Friction | Bearing (kN) (kN) Friction | Bearing
1 Kinnegar 0.168 | 18.7 | 36.3 16 10 6 29 24 5 1.85 2.50 0.79 22 20 2 1.40 2.05 0.35
2 Pentre - LDP [ 0.762 | 50.8 | 72.2 | 5480 | 4268 | 1212 | 8586 | 8024 | 562 1.57 1.88 0.46 8057 | 7595 | 462 1.47 1.78 0.38
3 Tilbrook - LDP | 0.762 | 25.4 | 39.4 | 14900 | 12985 | 1915 | 14677 | 12709 | 1967 0.99 0.98 1.03 | 11074 | 10437 | 637 0.74 0.80 0.33
4 Noetsu Bridge® | 0.800 | 66.1 | 10.4 | 4555 | 4055 | 500 5090 | 3066 | 2024 1.12 0.76 4.05 - - - - - -
5 Kansai Bridge | 1.500 | 68.2 | 24.7 | 11800 | 8900 | 2900 | 9871 | 8104 | 1767 0.84 0.91 0.61 | 10713 | 7707 | 3007 | 0.91 0.87 1.04
6 Empire 1* | 0.356 | 29.7 | 42.7 | 900 650 250 878 827 52 0.98 1.27 0.21 373 297 77 0.41 0.46 0.31
7 Empire 2 0.356 | 29.7 | 42.7 | 1731 941 790 1416 | 1337 78 0.82 1.42 0.10 430 297 133 0.25 0.32 0.17
8 Empire 3 0.356 | 29.7 | 343 | 1839 | 1089 | 750 1451 | 1355 95 0.79 1.24 0.13 451 263 188 0.25 0.24 0.25
9 Empire4 | 0.356 | 29.7 | 343 | 2125 995 | 1130 | 1696 | 1586 110 0.80 1.59 0.10 504 270 233 0.24 0.27 0.21
10 Kontich1 | 0.610 | 24.0 | 33.0 | 2700 | 1740 | 960 3408 | 2782 | 626 1.26 1.60 0.65 1422 | 945 477 0.53 0.54 0.50
11 Kontich 2* | 0.610 | 24.0 | 385 | 4170 | 3430 | 740 | 4266 | 3587 | 679 1.02 1.05 0.92 1706 | 1229 | 477 0.41 0.36 0.64
12 WestSole 1 | 0.762 | 240 | 7.9 | 3051 | 1726 | 1325 | 2859 | 1372 | 1488 0.94 0.79 1.12 1299 | 731 568 0.43 0.42 0.43
13 West Sole2 | 0.762 | 24.0 | 11.8 | 5471 | 2642 | 2829 | 4146 | 2350 | 1796 0.76 0.89 0.63 2512 | 1549 | 963 0.46 0.59 0.34
14 West Sole3 | 0.762 | 240 | 157 | 6681 | 4457 | 2224 | 5856 | 3598 | 2257 0.88 0.81 1.02 3158 | 2528 | 630 0.47 0.57 0.28
15 West Sole 4 | 0.762 | 24.0 | 19.7 | 6788 | 4510 | 2278 | 6751 | 4904 | 1847 0.99 1.09 0.81 3823 | 3331 | 492 0.56 0.74 0.22
16 West Sole 5* [ 0.762 | 24.0 | 23.6 | 8344 | 6023 | 2321 | 8055 | 6208 | 1847 0.97 1.03 0.80 | 4713 | 3981 | 731 0.56 0.66 0.32
17 West Sole 6 | 0.762 | 240 | 7.9 | 3051 | 2438 | 613 2859 | 1372 | 1488 0.94 0.56 2.43 1274 | 731 543 0.42 0.30 0.89
18 West Sole 7 | 0.762 | 24.0 | 11.8 | 4706 | 2873 | 1833 | 4146 | 2350 | 1796 0.88 0.82 0.98 3055 | 1549 | 1506 | 0.65 0.54 0.82
19 West Sole 8 | 0.762 | 24.0 | 15.7 | 5533 | 4466 | 1067 | 5856 | 3598 | 2257 1.06 0.81 2.12 3513 | 2528 | 985 0.63 0.57 0.92
20 West Sole 9 | 0.762 | 24.0 | 19.7 | 6619 | 5240 | 1379 | 6751 | 4904 | 1847 1.02 0.94 1.34 | 4101 | 3331 | 769 0.62 0.64 0.56
21 West Sole 10 [ 0.762 | 24.0 | 23.6 | 8344 | 6734 | 1610 | 8055 | 6208 | 1847 0.97 0.92 1.15 5125 | 3981 | 1144 | 0.61 0.59 0.71

8§ insufficient data for reliable ICP estimate.

* selected pile test which most represents site.
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Total API Capacity Q/Q,, Total ICP Capacity Q./Q,,
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Figure 4-1 Comparison of the Q¢/Qm of the Figure 4-2 Comparison of the Q¢/Qnm of the

total capacity using the API design method. total capacity using the ICP design method.
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Figure 4-3  Comparison of the Q./Qm of the Figure 4-4  Comparison of the Q./Qm of the
shaft capacity using the API design method. shaft capacity using the ICP design method.
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Figure 4-5  Comparison of the Q./Qm of the Figure 4-6  Comparison of the Q./Qm of the
base capacity using the API design method. base capacity using the ICP design method.

The mean, standard deviation and coefficient of variation for the analysis were computed and are
shown in Table 4-3. This data summarises the results presented in Figure 4-1 to Figure 4-6. With the
API method used directly, this method best estimates the average of the total capacity for the selected
OEP’s. The distribution of the capacity to the shaft and end bearing are also well averaged, although

the variation is relatively quite high, especially that of the base component.
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Table 4-3

Mean and standard deviation of Q./Q,, for the OEP validation database.

API ICP
e | foce | S| ed | por | S| eng
Estimated Bearing | Estimated Bearing
1) 1.020 1.136 1.020 0.601 0.665 0.483
c 0.261 0.453 0.910 0.331 0.464 0.265
Ccov 0.256 0.399 0.892 0.550 0.697 0.549

4.2.1. RMS-Error Test Specific

Based on the data available, the error in each calculation from the measured results were computed.
Only one of the sites provides a value of the mobilised end bearing of the open-ended pile due to the
use of the double-walled pile. This, however, is not entirely applicable as the results were extracted
during the jacking process of the pile to its final depths (Site 1).

To determine the RMS-error, several stages are involved. The difference between the calculated
values (Q,) and the measured values (Q,,) is initially found. If the difference is small, this corresponds
to a good estimation of the measured value. The difference is then normalised by the measured value
and squared, thus proportionately enhancing the error and relating it to unity. This process was done
for each site, and the square-root taken of the average sum of the squares, which gave the RMS-error
for the values directly estimated by the design method. Incremental factors were then applied to the
estimated end bearing and shaft friction from these design methods for each test. This procedure led
to a number of values that are best displayed using a contour plot. Using this plot, the combination of
factors that achieve the lowest variation to the measured value can be easily identified. If the method
itself causes divergence, thereby preventing the point of lowest variation to be identified, this
procedure is not applicable to the design method. Equation (62) describes the above procedure to

determine the RMS-error. N is the number of sites in this expression.

le\l (Qc Q_QO)z
N

RMS Error = (62)

The plots in Figure 4-7 and Figure 4-8 show the contours of these RMS-errors, for the APl and ICP

methods respectively, plotted against the associated combination of shaft and end bearing factors.
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These were derived from a specifically written MATLAB program which allows greater refinement

of the factors applied.
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Figure 4-7  Contour Plot of the RMS-error for Figure 4-8  Contour Plot of the RMS-error
the API design method using OEPs. for the ICP design method using OEPs.

In these diagrams the solid circle represents the point where a factor of unity is applied to the derived
base or shaft capacity components. The position of the “X” identifies where the combination of

factors on both components minimises the RMS-error.

As can be seen from Figure 4-7, the APl method generally gives a better estimate of both component
contributions, although it overestimates the shaft friction and underestimates the end bearing in OEPs.
To reduce the RMS-error, a factor of 0.8 is required on the shaft friction and 1.4 on the base resistance.
In Figure 4-8, by using the ICP method, the shaft capacity is again, in general, overestimated with a
factor of 0.9 required to give the lowest variation of RMS-error. The base capacity however, is highly
underestimated requiring a factor of 3.0 to reduce the error in OEPs. For the end bearing in the ICP
method, this large variation is possibly due to the distribution of the shaft and base using the ICP
method.

4.2.2. RMS-Error Site Specific

From Table 4-2, there are sites with more than one pile tests and with the inclusion of these, this has
the effect of skewing the results. To investigate the effects of omitting these tests, the database is
limited to a single pile test per site, choosing the longest pile as the most representative test for each.

This new list is presented in Table 4-4.
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Table 4-4 Reduced database choosing single pile test per site.
Site Location Pile Test Number Reference Authors Type of CLAY
Kinnegar Belfast Lough, N. Ireland| UCD-OE-3 Doherty et al. (2010) Belfast Sleech
Pentre - LDP Pentre LDP Gibbs et al (1992) Glacial Deposits
Tilbrook - LDP Tilbrook LDP Gibbs et al (1992) Lowestoft Till, Oxford Clay
Noetsu Bridge Noto Peninsula, Japan T2 Matsumoto et al. (1995) Noetsu Clay
Kansai Bridge Osaka Bay, Japan T1 Matsumoto et al. (1992) Osaka Bay Clay
Empire 1 Louisiana, USA 1 Cox and Kraft (1979) Empire Clay
Kontich 2 Kontich, Belgium 2(77) Hereema (1979) Belgium Boom Clay
West Sole 5 North Sea, UK B 18m Clarke et al (1985) Boulder Clay, Lias Clay
3 T
3 ) 25 16 [ o 1.8
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Figure 4-9 Contour Plot of the RMS-error Figure 4-10  Contour Plot of the RMS-error

for the API design method using OEPs.

for the ICP design method using OEPs.

From these results, the error remains large and essentially quite similar to those with the full list of

test results. Here in general, the shaft capacity is again overestimated and the base capacity is

underestimated in both methods in OEPs. To reduce the RMS-error using the APl method, the

application of a factor of 0.65 on the shaft friction and 1.5 on the base resistance is required; and by

using the ICP method, a factor of 0.7 is required on the shaft friction and 2.9 on the base resistance.

Due to the large error observed in the RMS-error results, these factors will not be taken forward in

the analysis. This can be attributed to the variability of the soils, the method of interpreting the base

capacity and the assumptions taken in the design methods.

4.3.

Analysis Comparisons of Selected OEP Test Sites in Clays

The ICP design method (Jardine et al., 2005) computes the ultimate capacity by applying knowledge

of soil behaviour derived from sample and field testing. The results from these tests have been

analysed and correlated to estimate the ultimate pile capacity using the ICP database (Chow, 1997).
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This database consists of several tests on open and closed-ended piles, tested in tension and
compression. The resulting method shows marked improvement in the estimation of total capacity
using the full ICP database. The analysis previously shown however, demonstrates that for open-
ended piles, the API is on average better at estimating the total capacity and the distribution of the
shaft and end bearing capacity in both methods, can be improved.
Due to the lack of a high-quality database of instrumented OEPs, conservative estimates, that in
general give acceptable results, are usually adopted with factors of safety applied to ensure that
unknowns are accounted for (APl RP 2GEO, 2011). Due to the obvious difficulty in the estimation
of the mobilised contribution of all factors under a prescribed load, a more elegant solution is required.
One of the more effective means of achieving this, is using a finite element procedure as outlined in
Chapter 3. To test this procedure accurately, a large number of input parameters are required. Of all
the published test sites listed in Table 4-1, only the Pentre and Tilbrook case studies have sufficient
detailed information to enable this process. The shaft and end bearing parameters derived from the
APl and ICP methods are input into the finite element procedure to implement the API-FEA and ICP-
FEA methods respectively. These results are then compared with those measured during the pile tests
at both sites as outlined in Clarke et al. (1992).
4.3.1.  Specifics on Test Cases
The results of the analyses are presented separately for each of the two sites and parameters varied
individually to observe the effects and note the sensitivity of the change on the results. From these
analyses, key recommendations will then be extracted and taken forward to Chapter 6 where a new
modified finite element design method for OEPs in clays will be deduced. The results of these
comparisons are presented in the following sections using the capability of the FE program to isolate
the effects on the resistive components of the pile. An initial table is presented at the start of the API
and ICP analyses which sets out the test cases being considered. The headings of this table include:

e Case: The test case number being considered.

e Design Method: The variant of the API-FEA or ICP-FEA design methods being adopted.

e Constitutive Model, 7int & 7ext: the stress-strain relationship, or stiffness, of the external soil
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reaction curves. These are derived from the API RP 2GEO (2014) or DNV (2010) and t,;; =
0.87peak-
Tult = Tint & Text: the ultimate value of the local shear stress at failure in the soil layer. The
ultimate value is equal on both sides of the pile but mobilised at different rates.
Zpeak/Di: the ratio of the relative displacement to D; where the maximum value of z,,,; occurs.
Zpeak/ Do: the ratio of the relative displacement to D, where the maximum value of 7, occurs.
Constitutive Model, go,p: the stress-strain relationship of the base of the pile. This relationship
has been derived from the slope of the Q-z curves outlined in the APl RP 2GEO (2014) where
the stiffness is related to the full base diameter, D,. In this study however, this is normalised
by t.
Ov,p: the ultimate value of the resistance at the base of the pile.
Constitutive Model, gbpi: the stress-strain relationship of the base of the plug. This
relationship has also been derived from the slope of the Q-z curves outlined in the APl RP
2GEO (2014) where the axial pile stiffness is related to the full base diameter, D,. In this
study however, this is normalised by D;.
gb.pi: the ultimate value of the resistance at the base of the plug.
M: the value or method of deriving the constrained modulus of the plug.
EB Type: In these analyses, the end bearing is modelled using either piles with uniform
thickness for its entire length or with the use of base plates positioned at the bottom of the
channels to protect the instrumentation.
Weight: if the weight of the pile and plug are included in the analysis.

Test Cases

API-FEA Analyses (Cases 1 to 10)

The API-FEA method is initially examined. In this section, the FE procedure therefore assumes the

API parameters deduced from the Pentre and Tilbrook sites to derive the mobilised shaft resistance,

end bearing and total capacity. Case 1 is the base case for the API-FEA method. Variations to these

71



cases are performed to assess the impacts on the estimated response. The analysis cases performed

are outlined in Table 4-5, with the main change to the base case highlighted in blue.

Table 4-5 Details of API Analyses.
. Design CO:;;E::_ive Ty = 0.1, p, | Constitutive Constitutive v | BB | Weidht
8¢ | Method . &T' Tit & Tot Zpeak! Dt | Zpeakd e | \po g Obpite Goite | Model: Ohpiug Gopiug Type | 09
int ext
Lo |t | [ooor| om | e [ s [P0~ wa [ e o
o | i | e [om0] 00 | Mg [ v | P00 us oo |
o [T [ T s [00 ] o | 102 s [ P00 [ws [ 0w | o
o [P | e Joom | oo | i [ [7228 s [ o [or |
APt | AEEOUVS | | 0.0001 | 00025 | AT 2| s, AP;tQO'_Zl'D?m” NSy | G | OEP | No
3| apr | ARUEOVE |t | 0.0001 | 00050 | AFINEI | s, AP;t%'_Zl’D?m” NS, | Gw | OEP |  No
API A;O'O/tozre‘;‘:(;‘l:zls Tou=Timur | 0.0001 | 0.02 Ai,lo(\g/\_/ZTto NGS, APLt%'_Zl’D?m“ NeSy | Gw | OEP | No
4 API A;O'()/tozrecs‘:é‘::f Toqut=Tmur | 0.0001 | 0.01 Azfl?/\-/ZTto NS, AP;t%'_Zl‘D?W NeSe | Gw | OEP |  No
o [ v [oom | oo | e s mino s [oe |
ppt | AELREOUVS | s [ 0.0001 | 001 | AT |6, AP;t%'_Zl'D?W 0.24; | Gy | OEP | No
o [Pt | e [oom] o | iga® [ v [P0 ws oo |
7 API Ago'(ytozrecsll‘éﬁ Toeu=Tmar | 0.0001 | 001 Ai.lo(\?/\-/%rto NS, AP;t%'_Zl‘D?max NeSy |Kumer| OEP | No
apt | PRI s | 00001 | 001 | ATIZI s, AP;t%"zl'D?m“ NS, |°ks,| OEP | No
8| At | ey | et | 00001 | 001 | AT s, | IR B s, | 6, [ N0
9 apt | AELEOUVS | s | 00001 | 001 | AT g, APLI%'_Zl'D?m“X NS, | Gw | OEP |  Yes
o | | [ooor| oo | 18 [ s |22 s [ o, o [Taapt®
10 | APl m’i‘: S'utr'ezdcr‘gs‘:ZZ; (|| et | 00001 | 001 AE.IO(\?/\-I%I'tO NeS, APLt%"Zl‘D?m“ NS, | Gw | OEP | No

1 open-ended pile where, it = Toxt-
2 N, is taken as 9, but to match the measured data, N’ is 15.8 and 8.85 for Pentre and Tilbrook respectively.

3 Kk ranges from 500 to 2000 for FE convergence.

4 open-ended pile with channel covers offset from base.

Case 1: This API-FEA sets out the base case in which subsequent API analyses are varied.

The results are displayed in the figures below where dotted lines represent values computed using the

API-FEA method and solid lines represent those measured.
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Pentre Site Results:
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Figure 4-13  Shaft friction along pile, API- Figure 4-14  Load-displacement curve for API-
FEA estimation vs measured. FEA estimation against measured.

Figure 4-11 shows the measured end bearing results (Uncorrected Measured Q-z), interpreted
corrected values (Corrected Q-z for displaced soil), Q-z curve derived from the APl method which
deduced a plugged pile (API Q-z Plugged), the estimated total Q-z response from the API-FEA (API-
FEA Total EB) and estimated annular Q-z response from the API-FEA (API-FEA Annulus EB). The
base capacity at the peak load was measured as 860kN mobilised at a pile-head displacement of 10mm
(1.5%D,). End bearing continued to increase after the peak was mobilised, but at a slower rate,
possibly due the mobilisation of the plug EB capacity. At a pile-head displacement of 0.1D,, an
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annular displacement of 20mm was achieved with the measured base capacity estimated at 1,000kN.
At the end of the test, the base load was measured at 1,220kN. The base response is observed to be
generated by a combined response of the annulus and the plug. When using the AP1 method directly,
it was estimated that the Pentre pile behaves in a plugged manner under static loading. Adopting the
base resistances associated with this assumption and separating the mobilisation of the annulus and
that of the plug, the results indicate that the soil plug contributes most of the base capacity. Although
N, =9 is recommended in the API, a larger value of N.~ 16 was estimated (by Gibbs et al., 1992) to
match the corrected base capacity at this site. Additionally, Gibbs et al. (1992) deduced that a
reduction of the end bearing was necessary to cater for the soil displaced by the installation of the
pile. This reduction was computed as the product of A, and o', at the pile base which gave the
authors’ ‘corrected’ Q-z curve. Realistically this may have been due to a combination of factors
including the residual stress in the pile after installation (about 300kN) and the increased annular area
due to the covers of the instrument channels.

Figure 4-12 shows the comparison between the measured and estimated load along the pile at various
pile head displacements. This shows that by using the API-FEA method, the estimated loads along
the pile shaft, as a result of the pile interaction with the internal and external soil are quite well
matched for these tests.

Shaft friction along the pile was deduced from the measured strains. These measurements are
compared to the estimated values obtained from the API-FEA methodology and as shown in Figure
4-13, the pre- and post-peak external shaft friction is not perfectly estimated by this procedure in the
top 10m of the pile but significantly improves afterwards. As load continues to be applied, strain
softening occurs, and peak capacities of the deeper soil layers are mobilised. This cannot be verified
however, due to the lack of measured data at these depths.

From Table 4-2, the total capacity calculated by the APl method directly is 8,586kN. The peak load
observed during the pile test was 6,031kN, at 36.06mm (a pile-head displacement, 0.05D,), as shown
on Figure 4-14, with a residual load of 5,480kN at 0.1D,. The peak from the API-FEA was 7,358kN

(Q./0Q,=1.2) reducing to a residual of 6,882kN (Q./Q.,=1.3). The computed residual continued to
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increase as the capacity of the plug base increased. However, the measured capacity continued to
decrease as further load was applied. Observing that the measured base continuously increased,
suggests that along the shaft, more layers were mobilising ultimate resistances contributing to an
overall reduction in capacity.

Tilbrook Site Results:
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Figure 4-15 API-FEA estimation of pile base Figure 4-16  Axial load distribution in pile,
settlement vs measured load. API-FEA estimation vs measured.
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Figure 4-17  Shaft friction along pile, API-FEA Figure 4-18 Load-displacement curve for
Text €Stimation vs measured. API-FEA estimation against measured.

In Figure 4-15, the measured end bearing was 2,075kN, and this was corrected, in a similar method
as the Pentre pile (see discussion for Figure 4-11), to 1,880kN at a pile base displacement of 76mm
(0.1D,). The direct API analysis predicts a fully plugged pile for this test case. In Figure 4-15, the

plug is shown to support a much larger capacity than the annulus, with a distribution of 1,670kN and
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298kN between plug and annulus, respectively. The total estimated capacity (1,968kN) mobilised,
corresponds very well to the measured response. As q,, is deduced from N_.s,,, these results indicate
that N, =9 is applicable. Interestingly, at peak load, the measured value of base capacity was 1,450kN,
(corrected, for the soil displaced by the installation of the pile, to 1,300kN) at 8.6mm displacement
(0.01D,). This was also a trend observed at the Pentre tests.

The predictive capability of the API-FEA method for the axial load estimated in the pile in this
Tilbrook analysis is not as good as observed in that at Pentre (Figure 4-16). Here estimated values are
much less than those measured.

Figure 4-17 shows the comparison between the externally mobilised shaft friction and the measured
values, showing that the shaft resistance is overestimated in the shallow layers and underestimated in
the deeper layers. The resistance measured at the base of the pile (~420kPa) is almost 50% of that
estimated by the API-FEA method. This difference may be addressed by the addition of 7;,,; 10 Tyt
to obtain the total mobilised shaft friction to perform the comparison with the measured results.

In terms of capacity, the peak capacity at Tilbrook was measured as 16,130kN at a pile-head
displacement equal to 28.1mm (0.04D,), as shown in Figure 4-18. The peak load mobilised by the
API-FEA is 12,427kN (Q./Q., of 0.77). The ratio of Q./Q,, for the ultimate axial load after a pile-

head displacement of 0.1D,, is 0.80 (11,958kN/14,900kN).
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Case 2: In this case the effects of a variation of the interface stiffness is investigated for clays.
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Figure 4-19 Comparison of the base capacity mobilisation due to a varies interface stiffness using
the AP1 RP 2GEO (2011).

As there are no direct measurements of the internal load transfer, the effect of a variation of the
interface stiffness on the estimated base response is investigated. With this variation, Figure 4-19
shows that in all cases, the higher the interface stiffness (i.e. the lower the value of z,.,,/D;) the better
the match with the measured data. This is observed to increase the initial stiffness due to a more rapid
mobilisation of the t;,,; along the plug engaging the base resistance sooner. From these results, when

Zpear!D; =0.0001, the best match is found.

Case 3: In this case the displacement to peak of the t-z curves are varied. The peak resistance on
tested piles has been found to range from 0.0025D, to 0.02D,, displacement (DNV-0S-J101, 2016).
For design however, this is usually taken to occur at 0.01D, (AP1 RP 2GEO, 2011). The pile response
when displacements to peak mobilised load occur at 0.0025D,, 0.005D,, and 0.02D,, are used to
investigate the effects on the pile response at both sites.

By adopting this variation at both the Pentre and Tilbrook sites, by increasing the displacement, this

increases the mobilised peak and reduces the initial stiffness, as shown in Figure 4-20 (a and b),
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Figure 4-20 Comparison of the load-displacement responses for range of t-z curves with T4
from the API RP 2GEO (2011).

The results also show that the estimated responses do eventually converge to a common response

after as the differing rates of shaft resistance mobilisation eventually converge to their ultimate values.

Case 4: Here the response of the end bearing resistance to a change in its stiffness below the annulus
is investigated. Full mobilisation is set to occur at a pile base displacement of 0.1t as opposed to the

base case which uses 1.0¢t.
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(a) Pentre results. (b) Tilbrook results.

Figure 4-21  API-FEA estimation of pile base settlement vs measured load adopting different
displacements to achieve peak values.

78



As shown in Figure 4-21, as a result of choosing the stiffer initial response of the annulus, the
estimated base response is much stiffer and tends to now be more representative of the measured

values at both sites using the API-FEA method.

Case 5:
(@) In this case the value of N, was changed from 9 to that estimated from the “corrected” values

derived from the pile testing. This was found to be 15.8 for the Pentre site and 8.85 for the

Tilbrook pile.
1800 4000
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(a) Pentre results. (b) Tilbrook results.
Figure 4-22  API-FEA estimation of pile base settlement vs measured load adopting measured
values of Nc.

As shown in Figure 4-22a for the Pentre site, using the new value of N, the overall base response
is much more aligned to the corrected measurements after a pile head displacement of 0.1D,,. The
response is however observed to be softer. The same can be suggested for the results at the
Tilbrook site (Figure 4-22b) where the modified value of N, was used. The results here show
values that are quite comparable to those estimated, noting that the adopted value was
approximately 9. This may suggest that for OEPs, the value of N, to adopt for highly over-
consolidated clays is 9, this however, may be larger for NC clays.

(b) If API design parameters were applied along the shaft and a relationship factoring the measured
values of q. applied to the base, an alternative method of deriving the axial response is found.

Figure 4-23 shows the variation in the base response, compared to the base case, as a result of
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this process. Chow (1997) showed the variation of base resistance below the annulus and this
was estimated to range considerably from about 0.65q. from most of the tests, 4q. at Pentre and
>8q, at Noetsu. This is quite a wide range and to derive the ICP method, 0.65 was the factor on
q. adopted for undrained soils and 1.6 for drained soils. Both of these cases are considered in the
figures and their effectiveness in estimating the measured response is observed. In addition, the
base resistance of the plug is taken as 0.2q,. as per Doherty et al. (2014), due to the similarity of

the resistance at the base of the plug and that below a bored pile.
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(a) Pentre results. (b) Tilbrook results.

Figure 4-23  Modification of API-FEA estimation adopting factored values of g to derive the end
bearing settlement compared to measured load.

The results from Pentre show that these factors on g, are not sufficient to estimate the measured
response, however at Tilbrook, the factors seem adequate. This suggests that the soil types may need

an additional factor to cater for their different consolidation states.

Case 6: Here the stiffness of the end bearing on the plug is analysed to identify if improved results

are observed if its stiffness decreases. In this case, full mobilisation is set to occur at a pile base

displacement of 1.0D; as opposed to the base case which uses 0.1D;.
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Figure 4-24  API-FEA estimation of pile base settlement vs measured load adopting different
displacements to achieve peak values.

As shown in Figure 4-24 (a & b), as a result of selecting the softer initial response of the plug base,
the response of the pile base is the same, but the estimated total base response is much lower and

tends away from being representative of the measured values at both sites using the API-FEA method.

Case 7: In this case, the constrained modulus, M, is determined from two sources: the bulk modulus
of seawater, K, taken as 2,340,000kPa; and a factored value of undrained shear strength, ks,,. M = K
is adopted as an upper-bound value which may occur if solely, the pore water within the full clay plug
was mobilised under the action of an axial load. When M = ks, this is intended to test the range that
an easily available parameter for clay can be factored to best represent the plug behaviour.

Pentre Site Results:

The results of these analyses observed that for the case of M=ks,,, the smallest value of k that allows
convergence with the data is 2000. This suggests that with smaller values of M, there was a mis-

match of component stiffness.
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Figure 4-25 API-FEA estimated internal Figure 4-26  Load-displacement curve for

shaft friction along pile, with M = Gy, Kuater & API-FEA estimation against measured, with
kSu. M = Kwater & kSu

Using the FE program, an estimate of the mobilised internal shaft friction along the pile, t;,;, can be
extracted and this is shown in Figure 4-25. This shows analysis results only, as no measurements of
the soil plug were extractable. Here the internal plug is shown to mobilise from the base, as the
internal shaft friction mobilises and reacts against the plug’s base. The maximum resistance
achievable by the interface is limited to the integral of t;,;, along the plug surface, which reduces to
a residual value after sufficient shear displacement. The value of M that is most optimum seems to
occur when the plug stiffness is neither too small nor too large, and balances with the other input
parameters in the analysis. This figure shows that the best results, in terms of convergence, are
achieved when M=ks,,. The plug length is noted to be 13m in length from the pile base. The values
above this length in the figure can therefore be ignored.

Figure 4-26 also shows that the use of any of the relationships for M does not cause a very large
disparity in the estimated responses. However, there are slight variations of the peak values.

Tilbrook Site Results:

It was found here that agreement with the data occurs with a minimum value of k=500.
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Figure 4-27  API-FEA estimated internal shaft Figure 4-28 Load-displacement curve for API-
friction along pile, with M = G, Kwater & Ksu. FEA estimation against measured,
with M = Gw, Kwater & KSu.

The best representation of the expected response of z;,,, as shown in Figure 4-27 is again by using a
factored value of undrained strength (ks,,) to determine the confined modulus, M. There is some non-
convergence of the results when there is a mis-match of the stiffness, and in this case when the
stiffness is too high. In all three cases however, near to the base of the pile a realistic interpretation
of the behaviour is observed. Figure 4-28 gives similar results to those obtained at Pentre.

Selecting the case where M = ks,,, a comparison is performed between the sum of the derived .,
and 7;,,¢, and the measured values. Figure 4-29 and Figure 4-30 show this comparison for both Pentre
and Tilbrook tests, respectively, using the API-FEA. As shown in the figures, a better match is found
when these shaft stresses are summed. For the Pentre results, there was a lack of measured results in

the lower section of the pile which would have been used to validate these theories even further.
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Figure 4-29 Comparison of measured
against the summation of zex: and zinc from the
API-FEA for the Pentre pile test.

Figure 4-30 Comparison of measured
against the summation of zex: and in: from the
API-FEA for the Tilbrook pile test.

Case 8: This case focuses on a change of end bearing (EB) type, from a uniform pile, to one which
includes plates within the pile. This set-up was used at both the Pentre and Tilbrook tests.

The piles were instrumented via channels along their
internal walls, effectively reducing the internal cross-
sectional area. In addition, a protective plate was used
as a cover at the base of each channel (Figure 4-31). As

outlined in Randolph (1992), these plates reduced the

_ base plug area by 27% and the channels themselves
Bottom of Toe Section.

Figure 4-31
Channel covers are clearly visible, Cox et
al. (1992).

contributed to a 16% reduction of the internal pile area.
The channels would have also acted to increase the axial stiffness of the pile. The plates were
positioned 0.35m above the annulus and would have increased the effective base area of the annulus,
thereby attracting more load. With this arrangement, the force required to squeeze soil through the
reduced area has been computed and the method incorporated in the FE analysis. The methodology
effectively calculates this force and distributes it along an equivalent internal pile length. The details

of this method are outlined in Section 4.4 of the VIRTUPLUG manual (Appendix C).
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Pentre Site Results:
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Figure 4-32  API-FEA estimation of pile base Figure 4-33  Load-displacement curve
settlement vs measured load. for API-FEA estimation against

measured.

Within this analysis the plates are modelled to concentrate the base resistance below the plate level
and remove t;,,, above. The mobilised base capacity of the annulus is shown to remain constant (as
expected) in Figure 4-32, but that of the plug has decreased. The overall contribution of the base to
the total pile capacity is therefore lower as demonstrated in Figure 4-33 when compared against the
base case. The peak load is not greatly affected as in this pile configuration, this is more derived from
the mobilisation of the shaft and less so to that of the base. The ultimate capacity has however reduced.

Tilbrook Site Results:

The base response of the Tilbrook pile is similar to that estimated for the Pentre pile. Figure 4-34
shows this base response and some observable convergence issues brought about by the introduction
of the base plates and removal of 7;,; along a large proportion of the plug. This removal has again
caused a cut-off of the full plug length and therefore its contribution to the total base capacity but has,
as expected, maintained the original response of the annulus.

From Figure 4-35, the overall pile capacity that was estimated is therefore also lower than that of the
base case. The peak load is again not severely affected however, quite similarly, the ultimate capacity

reduces due to the capped contribution of the plug.
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Figure 4-34  API-FEA estimation of pile base Figure 4-35 Load-displacement curve
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Case 9: This case investigated the effects of including the self-weights of the pile and plug at both
the Pentre and Tilbrook piles. When the results of the analysis were compared to those when neither
pile nor plug weights were included, the differences were observed to be quite small at each site. The
inclusion of the self-weights of either component appears therefore to only have a limited effect on

the pile response.

Case 10: In this case, measured residual values are used to compute the reduction in peak values in
the t-z curves. This is assumed to occur at a displacement equal to twice the displacement to peak.
The measured residuals were determined from direct and ring shear tests on undisturbed and
remoulded samples extracting the ratios of residual to peak values which varied along the length of
the piles. From the site data for both the Pentre and Tilbrook, the interpretation of the residual
strengths are shown in Table 4-6 and Table 4-7, respectively.

With the inclusion of the measured residual strengths, Figure 4-36a shows that there is no significant
change in the overall predicted load-displacement response at the Pentre site. In Figure 4-36b however

where the ratios of tan &y, /tan §,.4 are smaller, the residual values have caused greater reduction

in the estimated strengths post-peak. When compared to the measured site data, the estimations from
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both the Pentre and Tilbrook analyses do not show marked improvements in the predicted responses,
however, as the factor applied to the peak is meant to simulate the softening observed in clays as
shear is applied, the factor will be maintained and recommended to be derived from testing.

Table 4-6 Residual 6, for Pentre.

Depth .
(rrF:) 8peako tangent Oresidual” | tan (Sresiqua)®|  Ratio
0.00 0.00 0.000 0.00 0.00 1.00
15.00 0.00 0.000 0.00 0.00 1.00
15.10 14.00 0.249 10.00 0.18 0.71
40.00 14.00 0.249 10.00 0.18 0.71
45.00 18.00 0.325 16.00 0.29 0.88
55.20 18.00 0.325 16.00 0.29 0.88
Table 4-7 Residual 9, for Tilbrook.
Depth o o o .
(I’E) 6peak tangent Oresidual”’ | tan (Sresidua) Ratio
0.00 22.00 0.404 17.00 0.31 0.76
16.99 22.00 0.404 17.00 0.31 0.76
17.00 20.50 0.374 11.50 0.20 0.54
37.00 20.50 0.374 11.50 0.20 0.54
Load (kN) Load (kN)
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Figure 4-36  API-FEA estimation of pile-head settlement vs measured load adopting measured
values of strength reductions.

From the previous analyses, the most optimum conclusions are discussed and recommended in

Section 4.4. The next part of this study on clays investigates the ICP-FEA, considering similar cases
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as those of the API-FEA, but includes some additional analyses due to the different input parameters
required in the ICP design method.

4.3.22. ICP-FEA Analysis (Cases 11 to 22)

Using input parameters derived from the ICP method, from both the Pentre and Tilbrook sites, the
results of the ICP-FEA method can be compared to the measured results to determine if any insight
can be gained on the behaviour of OEPs in clay. Case 11 is the base case for the ICP-FEA method.

The analysis cases are outlined in Table 4-8. Once again, the solid lines represent measured values

and the dotted lines are those estimated by the finite element method.
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Table 4-8

Details of Analyses.

cace | DESION Co:;gi;l;tlive Ty = T | Teo— |Constitutive| | Comstitutive | || EB |
Method & T Tt & Toxt | Zyeak!Di | Zpead D | Model Ggite | P | Model Gpyg | P Type
11 ICP API t-z curves Text,ult=Tint,ult 0.0001 0.01 AT O(\D/\_li'to 0.4q, AP;tQO_.Zl’D?maX 0.4q. | Gy | OEP No
ICP | APItzcurves | tou=tmax | 0.0001 | 0.01 A':' O?/\;ZTtO 0.650 AP;t%'_Zl’D?m“ 0.65q.| Gww | OEP | No
12 ICP | APItzcurves | tou—tmax | 0.0001 | 0.01 A'z' O(\g,\-/tho % AP;tQO'_Zl’D?m“ 0.0gc | Go | OEP | No
ICP | APItzcurves | tou—tmax | 0.0001 | 0.01 A'z' O?A-/tho 1.6q, AP;tQO'_Zl’D?W 0.00. | Gw | OEP | No
ICP | APItzcurves | tooutmax | 0100 | 0.01 AT O%to 0.4q, AP;tQO'_Zl’D?W 0.4, | Gw | OEP | No
13 ICP | APItzcurves | Toqu=tmax | 0.010 | 0.01 A'il'o(\?/\',ZTto 04q, | ¥ 'at%izl'D?ma* 0.4q, | Gw | OEP | No
ICP | APItzcurves | Toqu=tmux | 0.001 | 0.01 A'i_'o(\?/\',ZTto 0.4, AP;t%izl'D?m“ 0.4q, | Gw | OEP |  No
ICP APl t-z curves | Tequr=Tintar | 0.0001 | 0.0025 A'i_'o?/\',ZTto 0.4q, AP ;th_.leo?max 0.4q, | Gy | CEP No
14 ICP APl t-Z CUIVES | Texu=Tintar | 0.0001 | 0.0050 A'i' 03\-/th0 0.49, AP;tQ()-.leD?max 0.4q. | G, | OEP No
ICP | APItzcurves | Toqu—tmur | 0.0001 | 0.0200 AZ_'O?A',ZTtO 0.4q; AP;t%izl’D?m“ 04q; | Gy | OEP | No
. ICP | DNV tzcurves | toqu—tioax | 0.0001 '?f':(\)/.;; A'z' o(\?/\}ZTtO 0.40, AP;t%'_Zl’D?m“ 0.4; | Go | OEP |  No
ICP | DNV tzcurves | toqu—timur | 0.0001 ?::(\)/,5%2 A';' O?A'/ZTtO 0.4q, AP;tQO'_Zl’D?W 049, | Gw | OEP | No
ICP | APItzcurves | tou=tmax | 0.0001 | 0.01 A';' 1(\)/\-/th0 0.40 AP;tQO'_Zl’DQiW 049, | Gw | OEP | No
1P | APltzouves | toew=tmar | 00001 | 001 | APTQZI g g, | APTQZ Quac g eee 6 | oEp | No
16 ' 0.1WT at 0.1D;
ICP | APItzcurves | Toqu=tmax | 0.0001 | 0.01 A';' 1(3\',th° w | 'at%izl'D?m‘”’* 0.0g; | G | OEP | No
ICP | APItzcurves | Toqur=tmx | 0.0001 | 0.01 A'(D)' 1(\3/\-/th0 160 AP;t%izl’D?m“ 0.00; | G | OEP | No
17 ICP | APItzcurves | tou—tmax | 0.0001 | 0.01 APl.IO?/\_/%I'tO w | Iath_.leo?max 0.4¢; | Gw | OEP |  No
. ICP | APItzcurves | tequ=tmue | 0.0001 | 0.01 Ai_losx_/thO 0.4, AP;th-.leD?max 0.4 |Kuaer| OEP | No
ICP APl t-z curves | Tequr=tinur | 0.0001 | 0.01 AZ.' o(\:)/\;tho 0.4q, AP;t%'.Zl’D?m“ 0.4q. | kS, | OEP No
19 ICP | APItzcurves | tou=tmax | 0.0001 | 0.01 A'z' O(\g,\-/tho 0.44, AP;tQO'_Zl’D?m” 0.4 | Guy ;;Tar::; No
20 ICP | APItzcurves (Te;u'hzj:;’u") 0.0001 | 0.01 AT 03\-/th0 0.4q AP;tQO'.Zl’D?W 04q. | Gy | OEP | No
21 ICP API t-z curves R :::iiii:’fu:{* 0.0001 | 0.01 A';' O%to 0.4q, AP;tQO'.Zl’D?W 0.4q. | G, | OEP No
IcP | APltzcuves | toeu=tmur | 00001 | 001 | APVQZIO | g 0 I APIQZ Qe 00t g L oEp | ves
2 ' 1LOWT at 0.1D;
ICP | APItzcurves | Toqur—tmax | 0.0001 | 0.01 A'zl'o(\?/\',ZTto 04q, | ;t%izl'D?m‘”’* 0.4q; | Gw | OEP Y‘\*,Sv;gi'tug

Case 11: This case sets out the base case to be used for the comparisons.

Using the direct ICP method the Pentre site predicts a plugged pile and the Tilbrook site predicts an

unplugged pile. The condition however of a fully plugged undrained pile is adopted here. Figure 4-37
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to Figure 4-44 compares the results of these analyses.

Pentre Site Results:
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Figure 4-37 ICP-FEA estimation of pile base  Figure 4-38  Axial load distribution in pile, ICP-
settlement vs measured load. FEA estimation vs measured.
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FEA estimation vs measured. FEA estimation against measured.

The ICP-FEA estimates that the end bearing mobilises much less than the measured data after a pile-
head displacement of 0.1D,,, which corresponds to a Q./Q,,, value of 0.37 (Figure 4-37). The assumed
ultimate limit of the pile was suggested by Gibbs et al. (1992) as occurring after 20mm of pile base
settlement, or 2.6%D,,. The ICP prediction of a fully plugged pile adopts a uniform pressure over the
full base area of the OEP and the capacity of this component is quite low (see Table 4-2). The figure

plots the resistance mobilised relative to the advancement of the pile base and it is observed that the
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contribution of the plug to the overall end bearing capacity is quite significant relative to that of the
pile.

The distribution of the axial load in the pile at different axial pile-head displacements is well predicted
as shown in Figure 4-38, however the under-estimation of the base capacity is also observed. The
measured values reach the peak axial capacity after 36mm, followed by a reduced capacity. The ICP-
FEA procedure captures this process with peak capacity estimated at 44.53mm displacement. Figure
4-39 also captures the efficient estimation of load transfer along the shaft, however the measured
results are not available for the lower part of the pile. In terms of the overall mobilised load, Figure
4-40, the peak from the ICP-FEA was estimated at 6,962kN, a Q./Q,, = 1.15, and reducing to a
residual of 6,688kN, a Q./Q,, = 1.22. A good agreement of the initial stiffness is also observed.

Tilbrook Site Results:

This interpreted behaviour shown in Figure 4-41, shows that the estimated base capacity is quite
similar to those predicted using the API’s Q-z approach and the measured response. In this analysis,
the plugged assumption interprets a large proportion of the load supported at the base of the plug. In
terms of stiffness, the initial response shows quite a good match, but some variation occurs later.

The axial load estimated at this site is not as good as that observed at Pentre, as in this case, the ICP-
FEA method underestimates the shaft capacity. As shown in Figure 4-42, the axial load measured is
about double that estimated with Q./Q,,, for the axial load at pile-head, of 0.60. Figure 4-43
demonstrates the underestimated mobilisation of z,,; as incremental displacements are applied at the
pile head. In terms of the overall response, Figure 4-44 shows the peak load estimated here is

10,392kN giving a Q./Q,,, value of 0.64 and residual of 9,906kN, Q./Q,, of 0.66.
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Figure 4-41  ICP-FEA estimation of pile base Figure 4-42  Axial load distribution in pile,

settlement vs measured load.

ICP-FEA estimation vs measured.
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Figure 4-43  Shaft friction along pile, ICP-FEA Figure 4-44  Load-displacement curve for ICP-
FEA estimation against measured.

estimation vs measured.

Case 12: This case compares the variation of the end bearing assumption.

These analyses can be considered direct, as the end bearing parameters are varied depending on the
assumptions of the ICP method to compare the base response. Alternatively, a plugged or unplugged
interpretation would be determined using the results of the FE procedure. The analyses investigated
here estimate the effects of a plugged or unplugged ICP interpretation, as well as the consideration of

a drained or undrained condition of the supporting soil.
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Pentre Site Results:
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Figure 4-45 ICP-FEA estimation of pile base
settlement vs measured load comparing variations in
assumed base behaviour.
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Figure 4-46  Comparison of the load-displacement
responses comparing variations in assumed base
behaviour.

When the and drained

plugged
parameters, from the ICP method are
used in the FEA, the highest base and
total capacities are estimated (Figure
4-45 and Figure 4-46). At the Pentre site,
the measured capacities are still
approximately 25% higher, suggesting
that at this site, the correlation can be
improved. As expected, the lowest
capacity is observed when the undrained
and unplugged parameters are adopted.

The variation in capacity from a change
in end bearing conditions mainly affects
the ultimate response. Here, as the entire
pile shaft is fully mobilised, any further
capacity to be gained, is in the end

bearing by the mobilisation of the base

(Figure 4-46).
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Tilbrook Site Results:
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Figure 4-47  ICP-FEA estimation of pile base
settlement vs measured load comparing variations in
assumed base behaviour.
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Figure 4-48 Comparison of the load-displacement
responses comparing variations in assumed base
behaviour.

Similar to the Pentre results, the plugged
drained condition gives the highest
estimated base and total capacities
(Figure 4-47 and Figure 4-48).
However, at this site, this combination
significantly overestimates the base
capacity to be greater than that
measured, with Q./Q,, of 1.4 at 0.1D,,
of pile base displacement. In this case
the true response lies between the
plugged, drained and undrained
conditions.

It is demonstrated in Figure 4-48, that
the initial slope of the load-
displacement response is identical when
the variations in end-bearing resistances
are compared, but post-peak the
differences between them are clearly

observed.

94



Case 13: In this case the interface stiffness was varied. This analysis is similar to that performed in
Case 2 and the results were the same as initially found: in that, the increased interface stiffness causes

an increased base reaction which increases the initial slope of the total base capacity response.

Case 14: The t-z curves used in this ICP analysis are taken from API-RP 2GEO (2011). The
applicability of these curves is investigated here, similar to the analysis performed in Case 3.

Pentre Site Results:
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Figure 4-49  Comparison of the load-displacement
responses for range of t-z curves with t,,,, from the ICP.

As can be seen in these results from the Pentre site in Figure 4-49, there is generally very little
difference in the load-displacement response using the variation in t-z stiffnesses. The peak is
computed to occur at generally the same pile-head displacement when the displacement to peak ratio
is varied. When the softest t-z curve is used at a displacement to peak of 0.02D,, there is a marginal
increase in the peak capacity. As there is no variation to the end bearing conditions, the post-peak

values converge to a consistent result.
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Tilbrook Site Results:

This analysis uses the unplugged-undrained case.
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Figure 4-50 Comparison of the load-displacement
responses for range of t-z curves with t,,,, from the ICP.

As can be seen in Figure 4-50, at Tilbrook, there is a clearer trend in the load-displacement responses
estimated using varied displacement to peak values. The initial slopes are quite different here when
compared to the Pentre results, suggesting that the higher OCR, higher strength soil is more sensitive
to t-z curve stiffness than the NC, lower strength clay, gaining strength much more rapidly.

This pile length here is 30m and the pile at Pentre is effectively 40m (55m with 15m encased). With
a shorter pile, and almost three times the capacity, the stiffer transfer of shaft friction results in a
higher initial load-displacement stiffness, and the displacement to peak and ultimate capacity is
reduced. At a pile-head displacement of 0.1D,,, if the t-z soil reaction curves for the Tilbrook pile is
modelled with a very stiff interface, the ultimate capacity is achieved much sooner by more layers,
and in the case the stiffest t-z curve (0.25%D,)), no peak total capacity is observed. In the case of the
softest t-z curve (2.0%D,), more of the layers would therefore be at varying levels of progressive
failure, the combined effect of which is peak capacity observed at a larger displacement.

The results also suggest that with the weaker soils at Pentre, the mobilisation of stiffness along the

96



shaft is not very sensitive to the t-z curve stiffness. As the soil strength increases however, differing
levels of strength mobilisation occurs along the pile as the t-z curve stiffness is varied.
As can be seen also, the pile here is considered unplugged and in each of the cases, the converged

response is again the same.

Case 15: The t-z curves used in this analysis have been taken from DNV-0S-J101 (2016). As outlined
in the literature review (Section 2.8.2), a hyperbolic t-z relationship was developed based on earlier
work using an analytical model, and DNV has adopted this approach into their design guidance for
offshore installations. In this analysis, a comparison is performed using these curves to determine the
effect on the mobilisation of total capacity and shaft friction. These are applied as the external stress-
strain relationship along the pile, selecting the limits on the ranges of the curve fitting factor, 0.5 <7y
< 0.98, in the hyperbolic expression. Internally, ;,; is modelled by the stiff interface as used in the
base case.

Pentre Site Results:
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Figure 4-51  Shaft friction along pile, ICP-FEA Figure 4-52  Comparison of the load-
estimation vs measured for range of t-z curves displacement responses for range of t-z curves
derived by the DNV-0S-J101 guidelines. derived by the DNV-0OS-J101 guidelines.

97



Tilbrook Site Results:

This analysis uses the unplugged-undrained case.
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Figure 4-53  Shaft friction along pile, ICP- Figure 4-54  Comparison of the load-
FEA estimation vs measured for range of t-z displacement responses for range of t-z curves
curves derived by the DNV-0S-J101 guidelines. derived by the DNV-0S-J101 guidelines.

In general, the DNV curves have a higher stiffness than those of the API, and this influences the
overall mobilised response of each component. The pile at Tilbrook is shorter than that at Pentre, and
this too affects the response of the components, as a shorter pile can result in a faster mobilisation of
the ultimate resistances along the pile length. These effects can be observed in Figure 4-51 and Figure
4-53, at Pentre and Tilbrook respectively, with reference to 7,.,;. The variation in resistance is
observed to be much greater at Pentre than Tilbrook, with the analysis results at Pentre demonstrating
varying levels of z,,, mobilised, as incremental loads are applied. This is compared against a much
faster achievement of the ultimate values along the pile at Tilbrook. The differences between the 7¢
values selected show that with higher factors used, the stiffness also increases.

At both sites, the adoption of the DNV curves produced stiffer initial responses of the total mobilised
load at both Pentre (Figure 4-52) and Tilbrook (Figure 4-54) sites, when compared to the estimate
using the API t-z curves. In general, these responses also matched the measured initial stiffness and

the ultimate capacities. The effects of the value of ¢ at both sites was also found to be negligible.
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Case 16: This case looks at the full mobilisation of g,, ,, at 0.1¢ instead of 1.0t for the different options

of base response when using the ICP design method. As the response from the other cases were very

similar or very small, only the results for the plugged-undrained cases are shown (Figure 4-55).
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Figure 4-55 ICP-FEA comparison of the measured Q-z response to the estmates choosing varying
Q-z (pile) stiffnesses.

The results from the Pentre tests show that as the stiffness of the annular resistance increased, the

overall base capacity is mobilised sooner. The results from Tilbrook show similar trends, although

the effects are less visible as the response is already quite stiff and therefore only a slight increase is

possible with the with the change in stiffness of the constitutive model employed. The high initial

stiffness of the base is due to the configuration of the pile and higher shaft capacity mobilised at

Tilbrook. Both sets of results show an improved match with the measured values.

Case 17: This case examines the options of equating g, to q. and q;,,; t0 0.4q., a softer, more

realistic plug base resistance.
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Figure 4-56  Comparison of the measured Q-z response to the ICP-
FEA choosing 0o p=0c and go,=0.4qc. Pentre results.
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Figure 4-57 Comparison of the measured Q-z response to the ICP-
FEA choosing gpp=qc and gvp1=0.4qc. Tilbrook results.

In the analysis results at Pentre, the adopted ultimate resistances of the base have improved estimates
compared to those obtained using the base case plugged-undrained parameters. As observed in Figure
4-56, the mobilised capacity of the base has increased the residual Q./Q,, from 0.66 to 0.69. Figure
4-57 shows the equivalent comparison and results sing the Tilbrook site test data. When compared to
the response observed by Pentre though, the results at Tilbrook are much better, suggesting a base

capacity phenomenon that is unaccounted for at Pentre but captured with the base resistance

100



assumptions considered here. An example of an unaccounted-for phenomenon, may be due to effects

that cone tip resistance (q.) could not obtain, such as the consolidation of the clay under sustained

loading. It was found that the clays at Pentre are anisotropic and have a higher horizontal permeability.

Chow (1997) also found that for Pentre, gy, ,, needed to be closer to 4g, to obtain a better match and as

outlined earlier, Gibbs et al. (1993) observed that N, values nearer to 16 was required to be closer to

the measured result. Additionally, at the Noetsu Bridge (Masumoto et al., 1992) found that g, , was

closer to 10q., which was also included in Chow (1997).

Case 18: In this case different values of the constrained modulus, M, are investigated using the ICP-

FEA. This is similar to Case 7 investigated earlier using the API-FEA method, where M adopts the

bulk modulus of seawater, K, of 2,340,000kPa and a factored value of undrained shear strength, ks,,.

Pentre Site Results:
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Figure 4-58 API-FEA estimated internal shaft
friction along pile, estimation vs measured, with
M = Kyater & kSu-

The estimated values of t;,; give marginal
differences when M is varied. Figure 4-58 shows
that, in general, there is a zone of confinement at
the base of the pile in which 7, is high. This
friction is generally higher in an ICP analysis,
than the API, due to the Coulomb interface
friction response governing 7. This assumption
produces a much higher resistance near the base.
There are also irregularities observed in the
estimation of 7;,;, similar to that found in the
API-FEA, caused by a mis-match of the
component stiffnesses, specifically here, to large

values of M relative to the other components.
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Tilbrook Site Results:
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Figure 4-59  API-FEA estimated internal shaft
friction along pile, estimation vs measured, with
M = Kuater & ksu-

The plugged-undrained case is analysed here.
When estimating the response of 7;,; there is a
significant decrease in the observed convergence
irregularities along the pile length when M =
Kyarer OF ks, are chosen (Figure 4-59). This was
also observed when the Tilbrook analysis was
performed using the API-FEA. The overall load-
displacement response is not greatly affected and
in general, the stiffer the soil plug, the more

efficient is the load transfer to the base.

The effect is now observed of comparing the measured values and the sum of 7, and ;.
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Figure 4-60 Comparison of measured T against
the summation of zex and ine from the ICP-FEA
for the Pentre pile test.
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Figure 4-61 Comparison of measured T
against the summation of zex and zin from the
ICP-FEA for the Tilbrook pile test.
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As can be seen from Figure 4-60 and Figure 4-61, a better match with the measured values is found

when these shaft stresses are summed. In addition, the results are given for the case where M = ks,

is used and gives the best match.

Case 19: This case focuses on a change of EB type, similar to Case 8, now using the ICP-FEA.
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This case has found that with the inclusion of the plates to the annular area and the removal of the
Tine Trom above the level of these plates, the mobilised capacity is again capped at a reduced level.
The measured results however show, for both Pentre (Figure 4-62) and Tilbrook (Figure 4-63), that
despite the presence of the plates, the pile still mobilises further t;,,; thereby increasing the base

capacity. The values of 7;,; must therefore be considered ignoring the presence of the plates.

Case 20: Here the v is removed from the ICP methodology to compute 7, thereby increasing its
value by a factor of 1.25. This loading factor was introduced by Lehane (1992) when it was found
that the capacity of axially loaded piles in clay reduced after obtaining peak capacity with further
loading applied. This reduction ranged from 1.0 to 0.8 and effectively eliminates the peak value
observed in most pile tests in clay. As outlined in Chapter 1, along the pile length, the peak is not
reached simultaneously in each layer. To test the effect of this factor alongside peak &; values and
softened t-z curves, this factor is removed, and the results compared.
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Figure 4-64  Shaft friction along pile, ICP-FEA Figure 4-65 Load-displacement curve for
estimation vs measured. ICP-FEA estimation against measured.

In the analysis at Pentre, the plugged-undrained condition is used as the base case. As expected, with

the removal of the K /K factor, this increases the mobilised shaft resistance (Figure 4-64) and at this
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site to values that are much larger than those measured. This affects the peak values that can be
obtained per layer, thereby increasing the total capacity of the pile. This is demonstrated in the load-
displacement response (Figure 4-65) which now shows a capacity of 7,977kN (Q./Q,,) of 1.45).

Tilbrook Site Results:

Here both the plugged and unplugged, undrained results are considered.

External Shaft Friction (kPa) Load (kN)
0 100 200 300 400 500 0 5000 10000 15000 20000
0 0
\\ ——28.1mm, measured 1 T
; —— 59.5mm, measured 10
5 5 = == 28.1mm, Unplugged Undrained Qpeat=16.1MN
) ! — —59.5mm, Unplugged Undrained 20 s
- NN | 28.1mm, Plugged Undrained -~ < Vi 7 4
é 444444444 59.5mm, Plugged Undrained g 30 ™ [ I‘. 7
o SAUREE S p 28.1mm, Kf/Kc removed E« 0.04D=28.1mm ||} E
'ﬁ: ----- 59.5mm, Kf/Kc¢ removed = 40 | ': 4
=19 qé Measured
= .15 o 50 .
=] g — — Unplugged undrained |
E E- 60 | |- Plugged undrained
=2 20 a | |----- Kf/Kc removed
2 70 =
a | ! 4
< [
Y T
80 i
_25 0.1D=76.2mm [ Qg1p=14.9MN
T ¢ !
90 B
|4
-30 100 P
Figure 4-66  Shaft friction along pile, ICP-FEA Figure 4-67 Load-displacement curve for ICP-
estimation vs measured. FEA estimation against measured.

In general, this analysis shows an improvement in the estimated capacity from the removal of the
K¢ /K, factor. This is observed in both the estimated shaft friction (Figure 4-66) and in the estimation
of the load-displacement response (Figure 4-67). As observed, the peak and ultimate capacities
remain under-predicted suggesting that changing the K /K. factor is not the only requirement to

improve the accuracy of predictions at this site.

Case 21: In this case the equivalent radius (R*) that is used to convert the ICP design method for a
CEP design method to that of an OEP design method is removed. This factor was introduced into the
pile design method, originally outlined by Lehane (1992) for CEPs, by Chow (1997) in her thesis

justifying its use in OEPs by strains obtained using the cavity expansion theory. These analyses
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showed that similar displacements were obtained in soil when CEPs and OEPs of the same volume
were embedded. For this analysis, R* is replaced with R.

Pentre Site Results:
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Figure 4-68  Shaft friction along pile, ICP-FEA Figure 4-69 Load-displacement curve for
estimation vs measured. ICP-FEA estimation against measured.

As shown in Figure 4-68 and Figure 4-69, the load estimated in the pile and the shaft friction has
increased by the removal of the R* factor. This in turn has caused the overall estimated capacity of
the pile to increase.

Tilbrook Site Results:

The ICP-FEA analysis is performed using the unplugged-undrained condition as predicted from the
ICP’s criterion for plugging.

In Figure 4-70, where the mobilised values of z.,, are equal, this is when the limiting factor of h/R
(h/R*) = 8 has been reached in both assumptions. This factor was introduced by Lehane (1992) into
the ICP method to account for the reduction in ¢’ as h/R increased (nearer to the top of the pile)
but maintained a constant value of 8 near the pile base.

The use of the R-factor increases the value of K, which increases shaft resistance 7. This was found
to be beneficial in the Tilbrook analysis, increasing Q./Q,, from 0.66 to 0.70, but at Pentre this

change increased Q./Q,,, from 1.22 to 1.46.
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Figure 4-70  Shaft friction along pile, ICP- Figure 4-71  Load-displacement curve for ICP-
FEA estimation vs measured. FEA estimation against measured.
Case 22: In this case the additional weight from the pile only and the pile and plug are considered.

The results are not shown diagrammatically; however, it was found that the difference is quite small.

4.3.23. Summary of Results

The results of the cases outlined above are summarised in Table 4-9, extracting the peak and residual
capacities, their Q./Q,, ratios and the displacement to peak estimated (mm and %D,). Measured
values are also included in the table for consideration.

From Table 4-9, in general it can be observed that in light of the various changes and alterations made
to the API-FEA, the method continues to overestimate both the peak and residual values at the Pentre

site and underestimates the peak and residual at the Tilbrook site.
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Table 4-9

Summary of results.

Pentre Tilbrook
% Peak Load| Peak E;;:ilg Residual | Displacement [Peak Load| Peak gz;?cl:?; Residual | Displacement
(kN) Q.J/Qnm (kN) Q./Q., | to peak (%D,) (kN) QJ/Qnm (kN) QJ/Q, | to peak (%D,)
S
5]
§ 6031 - 5480 - 4.7 16130 - 14900 - 3.7
=
API-FEA
1 7358.4 1.22 6881.5 1.26 5.8 12426.8 0.77 11958.46 0.80 2.9
7325.3 121 6870.5 1.25 5.8 12281.1 0.76 11904.25 0.80 29
2 7350.4 1.22 6878.2 1.26 5.8 12376.5 0.77 11946.62 0.80 29
7357.3 1.22 6881.0 1.26 5.8 12421.5 0.77 11958.08 0.80 29
6961.0 1.15 6881.5 1.26 5.0 11421.6 0.71 11958.46 0.80 2.1
3 7034.8 1.17 6881.5 1.26 5.1 11240.5 0.70 11958.46 0.80 2.1
7637.4 1.27 6881.5 1.26 6.8 12955.4 0.80 11958.46 0.80 3.7
4 7364.5 1.22 6881.5 1.26 5.8 12518.7 0.78 11958.46 0.80 2.9
7438.8 1.23 7213.03 1.32 5.8 12417.1 0.77 11929.38 0.80 29
5 7294.4 121 6652.34 1.21 5.8 12183 0.76 11227.22 0.75 2.9
7333.1 1.22 6736.27 1.23 5.8 12454.6 0.77 11828.72 0.79 2.9
6 7364.5 1.22 6636.36 1.21 5.8 12518.7 0.78 11136.31 0.75 2.9
7414.6 1.23 6884.67 1.26 5.8 12393.9 0.77 11958.21 0.80 2.9
! 7262.5 1.20 6871.57 1.25 5.8 12203.4 0.76 11835.34 0.79 2.9
8 72225 1.20 6599.49 1.20 5.8 12140.2 0.75 10943.60 0.73 2.9
7368.2 1.22 6881.54 1.26 5.9 12432.2 0.77 11958.50 0.80 29
? 7379.6 1.22 6881.59 1.26 5.9 12437 0.77 11958.55 0.80 2.9
10| 71117 1.18 6762.07 1.23 5.8 12123.3 0.75 9863.39 0.66 2.9
ICP-FEA
11| 6962.1 1.15 6687.85 1.22 5.8 10391.6 0.64 9905.59 0.66 2.9
7012.3 1.16 6687.85 1.22 5.8 10939.7 0.68 10836.26 0.73 2.9
12 | 6897.8 1.14 6165.33 1.13 5.8 10003.7 0.62 8986.64 0.60 2.9
6919.6 1.15 6218.86 1.13 5.8 10566.2 0.66 9368.69 0.63 29
6917.2 1.15 6451.34 1.18 5.8 10416.7 0.65 9875.21 0.66 29
13| 6952.4 1.15 6455.56 1.18 5.8 10398 0.64 9897.40 0.66 29
6961.2 1.15 6457.11 1.18 5.8 10391.4 0.64 9905.14 0.66 2.9
6962.1 1.15 6457.53 1.18 5.8 9034.62 0.56 8986.64 0.60 29
14| 6962.1 1.15 6457.53 1.18 5.8 9724.09 0.60 8986.64 0.60 2.1
7074.2 1.17 6457.53 1.18 5.8 10595.5 0.66 8986.64 0.60 3.7
6751.1 112 6457.51 1.18 5.1 9589.65 0.59 8986.64 0.60 21
15 6753.5 1.12 6457.51 1.18 5.1 9377.08 0.58 8986.64 0.60 2.1
6966.6 1.16 6457.53 1.18 5.8 10388.7 0.64 8152.30 0.55 2.9
7019.2 1.16 6687.86 1.22 5.8 10939.7 0.68 10836.26 0.73 29
1 6910.4 1.15 6165.33 1.13 5.8 10003.7 0.62 8986.64 0.60 2.9
6938.6 1.15 6218.86 1.13 5.8 10566.2 0.66 9368.69 0.63 2.9
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Table 4-9 (con’d) Summary of results.

Pentre Tilbrook
% Peak Load| Peak gs;;iﬁ: Residual | Displacement |Peak Load| Peak Eszﬁf; Residual | Displacement
(kN) Q./Qnm (kN) Q/Q | to peak (%D,) (kN) Q./Qm (kN) Q./Qnm | to peak (%6D,)
17 | 6979.3 1.16 6510.04 1.19 5.8 10821.1 0.67 10248.05 0.69 29
7024.0 1.16 6459.63 1.18 5.8 10442.9 0.65 9905.37 0.66 29
o 6846.0 1.14 6451.07 1.18 5.8 10426.3 0.65 9971.09 0.67 29
19 | 6836.1 1.13 6248.41 1.14 5.8 10305.3 0.64 9075.37 0.61 29
20 | 84245 1.40 7948.78 1.45 6.8 12426.8 0.77 11074.10 0.74 29
21| 84795 141 7977.35 1.46 6.8 11894.2 0.74 10462.10 0.70 29
6976.4 1.16 6457.56 1.18 5.9 10375.5 0.64 9905.68 0.66 29
# 6994.3 1.16 6457.62 1.18 5.9 10360.0 0.64 9905.77 0.66 29
4.4, Recommendations from results

From an investigation of the results of the analyses performed for the Pentre and Tilbrook case
studies, recommendations can be made to improve the accuracy of the prediction of the response of
OEPs in clays. These recommendations focus on the improved modelling of the resistive components.
If the shaft and end bearing parameters, from the APl and ICP, are input into a finite element method,
the API-FEA and ICP-FEA are derived, both variants of the basic method. The recommendations
outlined herein will be used to form a modified (mod-) version of these finite element variants with
the intention of improving the estimates of pile head response. These -mod versions will be introduced

and expanded on in Chapter 6.

44.1. External Shaft Resistance Mobilisation, zext

44.1.1. Parameters

The API pile design method is a total stress method that relates the shaft friction of a pile, ¢, to s,,,
using factors derived from ¢’,,4. The ICP design method is determined by an effective stress method,
based on a Coulomb failure approach, requiring factors including K, ¢’,,9, 6 and YSR. As shown in
Table 4-3, from the database selected for this study, the API performs better overall. The Q./Q,,
values for the total pile capacity considering the entire dataset are 1.02 and 0.60 for the APl and ICP

methods respectively (Table 4-3). The API therefore requires less soil parameters and performs better.
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The Author recommends that for entirely clay stratigraphies, the AP1 method of deriving 7 is used

and this recommendation will be taken forward for further analysis.

See Section 4.3.2.1, Case 1 and Section 4.3.2.2, Case 11.

44.1.2. Peak vs Ultimate o5

The interface friction angle, &, accounts for the interface roughness between the pile and soil. When

the API-FEA method is used, the values of z,,; computed are peak values, which are reduced to their

ultimate values via the t-z soil reaction curves. This procedure will be maintained for further analysis

when using API derived parameters. Similarly, when using ICP parameters, the Author recommends

using only 8,4, Values to compute z.,.. For an improved estimate of the reduction to the ultimate

values in the t-z soil reaction curves, interface ring shear tests should be performed.

See Section 4.3.2.1, Case 1 and Section 4.3.2.2, Case 10 & Case 15.

44.13. Displacement to Peak

The displacement required to achieve the peak shaft loading is usually set at 0.01D,. Figure 4-72
plots the displacements required to mobilise the peak values of 7.,;, as a decimal of D,, against the

depth under consideration, h, normalised by D,. These values are extracted from both Pentre and

Tilbrook. The figure shows that when z,,,, =0.01D,,, this is a lower-bound but as shown in Case 3,

Case 14 and Case 15, this value of z,.,, improves the prediction of the load-displacement response

and is therefore recommended to be maintained in further analyses.

Another consideration can be the use of the rigidity index, I.. This is deduced from the site
measurements of G,,,, and s,, and compared to the t-z curves measured at both Pentre and Tilbrook.
According to Teh (1987), as the L. increases, the failure zone increases (at the base of a footing). If

one were to assume that

Zpeak S_u
D, Gyy (63)
Zpeak (64)
L.=k
D, r

The k term is plotted against h/D,, for the OEPs at Pentre and Tilbrook as shown in Figure 4-73. From
the data a constant value cannot be observed from these sites, but rather k ranges between 50 to 550.
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Figure 4-72  Displacement to peak ratio along Figure 4-73  Product of displacement to peak
pile length. ratio and rigidity index along pile length.

When different ratios of z,.,/D, Were investigated in the test cases, the load-displacement responses
were found to converge to the same ultimate load-displacement result. The curves with a softer
stiffness were found to achieve a slight increase in the peak response after some further displacement.
See Section 4.3.2.1, Case 3 and Section 4.3.2.2, Case 14 & Case 15.

4.414. t-zreaction curves — APl vs DNV

For the case study investigated, the DNV t-z soil reaction curves were found to predict an improved
stiffness response compared to the API t-z curves in the ICP-FEA method. However, the increase in
accuracy was marginal and more data would be needed to advocate definitively that the DNV
recommended curves are superior to the API’s. In addition, there is no softening guidance provided

by the DNV method. Currently the Author recommends that the API curves are used.

See Section 4.3.2.2, Case 15.

4415. ICP - KK

In Case 20, the ICP-FEA method was used to assess the impact of omitting the K¢/K. term in
computing 7. The axial load response was observed to be approximately 20% higher than the ICP

base case and gave a much higher peak capacity at both the Pentre and Tilbrook sites. The values of
Q./Qm increased from 1.22 to 1.45 at Pentre and from 0.66 to 0.74 at Tilbrook. The ICP design

method (based on Lehane, 1992) adopts a ratio of K /K, of 0.8 to account for the reduction of total

pile capacity to the ultimate capacity. This procedure essentially negates the development of a peak
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on the load-displacement curve and targets the ultimate value. This omission is a conservative means
of achieving the capacity of a pile (at 0.1D,) when static analyses are being performed. Static analyses
use a capacity rather than a response and assumes the soil layers will mobilise their ultimate values
simultaneously, no matter the length of pile. However, for non-linear analyses, where more detailed
load-displacement responses are necessary, this process needs to be more precise. The Author

therefore recommends that in these latter cases, the K /K. term is omitted from the expression for Tf.

See Section 4.3.2.2, Case 20.

4.4.1.6. ICP-R*VvsR

R is used in the ICP design method when designing CEPs and a modified R* value used for OEPs. If

R is instead used for OEP designs, this gives larger values of ;. Q./Q,, was observed to be increased

by approximately 20% at both sites, specifically from 1.22 to 1.46 at Pentre and from 0.66 to 0.70 at

Tilbrook. As both the omission of K¢ /K, and the change from R* to R has the effect of increasing ,

when a 1D FE procedure is to be performed, the Author does not recommend altering both

simultaneously and in this case R* will continue to be used for OEPs.

See Section 4.3.2.2, Case 21.

4.4.2, Internal Shaft Resistance Mobilisation, T;,,;

4.42.1. Constrained Modulus, M

In Case 7 and Case 18, the constrained modulus, M, was varied. This was found to be best represented
when obtained by factoring the undrained shear strength, i.e. ks,. As shown in these cases, the
estimates of t;,,, are mobilised from the bottom up as the base of the plug reacts against the soil below
the plug. The results also demonstrate a good comparison when the summation of z,,; and t;,,; were
compared to the measured values, suggesting a match with the other component stiffnesses. M_= ks,

will be brought forward for further analysis.

See Section 4.3.2.1, Case 7 and Section 4.3.2.2, Case 18.
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4.4.2.2. Total shaft friction, T
From the analysis performed using the API-FEA and the ICP-FEA, a better match is found when the
shaft stresses are summed. The results showed that there is significant advantage to the combination

Of T4y and ¢ This will therefore be performed for subsequent analyses.

See Section 4.3.2.1, Case 1 & Case 7 and Section 4.3.2.2, Case 11 & Case 18.

4.423. Internal Interface Resistance, Tint

In clays, the peak value of 7;,; is difficult to estimate as limited data is available for its validation.
One of the fundamental characteristics of the soil plug is that it is completely separated from the
external soil. This means that any effects that occur in clays over time, such as the reduction in pore
water pressure, may not fully occur within the plug as the drainage path is quite long and offshore
piles are submerged. This suggests that the soil plug will remain in an undrained or partially drained
state for most of its lifetime. This is an important consideration as the design methods for OEPs
estimate 7., by using either total stress (API) or effective stress (ICP) methods. Under loading, there
will be no gain in strength as a result of dissipation of porewater pressure, therefore the existing
effective stress of the soil will govern and the load will mainly be taken by excess porewater pressure

within the plug. The ICP method derives 7, based on soil behaviour post-equalisation, and as this will

not happen, the API total stress methodology is recommended to compute, ;,;.

See Section 4.3.2.1, Case 7 and Section 4.3.2.2, Case 18.

4.424.  ZpeadDi

The ratio of the displacement-to-achieve-peak-resistance to D; should be taken as very stiff due to the
confined nature of the soil within the plug. From Case 2 and Case 13 and from studies performed by
Doherty et al. (2010) and Matsumoto (1995), to effectively transfer the load from the pile to the plug,

the assumption of a rigid interface is therefore applicable. z,.,,/D; = 0.0001, will therefore be

maintained.

See Section 4.3.2.1, Case 2 and Section 4.3.2.2, Case 13.
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4.4.3. Base Resistance

44.3.1. Resistance at pile base, Qb

It can be argued that at the base of the annulus, the soil will be free draining and due to installation
and equalisation, can be considered drained. Also due to installation by impact driving, the soil just
below the annulus will also be in a highly compacted state.

As per the API-FEA design method, g, , is computed as N.s,,, where N, = 9. However, this bearing
capacity factor is not necessarily the most ideal as its applicability was observed to have a limited
range in the tests analysed. In the OC clays at Tilbrook, N. = 9 was applicable, however in the NC
clays at Pentre this was too small and a larger value of approximately 16 was more appropriate.
Similarly, when the API-FEA method was used with a base resistance related to q. (using a factor of
1.6) rather than s,,, an improved estimate was observed at Tilbrook but not at Pentre. The difference
here may be a factor dependent on the OCR, however the data to determine this factor is limited.

In terms of the ICP-FEA design method, the base capacity of the annulus was directly analysed using
a range of resistances to compare with the measured response. In general, when the base resistance

was applied equally to both g, ,, and g, as per the ICP method, the comparisons did not match the
data well, however, g, ,, = 1.6q. seems to be applicable. From the analyses performed, it is therefore

recommended that for clays, the annular resistance and the plug resistance should not be equal. The

suggested value of g, ,, is 1.6q,.
See Section 4.3.2.1, Case 5 and Section 4.3.2.2, Case 12, Case 16 & Case 17.
4.4.3.2. Displacement to mobilise peak resistance of pile, zpeax p/t

The ultimate resistance at the base of the annulus should be mobilised at 10% of the wall thickness

(t). This has been found to better match the results of the mobilised end bearing at both Pentre and
Tilbrook sites and will be used in further analyses.

See Section 4.3.2.1, Case 4 and Section 4.3.2.2, Case 16.
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4.43.3.  Stress-strain (constitutive) model of g,

The Q-z curve from the API has been used as the constitutive model of g, ,; and found to produce

acceptable results. It is therefore recommended that this method of deriving the stress-strain

relationship be maintained for g, ,,. There is however no accurate way to prove that this is the response

of the pile only, as this resistance has not been effectively isolated in any of the available tests.

See Section 4.3.2.1, Case 4 and Section 4.3.2.2, Case 16.

4.43.4. Resistance at plug base, Qo

The resistance at the base of the plug cannot be the same as that under the annulus. This is mainly
due to the driving process which compresses the soil below the annulus to a greater extent than below
the plug. The resistance at the base of the plug has been investigated using different values.

As per the API-FEA method, the pile was interpreted as plugged for both the Pentre and Tilbrook
sites, thereby applying g, = Ncs, to the full base area. In addition to this, 0.2, was selected to
derive gy, for different values of g, ,,. The results of these analyses showed quite varied results at
both sites; at Pentre it was not possible to replicate the measured response, whereas at Tilbrook a
better match was found.

As per the ICP design method, recommended values of g, are provided for conditions where an
OEP has been interpreted as fully plugged using the ICP criteria. These plug resistances, considering
both drained or undrained conditions, were applied over the full base area in the ICP-FEA at the test
sites. The results observed in the cases demonstrate that these resistances cannot be the same for each
component as the stiffness of each is very different and found to vary. Additionally, the soil at the
base of the plug can be considered as undrained, however under sustained loading, some drainage
will likely occur thereby increasing the resistance. From the cases assessed, the recommended values
from the ICP-FEA for gy, ,;, lie in the range 0.4q, to 0.65q..

It is not possible to decipher exactly how much load was supported by the plug as only the total load

in the pile was measured. However, using g, »; = 0.2q., the results, especially for Tilbrook, show a

better match, and this can generally be considered a conservative estimate. This recommendation will

therefore be taken forward for further analyses.
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See Section 4.3.2.1, Case 5 and Section 4.3.2.2, Case 12 & Case 16.

4.4.35. Displacement to mobilise peak resistance of plug base, zpeax pi/Di

The mobilisation of different pile components is necessary to mobilise the soil plug. This is done
primarily through the shear-transfer along the length of the plug, causing a downward force pulling
the plug to engage with the soil at its base. The relative stiffness of these components dictates the
ratio of z,.qx »1/D;. The value of D; has a direct influence on this mobilisation. The larger this value,
the less will be the confining stress needed to allow the assumption of the uniform stiffness of the
layers (M) to be maintained. From the analyses performed, the full capacity of the plug was not fully
reached after a pile head displacement equal to 0.1D,, and therefore the assumptions chosen are

deemed adequate. The recommended displacement to achieve the ultimate value of g, ,,, is therefore

0.1D;.
See Section 4.3.2.1, Case 6.
4.43.6.  Stress-strain (constitutive) model of plug base

The Q-z curves from the API have been used in these analyses and produced acceptable results. It is

therefore recommended that these curves be adopted as the constitutive model of g, pl-

See Section 4.3.2.1, Case 6.

4.4.4.  Miscellaneous

4.44.1. Pile and plug weights

The installation of the pile will cause the soil to be displaced. Once installed, the weights of the pile
and plug will act together and require support before further load is applied. The effects of these
weights have been found to be marginal when compared to the design loads that OEPs offshore are

required to support. It is therefore recommended that, even though these self-weights have not been

found to be critical, these should remain included in the analysis.

See Section 4.3.2.1, Case 9 and Section 4.3.2.2, Case 22.
4442. End bearing plates and channels

The plates were positioned at the base of the channels on the inside of the pile. These were not

continuous and had spaces between them. The analysis performed assessed if the presence of the
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plates removed the contribution of the plug length above. As greater capacity was observed than
estimated, there seems to have been little effect on the base capacity by the presence of the plates,
which suggests that beyond the plates, the plug length did contribute to gy, ;.

Additionally, it is possible that the plates contributed to g, although this would have been a

negligible quantity. If the base plates are to be included in the annular area, this should therefore be

used in conjunction with 7;,,, along the full plug length.

See Section 4.3.2.1, Case 8 and Section 4.3.2.2, Case 19.
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5. Base Capacity of Open Ended Piles In
Sand

This chapter examines the mobilisation of base capacity of OEPs in sandy soil. For this study, three
OEP design methods are considered: the API, ICP and UWA methods. The study commences with
an outline of each of the test sites from the geotechnical engineering database for OEPs in sand,
highlighting key information. This is followed by an analysis of the performance of each design
method in predicting the distribution of shaft and base capacities in each of the test sites. The results
of an RMS-error calculation are shown, which is used to determine if a factor can be applied to the
estimated static shaft and end bearing capacities to improve the load-distribution to these components.
From the tests sites, three are selected to perform a detailed sensitivity analysis by systematically
adjusting the input parameters and comparing the results from VIRTUPLUG to the measured data.
The selected tests are those at the Pigeon Creek, the Kwangyang Plant and the Euripides sites. Both
the Pigeon Creek and Kwangyang Plant sites adopted double walled piles, and detailed comparisons
are made with the results from these. Recommendations to better estimate the behaviour of OEPs

under axial load in sand are then made, using the findings of the finite element analyses.
5.1. Case Study Evaluation

In a similar way to the investigation performed on clay soil, the pile tests in Table 5-1 were selected
based on the following characteristics below:

e Open-ended piles e  Uniform cross sections e All steel

e Installed by driving e  Static compression loading e Circular

As a comparison, this database contains 21 tests, and the Chow (1997) database contains 65.

The databases being used in this research project for sands and clays are not entirely consistent. These
pile tests include an amalgamation of piles tested in compression only, tension then compression,
differential degrees of residual stresses, double and single walled piles, varying pile lengths and tested
at different times after initial installation. These differences, along with the inherent variation in soil,
make accurate predictions of behaviour and capacity from empirical relationships difficult.
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Table 5-1 Plug Capacity Validation in Sands

Nusr:Eer Site Location PNILEmE:: Reference Authors Le(nmg)th Dla(rrzgzter t (mm)
1 Pigeon creek  |Pigeon River, USA 2 Salgado et al. (2002) 7.0 0.356 | 32.0
2 Kwangyang Plant Korea TP1 Ko & Jeong (2014) 8.6 0.508 | 50.8
3 Kwangyang Plant Korea TP2 Ko & Jeong (2014) 11.4 0.712 | 50.8
4 Kwangyang Plant Korea TP3 Ko & Jeong (2014) 15.5 0.914 | 50.8
5 Mobile Bay AL, USA AL-1 Mayne (2013) 15.2 0.324 | 254
6 Mobile Bay AL, USA AL-2 Mayne (2013) 42.7 0.324 | 25.4
7 Hoogzand The Netherlands 1-C Beringen (1979) 7.0 0.356 | 16.0
8 Hoogzand The Netherlands 3-C Beringen (1979) 5.3 0.356 | 20.0
9 Dunkirk France C1-C Chow (1997) 10.0 0.457 | 135
10 Euripides The Netherlands la Kolk et al. (2005b) 30.5 0.763 | 35.6
11 Euripides The Netherlands 1b Kolk et al. (2005b) 38.7 0.763 | 35.6
12 Euripides The Netherlands 1c Kolk et al. (2005b) 47.0 0.763 | 35.6
13 Euripides The Netherlands 1] Kolk et al. (2005b) 46.7 0.763 | 35.6
14 Tokyo Bay Japan TP Shioi etal. (1992) 30.6 2.000 | 34.0
15 Drammen Norway 16-P1-11 | Tveldt & Fredriksen (2003) | 11.0 0.813 | 125
16 Drammen Norway 25-P1-15 | Tveldt & Fredriksen (2003) | 15.0 0.813 | 125
17 Drammen Norway 25-P1-25 | Tveldt & Fredriksen (2003) | 25.0 0.813 | 125
18 Hound Point Scotland P(0)-C Williams et al. (1997) 26.0 1.220 | 24.2
19 Shanghai China ST-1 Pump et al. (1998) 79.0 0.914 | 20.0
20 Shanghai China ST-2 Pump et al. (1998) 79.1 0.914 | 20.0
21 Ras Tanjib Saudi Arabia C Helfrich et al. (1985) 18.0 0.610 | 28.6

The following sections outline some of the key geotechnical characteristics at each of the sites listed
in Table 5-1.

5.1.1. Pigeon Creek, USA — Salgado et al. (2002)

The Pigeon Creek site is in Lagrange County in Indiana, USA and the soil consists predominantly of
gravelly sand to 13m. The initial 2m was removed prior to pile driving to enable targeting of the
required soil layer. The soil here contained no fines. The initial 3m, was found to be loose, whereas
the remaining 13-14m was predominantly dense to very dense. The dry unit weights of the sand varied
across the site from 18.64kN/m3 to 15.61kN/m3. The internal friction angle of the sand was 33.3°.
CPT testing was performed both before and after soil testing. The CPT results measured 15-25MPa

as shown in Figure 5-1, along with the sleeve friction and friction ratio.
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At this site a double-walled OEP was driven to
about 7m and tested. The outer and inner piles had
D, values of 356mm and 305mm respectively. Both
piles in this configuration had t’s of 6.4mm with
strain gauges installed along the length of each pile.
The arrangement is shown in Figure 5-2. There was
an extra concentration of strain gauges near to the
annulus to ensure that the computed load along the
pile length was balanced by that interpreted near to
the base. The loads were applied to the pile in small
increments specifically 150, 290, 440, 590, 740,

880, 980, 1130, 1230 and 1280kN. The base of the

pile was an extension of the internal pile. This was then connected to the external pile using a silicone

seal which extended to a length of 30mm to ensure that no load was transferred to the external pipe.
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Figure 5-3 Internal interface load-transfer to

base. gradually — mobilises,  Qp,;,  thereby

increasing the total base capacity. During these tests however, several external strain gauges, along

the lower end of the pile, failed during pile installation, so no readings were recorded at their depths.

5.1.2.  Kwangyang Plant, South Korea — Ko & Jeong (2014)

This site consists of (reclaimed) sandy fill material to 14.6m, underlain by sand. No CPTs were
performed, however, SPT readings are available for the site and ranged from 8 to 18. The unit weight
of the fill and sand was measured as 17.6kN/m?and 18kN/ms3, respectively. The internal friction angle
for the materials were 32° and 33°, respectively.

WE Three OEPs of different diameters, wall thicknesses and

lengths, designated TP-1, TP-2 and TP-3, were tested at
this site. The values of D, were 508mm, 711mm and
914mm, respectively, each with a wall thickness of
50.8mm. The respective pile lengths were 8.6m, 11.4m
and 15.5m. A uniform sandy fill profile was present for
g ‘i':igﬁkJ're " S Base gu ti)rt:]i};f pile TP2 and therefore used further in this study. This pile
double walled piles (Ko & Jeong, 2015).

was also double-walled, so results, similar to those

outlined in Figure 5-3, are compared. In this test case, instead of a sliding mechanism, allowing both
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pile walls to move independently, the bases of the two pipes were welded together using a circular
steel plate, as shown in Figure 5-4, causing a small degree of load-transfer. This pile also had a 0.4m
stick-up, and the initial strain gauge on the external and internal pile was located, below ground level,
at 1.9m and 3.7m, respectively. Each pile (TP-1, TP-2 and TP-3) was loaded to 1000kN, 2000kN and
3000kN, respectively, after which instead of continuing to add additional load, these were maintained
for about 20 minutes each and the displacement observed. The load-displacement response provided
by the authors therefore suggest that these loads are the pile capacities; however, the sum of the
measured loads along the inner and outer piles, and at the annulus, do not match with these loads.
This leads to some difficulty in correctly estimating the true base capacity. Therefore, the sum of the
loads along the internal pile and at the annulus, when the peak pile-head load was applied, was taken
as the base capacity, and the sum of the loads along the external pile when the peak pile head load
was applied, was taken as the shaft capacity. Due to the rate at which the loads were applied and then
held, rate effects could have been the cause of these discrepancies.

5.1.3.  Mobile Bay, USA — Mayne (2013)

Limited data is available for this site. Yang et al. (2016) present CPT results from which parameters
for the design methods can be estimated. The capacities using various design methods are also
presented for comparison. The measured g, values are upwards of 30MPa at both sites.

5.1.4. Hoogzand, The Netherlands — Beringen (1979)

This site was located at Hoogzand/Oostermeer in the Netherlands. The upper 2m of the site was found
to be medium dense sand, followed by a 0.5m thick sandy clay layer underlain by very dense sand to
approximately 9.5m. In the dense sand layer, CPT testing produced g, values of 24 to 64MPa and the
average internal friction value was found to be 38°. The plug length ratio, or PLR (the ratio of the
length of the plug to the pile length), was 0.66 and 0.77 for pile tests 1-C and 3-C, respectively.
5.1.5.  Dunkirk, France — Chow (1997)

The tests were performed at the Port Authority of Dunkerque, France. This site is comprised
predominantly of a 30m thick sandy alluvial deposit which is overlain by a 3m thick recent hydraulic

sandy fill. The underlying sand is described as medium dense with a dry unit weight of 16.5kN/m3.

122



CPTs measured g, values of more than 30MPa in the fill material; 10 to 20MPa from 8m to 10m; and
23 to 30MPa at depths greater than 10m. The water table was encountered at 4.8m below ground
level.

5.1.6.  Euripides, The Netherlands — Kolk et al. (2005b)

This site is situated in EImshaven in the Netherlands and consisted predominantly of sand. There was
2m of made ground, which was underlain by tidal flat deposits and a layer of clayey sand near 20m.
From 25m depth to about 68m below the surface there was very dense sand. The water table was
found at 0.5m below ground level.

The pile tested here was a 762mm open-ended pile. This comprised a 27m long instrumented section
and a 22m long add-on. The instrumented pile had a wall-thickness (t) of 35mm with that of the add-
on’s being 41mm, to provide sufficient bending resistance in the upper portion of the pile. The
instrumentation included a combination of axial and tangential (shear) strain gauges to enhance the
accuracy of the axial pile capacity results. In addition, 4 base sensors were installed on the pile to
improve the measurement of the base load. The pile was driven and tested twice, and in both driving
cases, the base sensors were damaged.

The tests were performed in several stages comprising three alternating series of compression and
tension tests, 1a, 1b and 1c. When the pile was retrieved, re-installed and tested, at a different location
at the same site, this was test 2. For this study, only test 1c will be used for a detailed analysis.
5.1.7.  Tokyo Bay, Japan — Shioi et al. (1992)

These pile tests were used to facilitate the construction of the Trans-Tokyo Bay Highway. The water
depth was 24.5m. There was a 4m thick layer of loose alluvium sandy deposit, underlain by layers of
sand and clay. From 8m below the seabed, the soil was comprised of predominantly sand interspersed
with thinner layers of cohesive clay. CPT testing measured g, values that ranged from 30 to 50MPa.
The g, values in the clay layers were approximately 5MPa.

5.1.8.  Drammen, Norway — Tveldt & Fredriksen (2003)

The pile tests were performed at the site of a two-lane bridge crossing the Drammen river in Norway.

The stratigraphy differed at the two pile testing sites. At the middle of the bridge, Location 25-P1,
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there was a 35-40m thick sand layer underlain by silty over-consolidated clay. The sand is described
as medium dense with an internal friction angle of about 35°. The clay is firm, silty and slightly
sensitive. At the location nearer to the bank, Location16-P1, the sand layer decreased to about 15.5m
thick, again underlain by the silty clay.

5.1.9.  Hound Point, Scotland — Williams et al. (1997)

This test was part of an extension of an existing jetty at Hound Point on the Firth of Forth, Scotland.
There were three main soil units here. The initial layer was a thin unit of loose sand followed by a
lightly over-consolidated glacial clay and a thick stratum of late glacial outwash of sand, gravel and
cobbles. The underlying rock at the site was a mixture of limestone, sandstone and mudstone. CPT
data is available for the sandy layers and shows values ranging from 10 — 40MPa. The interface
friction angle was about 23°.

5.1.10. Shanghai, China — Pump et al. (1998)

The pile test performed here was intended for a new building in Shanghai, China. The site lay on the
delta of the Yangtze River where the soil is mainly thick alluvium sediments to about 140m. The
ground water on the site was about 0.5m below ground level. The stratigraphy of the sedimentary
layers involved interbedded clays, silts and sands. The initial 30m was comprised mainly of clays
with a large silt fraction. Underlying this were the main sand layers, of over 100m thickness, that
piles in Shanghai are usually embedded. CPT testing was performed here and these sands had q.
values ranging from 11 to 22MPa.

5.1.11. Ras Tanjib, Saudi Arabia — Helfrich et al. (1985)

The pile tests were performed on the east coast of Saudi Arabia in Ras Tanajib. The soils in this region
are quite complex due to their variability. The pile tests were performed at a site which comprised
loose to medium dense Holocene deposits to about 10m, underlain by very dense Pleistocene sand.
This denser sand layer is described as lightly cemented granular soil with some silt content. CPT
testing found g, values increasing from OMPa at the surface to 45MPa at 6m depth. Below 6m, the

q. values were much greater than 45MPa.
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5.2. Evaluation of Performance of Current Design Methods

Applying the API, ICP and UWA methods at these sites, Table 5-2 shows the results of using the
methods directly to determine the load distribution. The total end bearing, computed as the sum of
the annulus and plug capacity, is added to the shaft friction to obtain the total capacity. This table
shows 21 tests from which total capacity was extracted. At 13 of these sites, the total end bearing was
extracted and from these, at 4 sites, double walled piles were used.

To demonstrate the contribution of the plug, all cases assume a fully plugged end bearing condition
and the resistance below the annulus and plug was equated. It is notable that the APl method predicted
that over 50% of the piles would behave in an unplugged manner. Figure 5-5 to Figure 5-13
demonstrate, graphically, the results shown in Table 5-2.

In terms of total capacity, the values estimated using the APl method (Figure 5-5), show the widest
variation to those measured. The ICP values, however, (Figure 5-6) show the best match, and the
UWA values (Figure 5-7) show a relatively good match, although those values estimated using the
ICP method are marginally better.

In terms of shaft friction, Figure 5-8 indicates that the shaft friction is generally underestimated when
using the API method directly. With the ICP method used, a better distribution is observed (Figure
5-9) and when the UWA is used (Figure 5-10), a more uniform underestimation is observed.

Figure 5-11 to Figure 5-13 show the distribution of the estimated base capacity using the API, ICP
and UWA methods respectively. In general, no method can clearly be suggested as the best, however

the UWA estimations are, in general, overestimates.
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Table 5-2 Direct calculation and Q./@Q,, for the OEP validation database.
Measured API ICP UWA
Site Site D ot | LD Total Total | Total Total Total | Total QJQn QJQm | Q/Qnm Total Total | Total QJOn QJQm | Q/Qnm Total Total | Total QJQn QJ/Qm | Q/Qnm
# (m) Capacity Sha.ﬁ Enq Capacity S.hgﬂ Enfj Total Total | Total Capacity ;ha.ﬁ Enq Total Total | Total Capacity S.ha.ft Enfj Total Total | Total
(kN) Friction|Bearing (kN) Friction|Bearing Capacity S-ha.ft Enq (kN) Friction|Bearing Capacity S.ha.ft Enq (kN) Friction|Bearing Capacity S.ha.ft En.d
(kN) | (kN) (kN) | (kN) Friction | Bearing (kN) | (kN) Friction | Bearing (kN) | (kN) Friction | Bearing
1 Pigeon creek 0.356 | 11 20 1029 310 719 577 189 388 0.56 0.61 0.54 1179 625 554 1.15 2.01 0.77 1271 441 831 1.24 1.42 1.16
2 | Kwangyang Plant | 0.508 | 10 17 965 651 314 807 300 507 0.84 0.46 1.62 855 515 340 0.89 0.79 1.08 1059 451 607 1.10 0.69 1.93
3 | Kwangyang Plant| 0.712 | 14 16 1777 943 834 1907 677 1231 1.07 0.72 1.48 1608 992 616 0.91 1.05 0.74 1986 843 1143 1.12 0.89 1.37
4 | Kwangyang Plant | 0.914 | 18 17 2837 1947 890 4128 1495 2633 1.46 0.77 2.96 2358 1766 592 0.83 0.91 0.67 2569 1432 1136 0.91 0.74 1.28
5 Mobile Bay 0.324 | 13 47 1246 - - 946 504 443 0.76 - - 878 696 182 0.70 - - 796 541 254 0.64 - -
6 Mobile Bay 0.324 | 13 132 3350 - - 2675 2262 412 0.80 - - 3210 2579 632 0.96 - - 2193 1313 881 0.65 - -
7 Hoogzand 0.356 | 22 20 2270 1310 960 702 219 483 0.31 0.17 0.50 2405 1375 1030 1.06 1.05 1.07 2254 919 1335 0.99 0.70 1.39
8 Hoogzand 0.356 | 18 15 1850 - - 528 125 403 0.29 . - 2088 883 1205 1.13 - - 2202 592 1611 1.19 - -
9 Dunkirk 0.457 | 34 22 2800 - - 1361 521 840 0.49 - - 2678 1445 1233 0.96 - - 2849 1258 1591 1.02 - -
10 Euripedes 0.763 | 21 40 7860 3860 4000 7907 3334 4572 1.01 0.86 1.14 9362 4876 4486 1.19 1.26 1.12 10353 2701 7652 1.32 0.70 1.91
11 Euripedes 0.763 | 21 51 12600 9400 3200 9833 5261 4572 0.78 0.56 1.43 16325 | 11674 | 4651 1.30 1.24 1.45 13371 5560 7811 1.06 0.59 2.44
12 Euripedes 0.763 | 21 62 18100 | 14150 | 3950 12178 7606 4572 0.67 0.54 1.16 22105 | 17171 | 4934 1.22 121 1.25 17134 7638 9496 0.95 0.54 2.40
13 Euripedes 0.763 | 21 61 17980 | 13410 | 4570 11674 7102 4572 0.65 0.53 1.00 19786 | 14635 | 5152 1.10 1.09 1.13 17236 7578 9658 0.96 0.57 211
14 Tokyo Bay 2.000 | 59 15 35112 | 25938 | 8958 38471 9028 | 29443 1.10 0.35 3.29 30683 | 25432 | 5251 0.87 0.98 0.59 27870 | 13053 | 14817 0.79 0.50 1.65
15 Drammen 0.813 | 65 14 1210 - - 1441 470 971 1.19 - - 1259 786 473 1.04 - - 1185 521 664 0.98 - -
16 Drammen 0.813 | 65 18 1890 - - 2136 813 1324 1.13 - - 1557 878 679 0.82 - - 1381 419 962 0.73 - -
17 Drammen 0.813 | 65 31 2700 - - 4625 2419 2206 1.71 - - 2464 1876 588 0.91 - - 1675 842 833 0.62 - -
18 Hound Point 1.220 | 50 21 6500 4000 2500 14706 4343 | 10363 2.26 1.09 4.15 5513 2547 2966 0.85 0.64 1.19 6251 1076 5175 0.96 0.27 2.07
19 Shanghai 0.914 | 46 86 14910 | 10720 | 4190 15100 | 11819 | 3281 1.01 1.10 0.78 16593 | 14489 | 2104 1.11 1.35 0.50 7887 4625 3261 0.53 0.43 0.78
20 Shanghai 0.914 | 46 87 16000 | 13600 | 2400 15123 | 11842 | 3281 0.95 0.87 1.37 13171 | 11066 | 2104 0.82 0.81 0.88 7895 4634 3261 0.49 0.34 1.36
21 Ras Tanjib 0.610 | 21 30 16800 - - 3457 1317 2140 0.21 - - 8455 5592 2863 0.50 - - 8838 4036 4801 0.53 - -
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Figure 5-5  Comparison of the Q./Qm of the

total capacity using the API design method.
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shaft capacity using the API design method.
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Figure 5-6 Comparison of the Q./Qnm of the

total capacity using the ICP design method.
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Figure 5-9 Comparison of the Q./Qnm of the

shaft capacity using the ICP design method.
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Figure 5-7 Comparison of the Q./Qm of the

total capacity using the UWA design method.
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Figure 5-10 Comparison of the Q./Qm of the
shaft capacity using the UWA design method.
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API Base Capacity Q/Q,,
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base capacity using the API design method.
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Figure 5-12  Comparison of the Q./Qm of the Figure 5-13 Comparison of the Q./Qm of the

base capacity using the ICP design method.

base capacity using the UWA design method.

Table 5-3 Mean and standard deviation of Q./Q,,, for the OEP validation database.
API ICP UWA
sttse| ey | Shaft gl Ll st gl e | St |
Estimated Bearing | Estimated Bearing | Estimated Bearing
1] 0.916 0.663 1.646 0.968 1.108 0.956 0.894 0.823 1.682
c 0.485 0.274 1.118 0.189 0.342 0.287 0.246 0.415 0.508
cov 0.530 0.414 0.679 0.195 0.309 0.300 0.275 0.504 0.302
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Table 5-3 shows the computed mean and standard deviation, of the Q./Q,,, values, for the database
considered. This is shown separately for the end bearing, shaft friction and total capacity. The best
estimation of the total capacity using the direct calculation, and considering all the sites in the
database, is obtained by the ICP method. The mean Q./Q,, for total capacity is computed as 0.968
with a seemingly balanced split over the shaft (1.108) and end bearing (0.956). The values of standard
deviation and coefficient of variation is also quite low for the estimated total capacity but increases
when considering the values for the shaft and end bearing capacities separately. The UWA method
gives an average Q./Q,, of total estimated capacity of 0.894 and the API gives 0.916. For both
methods, the distribution of the load over the shaft and end bearing components is not very well
balanced. In addition, the standard deviation and coefficient of variation are also quite high,
suggesting that improvements can be made.

5.2.1.  Contour Plots of the RMS-Error

Similar to the exercise performed in clays, by factoring the available end bearing and shaft friction
results from the pile tests in sands, the root mean of the square of the normalised difference between
measured and computed capacities (or RMS-error) can be found. This process is performed using

Equation (62). Figure 5-11 to Figure 5-13 presents the results of the RMS-error calculation.

3

3 12 ‘ ! ‘ 16 ‘ ' 2
; 14 18
25 . 25) i
® o ) 12
2t & 2f Toe 7 ~ L -
s 5 0s 72
3 S o4 ~_ |
L5 L5 06 _ 71
2 ) & T~ T~
» (2] ~_ “0g
1 1 0, Y@ o, 04 T~ ]
Z, 04 \ \> O6
0.5 % 051 g, iy \ 8
0 T~ 04 —
0 L\ )\l oL ¢ I \A i I \I\\xL _ QP‘
0 0.5 1 1.5 2 25 3 0 0.5 1 1.5 2 25 3
Base Factor Base Factor
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for the UWA design method
As shown in Figure 5-14, the RMS-error deduced using the factored shaft and end bearing capacities
from the API method is quite large. With no factors applied the RMS-error is about 0.50. The least
error is found when the end bearing capacity is factored by 0.42 and the shaft by 1.45. The RMS-
error associated with this distribution, however, is approximately 0.40.
The RMS-error is more acceptable when associated with values estimated from the ICP method. As
shown in Figure 5-15, the least RMS-error is found when factors of 0.95 is applied to both the shaft
and end bearing estimates of capacity. The RMS-error here is less than about 0.20, which also applies
if no factors are applied.
Using the estimates of load distribution derived from the UWA method, Figure 5-16 shows that the
least RMS-error would occur when a factor of 1.90 is applied to the shaft friction and a factor of 0.45
is applied to the end bearing.
5.2.2.  Table of Factors Applied to the UWA method
The ICP method, when used directly, shows that when compared to the available pile tests in the
database, it is clearly the best option for estimating the distribution of capacity of OEPs in sand. This
suggests that the ICP methodology gives estimates of distribution that are close to the empirical error
measured in the pile tests.

The UWA method is however, the most recent design method for OEPs in sand, and the results shown

in Figure 5-16 suggest that the estimation of the distribution of capacity might be improved. The
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results of the RMS-Error calculation suggest that factors could be applied to the shaft and base
resistance in an effort to match more evenly the measured capacity distribution. An investigation was
therefore launched to determine if factors can be applied to the values of ¢’,.. and g, used in the
UWA method, to match the measured load distribution better. The factors derived are shown in Table
5-4.

Table 5-4 Factored shaft and end bearing resistances derived to match the measured distributed
loads, using the UWA method.

NuSrIr:eber Site Location Pile Test Number Fsalli(];tr Figfgr
1 Pigeon creek Pigeon River, USA 2 0.67 0.86
2 Kwangyang Plant Korea TP1 1.50 0.52
3 Kwangyang Plant Korea TP2 1.13 0.73
4 Kwangyang Plant Korea TP3 1.39 0.78
5 Mobile Bay AL, USA AL-1 - -
6 Mobile Bay AL, USA AL-2 - -
7 Hoogzand The Netherlands 1-C 1.46 0.72
8 Hoogzand The Netherlands 3-C - -
9 Dunkirk France Cl-C - -
10 Euripides The Netherlands la 1.48 0.54
11 Euripides The Netherlands 1b 1.75 0.41
12 Euripides The Netherlands 1c 1.91 0.42
13 Euripides The Netherlands I 1.84 0.47
14 Tokyo Bay Japan TP 2.02 0.61
15 Drammen Norway 16-P1-11 - -
16 Drammen Norway 25-P1-15 - -
17 Drammen Norway 25-P1-25 - -
18 Hound Point Scotland P(0)-C 4.14 0.48
19 Shanghai China ST-1 2.53 1.28
20 Shanghai China ST-2 3.36 0.73
21 Ras Tanjib Saudi Arabia C - -

Average| 1.94 0.66

This produces average factors of 1.94 applied to o’,. and 0.66 applied to g;, which should give a more
accurate representation of the distributed load over all the test sites. These average factors are quite
similar to those derived from the RMS-error calculation results shown on Figure 5-16. Considering
both sets of results, a factor of 2.0 applied to ¢’,.. and 0.5 applied to g, should give a better estimation
of the capacity distribution. The application of these factors will be used as a test case later in this

chapter, to determine the effect of this assumption on the estimated pile response.
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5.3. Analysis Comparisons of Selected OEP Test Sites in Sands

This section examines in more detail, the behaviour of open-ended piles in sands. Similar to the
procedure performed in clays, here, the results of the systematic variation of the input parameters to
the finite element analysis are shown. This is performed to critically examine the sensitivity of the
input parameters to the design methods and select the optimum input parameters to improve the
estimation of the measured response.

For this study, the open-ended pile tests performed at the Pigeon Creek, Kwangyang Plant and at the
Euripides site will be analysed in more detail. At these, the first two sites used a double walled pile
and the third site contained highly reliable data.

5.3.1.  Specifics on Test Cases

The headings set out in Table 5-5, Table 5-6 and Table 5-7 are similar to those set out for the analysis
of OEPs in clay, and these descriptions, provided in Section 4.3.1, are not repeated here.

5.3.2.  Test Cases

The next section outlines the test cases using the API-FEA, ICP-FEA and UWA-FEA design
methods. This procedure is similar to the previous analysis done for clays, where the input parameters
to these methods are varied to observe the effects and test the sensitivity of the change on the results
at the test sites. Also, as with clays, using the results from these tests, key recommendations will be
extracted and taken forward to Chapter 6 to deduce a modified finite element design method for OEPs
in sands.

In all cases that follow, solid lines in the diagrams represent the measured values and dotted lines are

those computed by the finite element procedure. Also, the symbol (*) is used to differentiate measured

values.
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5.3.2.1

API-FEA Analyses (Case 23 to Case 29)

The API-FEA method is initially used to analyse and compare the results between the estimated and

measured values. The cases are set out in Table 5-5.

Table 5-5 API test cases analysed.
Design | Constitutive Model T = Tini— | Tex— | Constitutive Constitutive .
g ult int ext
Case |\ ethod T & T & D: /D.| Model g, Gosite | Model Gopiug M Weight
int ext Tint Text Zpeak i Zpeak o qb‘pl|9 qb.plug
Lunne and
- APl Q-z, at
23 AP| API t-z curves T =Tt | 0.0001 | 0.01 AFl)IO?N%I'tO Nyo'vo Qo 1DQm“ Ngo'vo | Christophersen No
: i (1983)
Lunne and
- API Q-Z, Quax at .
API API t-2 curves Tou=tmar | 0.1 | 0.01 AI;IO?VZTm NqgG'vo Cf)ZIDQ " Ngo'vo | Christophersen | No
: S (1983)
Lunne and
i API Q-z, Qpuy at !
24 API API t-z curves Text,ult=Tint,ult 0.01 0.01 AI])IO%V%FtO Ngo'vo %ZIDQ * Ngo'vo | Christophersen No
: - (1983)
Lunne and
- API Q-Z, Quax at
API API t-z curves Towu=tnar | 0.001 | 0.01 A‘;IO%JZTtO NgG'vo %ZIDQ "1 Ngo'vo | Christophersen | No
: S (1983)
Lunne and
- API Q-z, at
API API t-z curves Textult=Tintut | 0.0001 | 0.0025 ATO(SV%I}O Ngo'vo QO 1DQmax Ngo'vo | Christophersen No
) Ui (1983)
Lunne and
R API Q-z, at
25 API API t-z curves Todu=Tinur | 0.0001 | 0.0050 AZ'O?N?O NgS'vo % 1DQma* Ngo'vo | Christophersen No
: i (1983)
Lunne and
- APl Q-z, at
API API t-z curves Toqu=Tiar | 0.0001 | 0.02 ATOSV%rm Ngo'vo % 1DQ"W Ngo'o | Christophersen |  No
' Ui (1983)
Lunne and
8 API Q-z, t
26 API API t-z curves Text,ult=Tintut | 0.0001 [ 0.01 AZIl(\)N%rto Ngo'vo Q-2 Qs a Ngo'vo | Christophersen No
: 0.1D; (1983)
Lunne and
- API Q-7, Quax at
27 | APl API t-z curves Toqu=Tnur | 0.0001 | 0.01 AFl,IO(\QN%I'tO NgG'vo QIEDQ " Ngo'vo | Christophersen | No
: P (1983)
APl Q-z to . |AP1Q-Z, Qmaxat ,
API API t-z curves Textult=Tintat | 0.0001 | 0.01 1 0(\3VT NgS'vo 01D, max NqgG'vo Kot No
. . i
API Q-z to . |APIQ-z, Quayat ,
28 API API t-z curves Textult=Tintait | 0.0001 | 0.01 LO%VT Ngo'vo 0.1D: Ngo'vo Gicp No
API Q-z to API Q-z, Qax at
API API t-Z curves Tocu=Tmar | 0.0001 | 0.01 RS o Nt Eicr No
Lunne and
APl Q-2 t API Q-z, at .
API API t-z curves Textult=Tintat | 0.0001 | 0.01 1 O(SV%I' ° Ngo'vo QO 1D9max Ngo'vo | Christophersen Yes
2 : A (1983)
Lunne and
APl Q-z to APl Q-Z, Qpex at . Yes + Plu
AP API t-z curves Toq =Tt | 0.0001 | 0.01 L OSVT Ngo'vo 0.1 " NG Chrl(slt(;;;t;e)rsen - 9

Case 23: This API-FEA analysis outlines the base case that other API-FEA analyses in this section

will be compared to for each of the test sites.
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Pigeon Creek Site Results:

Base Capacity (kN) Load Transferred to External Interface (kNN)
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Figure 5-17 Internal shaft friction, API-FEA  Figure 5-18 External shaft friction, API-FEA
estimation vs measured. estimation vs measured.
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Figure 5-19  API-FEA estimation of pile base
settlement vs measured load.

Figure 5-20 Load-displacement curve for API-
FEA estimation against measured.

The mobilised base capacity, found by integrating the internal shaft friction along the plug, is shown
in Figure 5-17. Here the incremental load-distribution within the pile is observed, measured along the
internal pile wall, and supported by the annulus and plug base. Due to the double-walled pile
configuration, the values of @, and @, are easily isolated. API-FEA only mobilises a small
fraction of the measured internal load with an estimated value of @, , = 150kN, whereas the measured
values are approximately 450kN. This is also the case with Q,, ,; which is estimated at approximately
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100kN and measured at 275kN. The mobilised values of Q.,; are shown in Figure 5-18. Here, this
friction is also underestimated by the API-FEA. The values tend to zero at the annulus, as the base of
the pile is extended from the internal pile, therefore carrying no load. The base response, Figure 5-19,
shows that the API-FEA under-predicts the capacity of the base. An unplugged pile was estimated by
the direct API method, and the associated Q-z curve is observed to define a stiffer initial response
that only reaches the ultimate under-predicted annular capacity. The load-displacement response,
shown in Figure 5-20, demonstrates that the API-FEA underestimates the total mobilised load with a
Q./Q.n at 0.1D, of 0.41 (also in Table 5-8). It is noted that the measured load continues to increase,
after a displacement of 0.10D,, as the plug base continues to support the additional loading.

Kwangyang Site Results:

The internal shaft friction diagram (Figure 5-21) suggests that the API-FEA gives a better distribution
of base components at this site. Although, the measured values suggest that more load is taken by the
annulus the trend does show an improvement from the Pigeon Creek results. The estimated values
also increase linearly until 1000kN, after which the additional pile head load is now resisted mainly
by the base, increasing both @, and Q. A good comparison is observed in the external load-
transfer diagram, up to the mobilised pile head load of approximately 1400kN (Figure 5-22). The
API-FEA method generates no further capacity after this load, whereas the final measured value was
approximately 2000kN.

Figure 5-23 shows a lower initial total base stiffness estimated by the API-FEA method, relative to
the measured response. The total base capacity is also underestimated with a Q./Q,, value of 0.82.
The APT’s Q-z method, for an unplugged pile, computes a base response which is initially stiffer than
that measured, and which eventually converges to the estimated annulus capacity as expected.

In terms of pile head response (Figure 5-24), the initial measured response is quite stiff until the
applied pile head load of 2000kN, assumed as 1777kN due to inconsistences with the data. This
measured response is atypical of OEPs in sands as usually after a very stiff initial response, where the
shaft resistance is prominent, there continues to be an increase in the measured load, at a reduced

stiffness, as the plug resistance mobilises. In this scenario, the ultimate value seems to have been
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achieved during loading, however at the displacement in which the peak load is achieved, this is

where the total pile resistance balances the load applied. Creep is then allowed to occur. The Q./Q.,

value here is taken as 0.76.

Base Capacity (kN) Load Transferred to External Interface (kIN)
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Figure 5-21 Internal shaft friction, API-FEA Figure 5-22  External shaft friction, API-FEA
estimation vs measured.

estimation vs measured.
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Figure 5-23  API-FEA estimation of pile base  Figure 5-24  Load-displacement curve for API-
settlement vs measured load. FEA estimation against measured.

Euripides Site Results:

An axial load of 19,100kN (Kolk, 2005) was measured at a pile base displacement of 0.1D,, 76.2mm,
which corresponded to a pile head settlement of 97mm. The API-FEA was therefore performed at a

pile head displacement of 100mm and these results are compared to that measured. In Figure 5-25
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the load estimated in the pile is much lower than that measured in the test, due to the relatively low

ultimate values that the API-FEA estimates here.
The total shaft resistance measured after a pile head displacement of 2100mm is compared to the sum

of the estimated shaft resistances (7.,: + T;i,:) from the API-FEA at this site, in Figure 5-26. As can

be observed, the estimated value is much lower than that measured. Similar results were found for

the base capacity and load-displacement as presented in Figure 5-27 and Figure 5-28, respectively.
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Figure 5-25 Axial load in pile, API-FEA
estimation vs measured.
6000
Measured Total Q-z
—e— API-FEA Total EB
5000
—_ --& - API-FEA Annulus EB
& 4000
43
-]
=
=~
o 3000
2
]
=)
2000
1000
0
60 80

0 20 40
Pile Head Settlement (mm)

Figure 5-27  API-FEA estimation of pile head
settlement vs base capacity.
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The API method predicts a plugged pile however the equivalent Q-z curve is not applicable here, as
only the base load relative to the pile-head displacement is available whereas Q-z is relative to the
annulus displacement. In terms of the load-displacement response, the API-FEA has underestimated

the overall measured capacity with a Q./Q,,, of 0.52.

Case 24: This case investigates the effect on the mobilised internal shaft resistance, t;,;, to a change
in the stiffness of the internal soil reaction curves.

Pigeon Creek and Kwangyang Plant results:

Figure 5-29 (a & b) plot the mobilised internal friction, Q;,; which is transferred to the base of the

soil plug.
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Figure 5-29  Comparison of the measured and estimated values of Qint Varying z/D; stiffnesses. zu
derived from the API-FEA.

The initial results from Pigeon Creek demonstrate a maximum internal interface friction of
approximately 200kN when a maximum pile head load of 410kN is applied (Figure 5-29a). When
this load was applied using a displacement to peak ratio (z/D;) ranging from 0.01 to 0.0001, there is
very little difference in the mobilised z;,,. and g, ,,. With a reduced stiffness, of z/D; = 0.1, this reduces

the internal interface capacity. From the analysis results of the Kwangyang Plant site (Figure 5-29Db),
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here the same pattern as observed at the Pigeon Creek site is observed, where as z/D; increases, less
capacity is mobilised by the internal plug.

Euripides Site Results:

At this site, since no double-walled pile configuration was used, 7,,;;, after a pile-head settlement of
100mm, is compared with the results of the API-FEA. This is shown in Figure 5-30.

External + Internal Shaft Resistance (kPa) These results show that with smaller ratios
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0 of z/D; the internal plug can mobilise more
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-6 00001 of the ultimate values of t,;, engaging
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2 24 — 01
s at Pigeon Creek and the Kwangyang Plant,
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-48 estimated. The ratio of z/D; is therefore

Figure 5-30 Comparison of the measured and
estimated values of T varying z/D; stiffnesses at the
Euripides site. Tyt derived from the API-FEA.

recommended to be small facilitating a rigid

interface.

Case 25: This API analysis case compares the effects on the load-displacement curve to a change in
stiffness of the t-z curves. The displacement to peak ratio, of 7.,;, is expressed as the ratio of z/D,
and for design, this is usually taken to occur at 0.01D, (APl RP 2GEO, 2011). The peak resistance
on tested piles however, have been found to range from a relative displacement of 0.0025D,, to 0.02D,,
(DNV-0S-J101, 2016). The load response when displacements of 0.0025D,, 0.005D,,, and 0.02D,,,
are used, is investigated at the test sites.

In general, where the analysis results are quite similar, the most representative results from a specific

site are presented. Here, the Kwangyang Plant results are shown.
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Load (kN) Figure 5-31 demonstrates that the change in
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Figure 5-31  Comparison of the load-
displacement responses for range of t-z curves
with t,;, from the API-FEA. Kwangyang Plant
results.

Case 26: This API-FEA analysis investigates the use of a stiffer reaction at the base of the annulus.
Here the displacement to mobilise the ultimate resistance, or z, is reduced from 1.0t to 0.1¢t. This is
normally expressed as a ratio of z/t to represent the stiffness of the annulus’ base resistance. The

results from the Euripides analysis are shown.
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Figure 5-32  Comparison of base response with varied
Ov,p Stiffness using the ICP-FEA. Euripides results.
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Case 27: In OEP design the base capacity is estimated to become fully mobilised after an annular
displacement 0.1D,,. As this definition does not explicitly consider the displacement of the base of
the annulus or soil plug separately, this API-FEA investigates the use of a softer reaction at the base
of the plug only. Here the z/D; is increased from 0.1 to 1.0. The results from the Kwangyang Plant

site are shown due to the similarity in the results for all sites.

1200 Figure 5-33 shows that using the FE
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Figure 5-33  Comparison of the load-displacement 99

responses for range of t-z curves with ,,,,, from the API-

the use of z/D; = 0.1 is acceptable.
FEA. Kwangyang Plant results.

Case 28: In this analysis the impact of using different values of constrained modulus is investigated.
This is similar to the analysis performed in Case 7 and Case 18 for clays. In the previous cases, M

was derived from the specified default relationship (Mgefq.¢) by Lunne and Christophersen (1983),

as follows:
4q. ; qc. < 10MPa
M ={2q.+20 ; 10MPa < q. < 50MPa (65)
120 q. = 50MPa

In this case, M will consider values of K, 4., taken as 2,340,000kPa, G;-p and E;cp to investigate

the effects. In terms of the relative numerical value, typically Mgefquie < Gicp < Eicp < Kwater-
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Pigeon Creek Site Results:
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Figure 5-34  Mobilised internal shaft
friction/base capacity. API-FEA estimation vs
measured. Dotted lines are for F=410kN.
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Figure 5-36  Load-displacement curve comparison
of API-FEA estimates against measured.
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Figure 5-35  API-FEA estimation of pile base

settlement vs measured load.

As this site, as the plug stiffness increases,
the plug capacity and the active plug length
both increase. Less load is then mobilised
below the annulus. This is shown in Figure
5-34 where the load-distribution under a
pile-head load of 410kN is applied. In
contrast, as the stiffness decreases, the plug
capacity decreases, less of the plug length is
mobilised (a reduced active length) and the
load resisted by the annulus increases. The
results of the total base capacity show that

as M increases the initial stiffness of the

base increases (Figure 5-35). It is also observed that the higher the value of M, the larger the base

capacity, which is demonstrated when M = K, ;¢ OF E;cp. The load-displacement response displays

similar patterns as observed by the base response. It is shown in Figure 5-36, that with higher values

of M, greater overall pile capacity is mobilised.
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Kwangyang Site Results:
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Figure 5-37  Mobilised internal shaft friction. API-
FEA estimation vs measured. Dotted lines are for
F=1250kN.

Euripides Site Results:
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The mobilised internal shaft friction results
are different here than observed at Pigeon
Creek. Here the increase in plug stiffness
increases the capacity of the plug without
affecting the load resisted by the annulus. It
does show, however, that as M increases the
active plug length also increases (Figure
5-37).

In the other comparisons performed at the
Kwangyang Plant site, the results mirror

those observed at Pigeon Creek site.
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Figure 5-38  Axial load in pile, API-FEA Figure 5-39  Total shaft friction, API-FEA
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Figure 5-41  Load-displacement curve for
API-FEA estimation against measured.

The results from Euripides give similar trends as the other sites. The forces in the single walled pile

is unique here and suggests that the pile load also depends on M, as the larger the stiffness, the greater

the load capacity of the pile (Figure 5-38). The sum of Q.,; and Q;,,;: also shows that in a single walled

pile, a higher value of M allows a greater active plug length to be mobilised (Figure 5-39). With

regards to the base capacity, Figure 5-40 shows a good match observed when M = K, ;+.,, SUggesting

that the assumed base parameters and behaviour are closer to what exists. The overall load capacity

is not well matched however, suggesting that z,,;; has been underestimated (Figure 5-41).

Case 29: This API analysis looked at the effects of including the self-weight of the pile and plug to

the overall calculation. In general, it was found that with the inclusion of the weight of the pile and

plug, there is little to no difference observed in general. There is only a small variation at the initial

stages of loading and less so with the much longer pile at the Euripides site.
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5.3.2.2.

ICP-FEA Analyses (Case 30 to Case 39)

This ICP analysis uses the results from the ICP-FEA to compare the interpreted results to the

measured values at the three sand sites under consideration. The cases are set out in Table 5-6.

Table 5-6 ICP-FEA test cases analysed.
Design | Constitutive Model T = Tin— | Tex— | Constitutive Constitutive .
Case| \jethod & ) ' Model %ite | Mol G M Weight
Tint & Text Tint & Text | Zpeak!Di| Zpeak/Do | MOTE] Gyite 0C€! Qb piug
Lunne and
- APl Q-z, at
30 | Icp API t-2 curves Toqu=Tiar | 0.000L | 0.01 AP1|03vato acpyg. |1 Q2 Q] ooy | Christophersen | No
. 0.1D; (1983)
Lunne and
i AP| Q-z, at
ICP API t-z curves Textult=Tintu | 0.0001 | 0.01 Ailo(\av%rto 1.0, Q2 Quax 0.0g; | Christophersen No
2 : 0.1D; (1983)
Lunne and
- APl Q-z, at
ICP AP t-Z curves Toqut=Tiar | 0.0001 | 0.01 AFl,IO(\QN?I'tO 0.7, Q2 Quaxa| 30 | Christophersen | No
: 0.1D; (1983)
Lunne and
: API Q-z, at
ICP AP t-Z curves Toqu=Tmar | 0.1 | 0.01 Ailogv%rm (ICP). Q2 Quaxa| (opyo | Christophersen | No
. 0.1D; (1983)
Lunne and
i API Q-z, at
32 ICP API t-z curves Toxtut=Tintatt | 0.01 0.01 AFl)IO(\QNfI'to (ICP)q. Q2 Qax (ICP)qc | Christophersen No
: 0.1 (1983)
Lunne and
- APl Q-z, at
IcP API t-2 curves Toqu=Timar | 0.001 | 0.01 Ai'ogvato (acpyg. [F! Q2 Qmacdtl ooy | Christophersen | No
. 0.1D; (1983)
Lunne and
i AP| Q-z, at
ICP API t-z curves Textult=Tintut | 0.0001 | 0.0025 ATO(\?N%I'tO (ICP)q, Q-2 Qax (ICP)qc | Christophersen No
: 0.1D; (1983)
Lunne and
- APl Q-z, at
3 | Icp AP t-7 curves Toqui=Tiwar | 0.0001 | 0.0050 AFl"O?N?rtO (ICP)q. Q2 Quaxal| opyo | Christophersen | No
: 0.1D; (1983)
Lunne and
R APl Q-z, at
IcP API -2 curves T =Tmue | 0.0001 | 0.0200 Ai'ogvam (1cPyg. | A7 Q% Qa1 epva | Christophersen | No
: 0.1D; (1983)
Lunne and
DNV t-z - API Q-z, at
ICP DNV t-z curves Textut=Tinatt | 0.0001 e AFl’IO(\QNfI'tO (ICP)qc QMDQ””“ (ICP)qc | Christophersen No
u 0. . 1D (1983)
Lunne and
DNV t-z : API Q-z, at
ICP DNV t-2 curves oot | 0.0001 [~ AP1|03vato (ICP)q. %mgm (ICP)q. | Christophersen |  No
e ' Ui (1983)
Lunne and
! AP1 Q-z, at
35 ICP API t-z curves Toq =Tt | 0.0001 | 0.01 Azlﬁﬁm (ICP)q, Q2. Quax (ICP)qc | Christophersen No
: 0.1D; (1983)
Lunne and
- API Q- at
3% | Icp API t-Z curves Toqu=Tiar | 0.000L | 0.01 AFl"O?N?rtO (ICP)q. Q2 Quadt| ooy | Christophersen | No
. 1.0D; (1983)
R APl Q-z, at
Icp API t-2 curves Toqur=Timar | 0.0001 | 0.01 Ailo(avato (ICP)q, QoQOax (ICP)q. Kuater No
: L1D;
APl Q-z to APl Q-z, Qmax at
37 ICP API t-z curves Tequ=Tinear | 0.0001 | 0.01 1.0?NT (ICP)q. 0_1Dim“ (ICP)q, Gicp No
APl Q-z to APl Q-z, Qmax at
ICP API t-z curves Text,ult=Tintut | 0.0001 | 0.01 1.0(3VT (ICP)q. O.lDimax (ICP)qe Eice No
Lunne and
- APl Q-z, at
ICP API t-Z curves Toqu=Tiar | 0.0001 | 0.01 AFl,IO(\QN?I'tO (ICP)q. Q2 Quaxal| opyo | Christophersen | Yes
-8 : 0.1D; (1983)
Lunne and
_ APl Q-z to AP1 Q-Z, Qmax at . Yes + Plug
IcP API t-z curves Toqu=Tinur | 0.0001 | 0.01 LowT (ICP)qe 0.10, (ICP)qe Chrl(sltggl;e)rsen Weight
R instead of Lunne and
R APl Q-z, at R
39 | Icp API t-z curves R* 0.0001 | 0.01 AFl’IO(\?N%I'tO (ICP)qe %mQ””” (ICP)qe | Christophersen No
Text ult=Tint,ult ' i (1983)

Case 30: This is the base case using the ICP-FEA results.

Pigeon Creek Site Results:

The ICP method predicts that the pile will behave in a plugged manner, under static load, and this
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scenario is investigated here.
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Figure 5-42 Internal shaft friction, ICP-FEA Figure 5-43  External shaft friction, ICP-FEA

estimation vs measured. estimation vs measured.
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Figure 5-44  ICP-FEA estimation of pile base Figure 5-45 Load-displacement curve for
settlement vs measured load. ICP-FEA estimation against measured.

When compared to the API-FEA for Pigeon Creek, the ICP-FEA estimates a much larger capacity;
however, the load that the internal shaft friction attracts remains quite low (Figure 5-42). The
measured values show results of internal shaft friction when a pile head load of 1130kN is applied,
which is not achieved by the ICP-FEA. As demonstrated in Figure 5-43, the ICP-FEA considerably
overestimates the external shaft friction (Q.,:). As can be seen in the figure, Q. IS approximately

2.0 times that measured under a pile head load of 980kN. This overestimation improves the match of
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the load-displacement response. The end bearing capacity, at this site, is found to be underestimated
by the ICP-FEA (Figure 5-44). In terms of estimated total base capacity, the Q./Q,, = 0.62. And with
regards to the load-displacement response, Figure 5-45 shows that the ICP-FEA marginally
overestimates this response; however, the capacity is generally achieved at a pile head displacement
of 0.1D,. Here Q./Q,, = 1.03 even though the ratios of the base and shaft capacities are essentially
0.5 and 2.0, respectively, times that measured.

Kwangyang Site Results:

The ICP method predicts an unplugged pile at this site, however this condition is covered in the next
case and a plugged pile is considered here.

The comparison of the mobilisation of the internal shaft friction (Q;,;) is shown in Figure 5-46. At
this site, with an applied pile head load of 2000kN, the ICP-FEA estimates the mobilisation of Q;,;
to a maximum achievable pile head load of 1500kN. The mobilisation of Q,,; is shown in Figure
5-47 and a good match to those measured is observed. The estimated initial stiffness of the annulus
and total base, shown in Figure 5-48, is underestimated, and for the base capacity, Q./Q,, = 0.64
here. Figure 5-49 shows that the overall load-displacement response is underestimated by the ICP-
FEA method when using the plugged pile input parameters with Q./Q,,, = 0.85 in this case. The initial

overall stiffness is also underestimated.
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Figure 5-46  Internal shaft friction, ICP-FEA Figure 5-47  External shaft friction, ICP-FEA
estimation vs measured. estimation vs measured.
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Figure 5-48  ICP-FEA estimation of pile base

Figure 5-49  Load-displacement curve for
settlement vs measured load.

ICP-FEA estimation against measured.
Euripides Site Results:

In the ICP design manual there is an example of the use of this method applied to the 47m pile from
the Euripides pile test. The g, profile that is outlined in this ICP example adopts a smoother lower

bound version to that measured, effectively reducing the estimated capacity. In this analysis, no

reductions to the g, values are applied.
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Figure 5-50 Axial load in pile, ICP-FEA

Figure 5-51  Total shaft friction, ICP-FEA
estimation vs measured.

estimation vs measured.
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Figure 5-52  ICP-FEA estimation of pile head Figure 5-53  Load-displacement curve for
settlement vs base capacity. ICP -FEA estimation against measured.

The ICP-FEA well estimates the axial load in the pile at a pile-head displacement of approximately
100mm (Figure 5-50). The comparison of the stresses is shown in Figure 5-51. The measured stresses
are due to the coupled action of the soil on both sides of the pile causing axial strain. The measured
results are therefore compared with the summation of 7;,; and t,,;. The results show that there is a
good match between the estimated values and those predicted by the ICP-FEA method. The pile base

response is shown in Figure 5-52 and the overall load response is well matched (Figure 5-53) with a

Qc/Qum Of 1.10.

Case 31: This ICP-FEA analysis investigates the use of varying base resistances along the annulus
and soil plug. Here the results using an unplugged pile with g, applied to the base of the annulus and
using a direct distribution of 0.7q, and 0.3q,. applied to the pile and plug, respectively, is compared

to the base case.
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Pigeon Creek Site Results:
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Figure 5-54 ICP-FEA estimation of pile base  Figure 5-55
settlement vs measured load.

Load-displacement curve for ICP-
FEA estimation against measured.

There is quite a wide variation in the estimated base response (Figure 5-54). However, the best

representation is the distributed q. case (0.7q. on the annulus and 0.3q,. on the plug base) where the

load is well matched to that measured. In addition, the base capacity is well captured when the pile is

assumed unplugged and 1.0q. is applied as q,,,,. As a result of this variation of the base resistance

however, the overall initial stiffness is overestimated and this increases the ultimate capacity to

Kwangyang Site Results:

Q./Q., = 1.35, as shown in Figure 5-55. The unplugged condition gives Q./Q,, = 1.30.

The results from using both the unplugged condition and that of the distributed load, both
overestimate the ultimate base capacity measured at this site (Figure 5-56). The initial stiffness of the
unplugged pile slightly underestimates the measured stiffness and using the distributed load, the
annulus’ stiffness does not match that measured. The predicted pile base capacity is best matched
however, when q;,, = 0.7q.. Both the unplugged and distributed load cases underestimate the initial

stiffness of the total capacity; however, the ultimate capacity is seemingly well matched (Figure
5-57).
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Load-displacement curve for ICP-

settlement vs measured load. FEA estimation against measured.

Euripides Site Results:
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Figure 5-58 ICP-FEA estimation of pile head  Figure 5-59

Load-displacement curve for ICP-

settlement vs base capacity. FEA estimation against measured.

The results here are quite similar to those of the other sites. Figure 5-58 shows that the ultimate base
capacity is marginally overestimated for both cases of unplugged and distributed loads. The initial
stiffness matches, suggesting that the mobilised proportion of the load at the base of the plug, using
qpp1 = 0.3q., or the ICP’s interpretation of the g, ,, for an unplugged pile, is applicable. The overall

load-displacement stiffness is, in general, not affected by the end-condition until after the shaft
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reaches its ultimate capacity (Figure 5-59). After this, the results are quite similar to those of the base

response.

Case 32: This ICP-FEA investigated the effect of varying the stiffness of 7;,,, along the pile. This
was performed by applying a range of relative displacement to internal diameter (z/D;) ratios from
0.1 to 0.0001. Due to similarity, results are only presented from the Pigeon Creek analysis.
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Figure 5-60 Comparison of the measured and
estimated values of Q; varying z/D; stiffnesses. Tur
derived from the ICP-FEA. Pigeon Creek results.

Case 33: Similar to the analysis performed for clays, and previously in Case 25, the stiffness of 7,
is investigated here for displacement to peak ratios of 0.0025D,, 0.005D,, and 0.02D,. The
constitutive model of the t-z curves used in this ICP analysis have been taken from API-RP 2GEO

(2011).
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Figure 5-61 Comparison of the load-displacement responses for range of t-z curves with 4, from
the ICP-FEA.

The results from the Pigeon creek site are shown in Figure 5-61a. Here, this shows that as the
displacement to mobilise the peak resistance reduces, the t-z reaction curves become stiffer and the
initial stiffness of the load-displacement curve is significantly increased. At this site, the lowest
stiffness, at z/D, of 2.0%, best matches the measured result. At both the Kwangyang Plant (not

shown) and Euripides (Figure 5-61b) sites, the highest stiffness at z/D, = 0.0025, gave the best match.

Case 34: In this ICP-FEA analysis the t-z curves have been derived from DNV-0S-J101 (2016). A
similar analysis was performed for the pile tests in clays in the previous section. As outlined in the
literature review (Chapter 2), a hyperbolic t-z relationship was used, based on earlier work on an
analytical model by various researchers. DNV has adopted these curves into their design guidance
for offshore installations. These curves are applied as the external stress-strain relationship of the pile

adopting the limits on the ranges of the curve fitting factor, 0.5 < r, < 0.98, in the hyperbolic

expression. In this case t;,; assumes the stiff interface which has been used in the previous cases. In
addition, as this loading is in sand the curves do not soften to a residual value.
In some results, the use of the API curves give a stiffer response than those of the DNV, such as at

Pigeon Creek (not shown) and at Euripides (Figure 5-63), and here these results better match the data.
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At the Kwangyang Plant site (Figure 5-62), the reverse was the case and the DNV curves better
matched the data. In general, with regards to the DNV curves, their stiffness increases as 7y reduces
and here, the stiffer curves occur at 7y = 0.5. There was marginal observable difference on the separate
pile components and these are not shown here. In addition, the curves mainly influence the initial
slopes of the load-displacement response due to the shaft of the pile resisting the load as it is applied.
The responses merge as t,;; is achieved along the entire length and base resistance further adds to

the total capacity.
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Figure 5-62 Load-displacement curve for ICP- Figure 5-63 Load-displacement curve for ICP-
FEA estimation against measured. Kwangyang FEA estimation against measured. Euripides
Plant site. site.

Case 35: Similar to Case 26, this ICP-FEA analysis investigates the use of a stiffer reaction at the

base of the annulus. Here z/t is reduced from 1.0 to 0.1. Results are only shown for Pigeon Creek as

the results were similar for each site.
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1200 Figure 5-64 shows that, for all the sites, when
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Figure 5-64 Comparison of base response with
varied Qp,p stiffness using the ICP-FEA. Pigeon
Creek results.

Case 36: This ICP-FEA investigates the use of a softer reaction at the base of the plug. Here the z/D;

ratio is increased from 0.1 to 1.0.

6000 Figure 5-65 shows the comparison of the
Measured Total Q-z
—e— ICP-FEA Total EB - z/Di=0.1 A
5000 | --&- ICP-FEA Amuulus EB - zDi-0.1 measured and estimated base responses at the
—- = ICP-FEA Total EB - z/Di=1.0
Z 4000 — +— ICP-FEA Annulus EB - z/Di=10 Euripides site. In each of the analyses performed,
o) . -
g 2000 using a softened plug base reaction for g,
a0
]
&} . .
g causes much less total capacity to be gained from
& 2000
each pile base.
1000
0

Pile Head Settlement (mm)

Figure 5-65  Comparison of base response
with varied Qo stiffness using the ICP-FEA.
Euripides results.

Case 37: This case considers the variation of the constrained modulus, M, here investigating the

impact of this parameter on the results of the ICP-FEA (similar to Case 28). For this analysis, M will
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be varied using, as before, K, 4¢er» Gicp and Ejcp. These are compared to the results adopted for the

default value of M, derived from the Lunne and Christophersen (1993), where, in general, Mgefqut

< Grep < Eicp < Kyater-

The analysis of the Pigeon Creek, Kwangyang Plant and Euripides sites, again all showed similar

trends from varying M. Here the results from the Euripides analysis are shown.
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Figure 5-66  Axial load in pile, ICP-FEA Figure 5-67  Total shaft friction, ICP-FEA
estimation vs measured. estimation vs measured at pile head
displacement of 100mm.
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Figure 5-68 ICP-FEA estimation of pile head  Figure 5-69 Load-displacement curve for ICP-

settlement vs base capacity. FEA estimation against measured.

In general, the value of M affects all components simultaneously. When the value of M is at its

highest, the load in the pile is estimated to be highest. The default value of M however, seems to give
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the most acceptable prediction of the forces in the pile, as observed in Figure 5-66, after a pile head
displacement of 100mm. In terms of estimated stresses, Figure 5-67 demonstrates that these are, in
general, quite similar and using the ICP-FEA follows the measured data quite well. This is also the
case for the total base load (Figure 5-68) when the highest value of M is used. Figure 5-69 shows the
load-displacement results from the analysis. Here the largest estimation of load is predicted when
M = K,,q:er (highest) but this also overestimates the ultimate value with Q./Q,, of 1.16, reducing to
1.12 when M = G;p, the lowest modulus is considered. In this case however, when M = K, 4¢er, this

predicts the best estimation of initial stiffness.

Case 38: This ICP-FEA case investigated the inclusion of the weight of pile and plug into the analysis.
Here the results showed a small variation in the estimated load-displacement response when these

weights were included in the analysis.

Case 39: This ICP-FEA analysis investigates the calculation of the “equivalent radius” for an OEP.

Currently, this factor is included in the ICP method to convert from the solution of CEPs to OEPs by

adopting an equivalent radius R*= /ROZ + R;%, where R, = R. Here we investigate the alternative

assumption of R* = R. This is similar to the analysis in Case 21 for clay.

For this example, the effects are illustrated using the results at the Kwangyang Plant and Euripides
sites. The results at Pigeon Creek were very similar but showed a slightly smaller effect.

In general, the change in R, does not affect the annulus capacity but reduces the capacity of the plug
and increases the external shaft friction. The reduction in plug capacity is observed in Figure 5-70,
under the 1500kN pile head load, using R instead of R*. Figure 5-71 shows that by adopting R, slightly
more load is resisted by the external shaft friction. This was the general trend for all sites. In terms of
the load-displacement, the use of R, can improve the estimation of the pile head response, as shown
for the Kwangyang Plant site (Figure 5-72) but can also overestimate this response as observed at

Euripides (Figure 5-73).
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The UWA-FEA method is used here to compare against the results of the previous cases. This method

is examined for sands as there is no UWA method for clays. In this method all OEPs are considered

fully plugged under axial static loading. The cases are set out in Table 5-7.
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Table 5-7 UWA test cases analysed.
Case Design | Constitutive Model Tt = Tinn— | Tex— | Constitutive 4 Constitutive q M Weight
o pil o,pl I
Method Ting & Text Tint & Text  |Zpeak/Di| Zgeak/ Do Model G gire Pile | Model b plug PLe
Lunne and
R UWA)] | API Q-z, at [ (UWA)
40 | uwa API t-z curves Toqut=Tiar | 0.0001 | 0.01 ATO(\?N%I'tO (UWA)Q| APEQ-Z, Quaxat| (UWAYQ| -y S ersen | No
- c 0.1D; c (1983)
Lunne and
- APl Q-z, at
UWA API t-7 curves Toqu=Tiar | 0.0001 | 0.01 AFl,IO(\QN?I'tO 0.6, Q2 Quaxal| 10| Christophersen | No
: 0.1D; (1983)
0.5 x 0.5x Lunne and
R API Q-z, at . R
41 | UwA API t-z curves Toqut=Timar | 0.0001 | 0.01 ATOSV%rm UWA's Q2 Quax 8| \yas | Christophersen | No
. qb 0.1D; Qb (1983)
Lunne and
- APl Q-z, at
UWA API t-Z curves Toeu=Tme | 00001 | 001 | AP'QZ 1 ge0 Q2 Quaxa| 50 | Christophersen | No
o Lowt 0.1D; (1983)
. . Lunne and
- UWA's |API Q-z, at| UWA's
UWA API t-2 curves toeu=t | 01 | o001 | AP1Qzr Q2 Qax Christophersen | No
1.0WT 0o 0.1D; b (1983)
Lunne and
R UWA's |API Q-z, at| UWA's
42 | uwa AP t-7 curves toeu=tn | 001 | 001 | AP1Qzr Q2 Qumax Christophersen | No
1LOWT o 0.1D; b (1983)
Lunne and
- UWA's |API Q-z, at| UWA's
UWA API t-z curves Textult=Tintut | 0.001 0.01 AP1Q-zt0 Q-2 Qumax Christophersen No
1.0WT U 0.1D; o (1983)
, . Lunne and
- UWA's [API Q-z, at| UWA's
UWA API t-z curves Totut=Tinur | 0.0001 | 0.0025 AP1Q-zto Q2 Quax Christophersen No
1.0WT Ob 0.1D; [¢]) (1983)
Lunne and
R UWA's |API Q-z, at| UWA's
43 | UWA API t-z curves Toxut=Tingut | 0.0001 | 0.0050 APl Q-z to QZ, Qmx Christophersen No
Lowt Gb 0.1D; b (1983)
. . Lunne and
- UWA's |API Q-z, at| UWA's
UWA API t-z curves Textult=Tintut | 0.0001 [ 0.0200 API Qzto Q2 Qax Christophersen No
1.0WT 0o 0.1D; Ob (1983)
Lunne and
DNV t-z R UWA's |API Q-z, at| UWA's
UWA DNV t-z curves Tequt=Tintatr | 0-0001 APl Q-zto Q-2 Qmax Christophersen No
r;=0.98 1.0WT Qb 0.1D; [o]3 (1983)
44 3 5
DNV t-z - UWA's |API Q-z, at| UWA's unne an
UWA DNV t-z curves Textult=Tintut | 0.0001 AP1Q-zt0 Q-2 Qumax Christophersen No
rf=0.50 1.0WT Ob 0.1D; [o]3 (1983)
, . Lunne and
- UWA's |API Q-z, at| UWA's
45 | UWA API t-z curves Tou=Tinur | 0.0001 | 0.01 AP1Q-zto Q2 Quax Christophersen No
1LOWT o 1.0D; Ob (1983)
B APIQ-zto | UWA'S |API Q-z, Quyat| UWA's
UWA API t-z curves Toxut=Tintut | 0.0001 | 0.01 LoWT 0 01D, o Kuater No
APl Q-z to UWA's |API Q-z, Qmax at | UWA's
46 UWA API t-z curves = 0.0001 0.01 G No
Text,ult=Tint,ult 1.OWT G 0.1D; b UWA
_ APIQzto | UWA's |API Q-Z, Quaxat| UWA's
UWA API t-z curves Textult=Tintut | 0.0001 | 0.01 LOWT % 0.1D, . Euwa No
, . Lunne and
- UWA's [API Q-z, at| UWA's
UWA API t-z curves Tout=Tinur | 0.0001 | 0.01 AP1Q-zto Q2 Quax Christophersen Yes
1.0WT 0o 0.1D; Ob (1983)
47
. . Lunne and
_ APIQzto | UWA'S |API Q-Z, Quaat| UWA's ! Yes + Plug
UWA API t-z curves Text,ult=Tintat | 0.0001 | 0.01 LOWT % 0.1D, % Chrl(slt;;;l;e)rsen Weight
. . Lunne and
2.0 x UWA' - UWA's |API Q-z, at| UWA's
48 | UWA API t-z curves x ST oo0001| 001 | AP1Qzt Q2 Qi Christophersen | No
(Text.utt=Tint ut) Lowt Go 0.1D; b (1983)

Case 40: The UWA-FEA analysis in this case is used as the base case for this section.
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Pigeon Creek Site Results:
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Figure 5-74  Internal shaft friction, UWA-FEA Figure 5-75  External shaft friction, UWA-
estimation vs measured. FEA estimation vs measured.
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Figure 5-76 UWA-FEA estimation of pile base Figure 5-77  Load-displacement curve for

settlement vs measured load. UWA-FEA estimation against measured.

The response of the mobilised internal shaft friction is shown in Figure 5-74. Here the load estimated
by the UWA-FEA method does not fully match the measured values of Q;,,;. The maximum load
supported by the internal shaft under a pile head load of 880kN is approximately 440kN as compared
to a measured 590kN. However, compared to the API-FEA and the ICP-FEA, this is the best match.

The load transferred to the base is also observed to be underestimated. With regards to the load

transferred to the external interface, Figure 5-75 shows that under a pile head load of 880kN, the
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measured external load in the pile is approximately 300kN whilst that estimated is 440kN. The base
response is shown in Figure 5-76. It is observed here that the UWA underestimates the base capacity
with a Q./Q,, of 0.64 (454/712). The initial stiffness of the load-displacement, Figure 5-77, is
observed to match the measured stiffness however during the latter stages of loading, the total
capacity reduces below that measured, to a Q./Q,,, of 0.87.

Kwangyang Site Results:
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Figure 5-78 Internal shaft friction, UWA-FEA Figure 5-79  External shaft friction, UWA-

estimation vs measured. FEA estimation vs measured.
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Figure 5-80 UWA-FEA estimation of pile base Figure 5-81  Load-displacement curve for
settlement vs measured load. UWA-FEA estimation against measured.
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The comparison of the measured and estimated internal shaft capacity is shown in Figure 5-78. Here,
the UWA-FEA underestimates the load on the pile and overestimates the load on the plug, at a pile
head load of 1500kN. The total base load is comparable to the measured values; however, no further
internal capacity is calculated with the UWA-FEA. Figure 5-79 shows that the UWA-FEA over-
predicts the load transferred to the external shaft friction. In this case, it is observed that the estimated
values are more than double those measured. The base capacity is under-predicted by the UWA-FEA
in the comparison shown in Figure 5-80. The Q./Q,, here is 0.73 (594/815). The load-displacement
response is also under-predicted, with a Q./Q,,, value of 0.81 (Figure 5-81).

Euripides Site Results:

The q. profile that is adopted here is directly extracted from the values measured at the Euripides

site. No averaged or lower bound values are used.
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Figure 5-82  Axial load in pile, UWA-FEA Figure 5-83  Total shaft friction, UWA-FEA
estimation vs measured. estimation vs measured.
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Figure 5-84 UWA-FEA estimation of pile head Figure 5-85 Load-displacement curve for
settlement vs measured load. UWA-FEA estimation against measured.

At this site the UWA-FEA method underestimates all the load components. Figure 5-82 shows the
comparison of the forces along the pile for incremental pile head displacements and the measured
loads at 100mm pile head displacement. The method considerably underestimates the measured load
in the pile by approximately 50%. Figure 5-83 shows the stresses measured along the pile after a pile
head displacement of 200mm. Here it shows that the stress is also underestimated. Figure 5-84 shows
the base response is underestimated, with a Q./Q,,, value of 0.76. Figure 5-85 shows the overall load

displacement response, and the UWA method underestimates the total capacity with a Q./Q,,, of 0.58.

Case 41: This analysis varies the base resistance in the UWA method. The authors of the UWA
method correlated the final filling ratio (FFR) to the g, ,,;; however, designers usually do not have
access to this information until after pile has been installed. Therefore, the range of values of g, ,,; of
0.1q. t0 0.3q, is used. 0.6q.. is applied to the pile in these cases.

In addition, from the results of the RMS-error analysis and the results shown in Table 5-4, the UWA
method has been found to overestimate the base capacity by about 50%. In this comparison, a
reduction of g, by 50% is included to assess the effects.

In general, similar trends were found for the sites. The results from Pigeon Creek only are shown.
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Figure 5-86 UWA-FEA estimation of pile base Figure 5-87  Load-displacement curve for

settlement vs measured load. UWA-FEA estimation against measured.

The comparison of the estimated base capacity to those measured is shown in Figure 5-86. In the
analysis which adopts 0.6q, at the base of the pile and 0.1q, at the base of the plug, the total base
capacity gives a Q./Q,, value of 0.78. When 0.6q.. is used at the base of the pile and 0.3q,. on the
plug, the total capacity improves to Q./Q,, = 0.84. The reduction of g, by 50% shows the lowest
comparison with that measured, Q./Q,, = 0.43.

The load-displacement response (Figure 5-87) shows an improvement of Q./Q,, to 1.01 when the

base resistance is distributed as 0.6q, on the annulus and 0.3q. on the plug. With 0.1q, applied to the

base of the plug the Q./Q,, is 0.96. The use of the 50% reduction of g, gives a Q./Q,, value of 0.72.

Case 42: This UWA-FEA case investigated the effect on the mobilised internal shaft resistance, 7,
to a change in the stiffness of the internal soil reaction curves. Although it was found that, in general,
a stiffer interface enabled more of the plug to be mobilised, the variation in results was too small to

be observed diagrammatically.
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Case 43: This UWA-FEA case assesses the variation in pile response when the displacement-to-peak
mobilised load, z, occurs at 0.0025D,,, 0.005D,,, and 0.02D,,.

The analyses all showed an effect on the

Load (kN)
0 0 200 400 600 800 1000 1200 1400 initial stiffness but not the ultimate load, as
5 R Q 15=1030kN shown in the results for the Pigeon Creek
NN
LN
BN site, Figure 5-88.
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Figure 5-88 Comparison of the load-displacement
responses for range of t-z curves with t,,4, from the
UWA-FEA. Pigeon Creek results.

Case 44: In this UWA-FEA the t-z curves adopted are those recommended by the DNV-0S-J101
(2016). As analysed in previous cases, these curves are applied as the external stress-strain

relationship of the pile, adopting the limits on the ranges of the curve fitting factor, 0.5 <, <0.98, in

the hyperbolic expression.
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Figure 5-89  Load-displacement curve for UWA-

FEA estimation against measured. Kwangyang Site

results.

In general, the results were similar to those
of the ICP-FEA whereby, there were no
significant variations observed. The most
observable variation due to the use of the
APl and DNV curves was found at the
Kwangyang Plant site. Figure 5-89 shows
the load-displacement responses for this
site. Here a clear variation in initial stiffness
is observed when the different curves are
used. The results suggest that the DNV
curves are marginally better at estimating

the initial stiffness.

Case 45: This UWA-FEA investigates the use of a softer reaction at the base of the plug. Here the

zID; is increased from 0.1 to 1.0. Figure 5-90 shows the comparison of the results from the

Kwangyang Plant site as the clearest effect was observed.
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Figure 5-90 Comparison of the load-displacement
responses for range of t-z curves with ,,,,, from the UWA-

FEA. Kwangyang Plant results.

166



Case 46: This UWA-FEA examines the variation of the constrained modulus, M, using, as in earlier
cases, Kyater» Guwa and Eyyy 4. These are compared to the results adopted for the default value of M,
derived from the Lunne and Christophersen (1993). As the results are similar at each site, only the

Pigeon Creek results are shown.
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Figure 5-91  Mobilised internal shaft Figure 5-92 UWA-FEA estimation of pile base
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Creek results.
Load (kN)
0 200 400 600 800 1000 1200 1400
" A
5 N Qg 1p=1030kN
) \‘“ N
Y
~ 10 \ \
= \N\
g \: \
= \\ : |
E 20 Measured \
- - — =M = Default \ .
% 25 —-— M=K water \ \ 11
a — —M=GUWA R
30 — .. M=E UWA (N R
L
I k!
0.1D=35.6mm ‘ 1\|
40 : I

Figure 5-93

Pigeon Creek results.

Load-displacement curve comparison of UWA-FEA estimates against measured.
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Using the largest value of M, facilitates a much larger mobilised plug capacity and a marginal amount
of increased base capacity (Figure 5-91), compared to when the default M values are used. In general,
the total base capacity has not changed but to a greater effect, the distribution of the load. In addition,
the use of larger values of M, in this case, causes less load to be supported by the annulus.

When M = K.+ this mobilises the largest base capacity, best matching the measured results with a
Q./Q,, of 0.89 (Figure 5-92). The use of M = Eyy 4 and Gyy 4 produces Q./Q,, of 0.76 and 0.64,
respectively, for the total base capacity.

The load-displacement results for this case show trends that are similar to those in the other
component behaviours, in that, the stiffer the plug the more load can be mobilised (Figure 5-93).

When M = K,,,4¢er, the initial stiffness is highest, as more of the base capacity is mobilised sooner.

Case 47: This UWA-FEA considered the effect on the overall load-displacement if the weight of pile
and plug are included in the analysis. The results were similar to those for the API-FEA and ICP-

FEA, in that there is little to no difference when these weights are included.

Case 48: This UWA-FEA considers the use of the factors that were found from the RMS-error

calculation and Table 5-4. Here a factor of 2.0 is applied to ¢’,. on both the internal and external

sides of the pile.
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Pigeon Creek Site Results:
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Figure 5-94  Internal shaft friction, UWA-FEA
estimation vs measured.
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Figure 5-95  External shaft friction, UWA-
FEA estimation vs measured.

Figure 5-94 shows the comparison of the
measured and estimated values of the internal
shaft friction for pile head loads of 440kN and
880kN. The use of the factored (2%x) o’y
generated less internal resistance than the
unfactored case. This suggests that with a higher
capacity more load is resisted by the external shaft
(and therefore less to the base).

This is further demonstrated in Figure 5-95 where
for a higher pile head load of 880kN, a larger load

is supported by the external shaft for the condition

where the factored o’ is adopted. This occurs as the shaft capacity has doubled, allowing more load

to be supported and therefore less capacity being required at the base of the pile. The smaller load of

440kN will therefore not see much variation when the factored ¢’,.. is adopted, but when more

capacity is required at 880kN, a clear variation is observed.

The load-displacement response shows an increase in Q./Q,, to 1.33 from a base case value of 0.87.
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This corroborates the above discussion, that the initial stiffness has approximately doubled as a result

of the increase in shaft friction in the factored ¢’,.. case.

Kwangyangq Site Results:
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Figure 5-98  Total shaft friction, UWA-FEA

estimation vs measured.

Figure 5-97 shows the comparison of the load-
displacement for the Kwangyang Plant site. As
discussed, the assumed capacity due to
discrepancies in the case study have reduced
the measured capacity of the pile. However, the
results estimated when the factored o’,.. is
considered match the initial load response

quite well. The Q./Q,,, has increased from 0.81

to 1.33.
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Figure 5-99  Load-displacement curve for

UWA-FEA estimation against measured.
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The use of 20’,. has increased the estimated mobilised shaft friction along the pile length (Figure
5-98), improving the comparison to that measured. Figure 5-99 shows the load-displacement response
comparison. By adopting a factored ¢’,., the estimated values have significantly improved. The

Q./Q,, for the total capacity has increased to 0.98 from 0.58.

5.3.24.  Summary of Results

The results of the cases outlined above are summarised in Table 5-8. Unlike axially loaded piles in
clay, which exhibit strain-softening after a peak capacity has been achieved, piles in sand generally
continue to increase in capacity as the base is mobilised. This was observed at both the Pigeon Creek
and the Euripides test sites and here the capacity is extracted after a pile head settlement of 0.1D,,. At
the Kwangyang Plant site, the ultimate values are suggested to be constant but modified as discussed,
and this value used to perform the Q./Q. comparison.

From Table 5-8, the variations to the API-FEA and UWA-FEA still both under-predict the capacities
at each of the tested sites and the ICP-FEA is generally well averaged considering all test results.

Table 5-8 Summary of results

Pigeon Creek Kwangyang Plant - TP2 Euripides - Ic
Case Capacity at 0.1D, Capacity at 0.1D, Capacity at 0.1D,

i (IZN) QO " (IZN) Q/Qm ° (IZN) Qe/Qnm

Measredl 1030 : 1777 i 18100 i

API-FEA

23 424 0.41 1343 0.76 9498 0.52
380 0.37 1288 0.72 9194 0.51
24 410 0.40 1338 0.75 9432 0.52
410 0.40 1343 0.76 9452 0.52
424 0.41 1343 0.76 9498 0.52
25 424 0.41 1343 0.76 9498 0.52
424 0.41 1343 0.76 9498 0.52
26 428 0.42 1343 0.76 9497 0.52
27 405 0.39 1285 0.72 9371 0.52
470 0.46 1583 0.89 11377 0.63
28 444 0.43 1461 0.82 8876 0.49
470 0.46 1580 0.89 9118 0.50
2 429 0.42 1343 0.76 9497 0.52
429 0.42 1343 0.76 9497 0.52
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Table 5-8

Summary of results (con’d).

Pigeon Creek Kwangyang Plant - TP2 Euripides - Ic
Case Capacity at 0.1D, Capacity at 0.1D, Capacity at 0.1D,
P (IZN) Q/Qn P &’N) Qu/Qn P (lfN) Q/Qn
M\i:fjggd 1030 - 1777 - 18100 -
ICP-FEA

30 1058 1.03 1513 0.85 19938 1.10
a1 1338 1.30 1928 1.09 21861 1.21
1391 1.35 2066 1.16 22321 1.23

1026 1.00 1509 0.85 19319 1.07

32 1061 1.03 1512 0.85 19870 1.10
1064 1.03 1513 0.85 19932 1.10

1065 1.03 1514 0.85 19938 1.10

33 1065 1.03 1514 0.85 19938 1.10
1065 1.03 1514 0.85 19938 1.10

2 1065 1.03 1513 0.85 19817 1.09
1065 1.03 1513 0.85 19938 1.10

35 1058 1.03 1514 0.85 19969 1.10
36 965 0.94 1351 0.76 19214 1.06
1171 1.14 1608 0.91 20962 1.16

37 1080 1.05 1565 0.88 20253 1.12
1130 1.10 1600 0.90 20621 1.14

a8 1065 1.03 1514 0.85 19938 1.10
1065 1.03 1514 0.85 19938 1.10

39 1090 1.06 1577 0.89 22756 1.26

UWA-FEA

40 892 0.87 1435 0.81 10464 0.58
993 0.96 1621 0.91 12237 0.68

1 743 0.72 1258 0.71 9621 0.53
1039 1.01 1696 0.95 12284 0.68

878 0.85 1404 0.79 10184 0.56

42 900 0.87 1431 0.81 10439 0.58
902 0.88 1435 0.81 10462 0.58

819 0.79 1435 0.81 10464 0.58

43 818 0.79 1435 0.81 10464 0.58
818 0.79 1435 0.81 10462 0.58

" 902 0.88 1436 0.81 10464 0.58
902 0.88 1436 0.81 10464 0.58

45 874 0.85 1389 0.78 10398 0.57
1075 1.04 1867 1.05 13594 0.75

46 895 0.87 1540 0.87 10651 0.59
975 0.95 1671 0.94 11339 0.63

i 892 0.87 1435 0.81 10463 0.58
892 0.87 1436 0.81 10463 0.58

48 1365 1.33 2320 1.31 17740 0.98
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5.4. Recommendations from results

From the results of the analyses performed for the Pigeon Creek, Euripides and Kwangyang Plant test
sites, recommendations can be suggested to improve the accuracy of the estimated response of OEPs

in sands. These recommendations focus on the improved modelling of T,,¢, Tin: and qy,.

54.1.  External Shaft

54.1.1.  Ultimate Resistance, zex

In sands the value of z.,; is generally acceptable when using either the ICP-FEA or the UWA-FEA.
This has not been found to be the case for the API-FEA as this method relies on the ultimate values
derived from the APl method that are significantly underestimated in sandy material. It is expected
that in light of the results of the RMS-Error distribution observed in Figure 5-15, using the ICP

method, no improvement would be gained by further work in sands. The UWA-FEA method is

therefore chosen to be taken forward to assess whether improvements can be obtained.

See: Section 5.3.2.1, Case 1; Section 5.3.2.2, Case 30 & Case 39; and Section 5.3.2.3, Case 40 & Case 48.
5.4.12. Displacement to Mobilise zext, /Do

It was found that the stiffer the t-z curves produced a better overall match to the measured response. This is
achieved by a ratio of z/D,, of 0.0025. The initial stiffness of the load-displacement response is very sensitive

to the stiffness of the t-z soil reaction curves as this mobilises initially. When using the ICP-FEA and the

UWA-FEA, these methods have been found to improve the estimate of the initial stiffness at the Pigeon Creek

site, but the comparisons at both the Kwangyang Plant site and the Euripides site are poorer when z/D, =

0.0025 is used. The use of z/D, = 0.01 is recommended to be taken forward.

See: Section 5.3.2.1, Case 25; Section 5.3.2.2, Case 33; and Section 5.3.2.3, Case 43..

54.13. t-zreaction curves — APl vs DNV

In general, the initial stiffness of the load-displacement response is directly affected by varying the t-
z relationships. When the ultimate values of all the t-z soil reaction curves are mobilised, the variation
in the use of different soil reaction curves is insignificant as further capacity is now base dependent.
In the different cases analysed using the ICP-FEA, the Pigeon Creek and Kwangyang Plant sites gave

slightly better results when the DNV curves are used. At Euripides, the API curves were preferred as
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in these cases the initial stiffness was better matched. In the UWA-FEA the use of the different curves
did not give significant differences in the results. As any improvement in the estimation of stiffness

is quite marginal, and the industry’s experience with their use, the API t-z soil reaction curves will be

used to progress this research.

See: Section 5.3.2.2, Case 34; and Section 5.3.2.3, Case 44.

5.4.1.4. ICP-R*VsR

The use of the external radius, R, instead of the equivalent radius, R*, in determining 7 from the ICP-
FEA method has been found to marginally increase the mobilised shaft resistance in the shorter piles.

However, for the longer pile at Euripides, the effects were quite substantial, and this caused the

overestimation of the measured capacity. It is therefore recommended to maintain the use of R* in

the calculation of z,.

See: Section 5.3.2.2, Case 39.

54.2. Internal Shaft

5.4.2.1. Internal Interface Resistance, tint

In the ICP and UWA design methods, t.,; is determined by empirical correlations of field and
laboratory test results. t;,,; is not specifically defined in either method but indirectly accounted for in

their definition of g, ;. Using the finite element variants of these methods however, it has been shown

that z,,, can be taken as the initial value of t;,,. The finite element process will then compute the

mobilised value due to interactions with other components. If the full internal shaft capacity is
mobilised, the load transferred to the base will be limited to the capacity at the base of the plug and
the efficiency of the plug to convey the load to this base (constrained modulus dependent). Based on
the configuration of the pile, the stresses will usually be confined to the active plug length, which is
usually a few diameters from the base of the pile in sands, but much longer in clays.

See: Section 5.3.2.1, Case 1; Section 5.3.2.2, Case 30, Case 39; and Section 5.3.2.3, Case 40 & Case 48.

5.4.2.2. Constrained Modulus, M
In general, M has a direct influence on the total capacity of the pile and the stiffness of the response.

Especially with the longer pile, as was the case with Euripides, the higher stiffness allows for a much
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greater mobilisation of the base capacity. Although the preferred option is to derive M from soil
testing, consolidation tests are not usually performed on sand to determine consolidation parameters
(noting M = 1/m,,). The results from the study indicate that the Young’s modulus, E, can be used as
an estimate for M. The Author recommends care in using extremely high values of M as this can
significantly increase the calculated value of @y, as was found in the ICP-FEA and UWA-FEA.
Using the ICP-FEA at the Euripides site, the use of M = G;¢p Or E;cp gave acceptable results and at
the Pigeon Creek site, using the UWA-FEA, the analysis performed using M = Ey;y,4 gave acceptable
results.

Having observed the influence of the value of M on the overall results, the Author recommends that

conservatively, M should be determined from the relationship by Lunne and Christophersen (1983).

See: Section 5.3.2.1, Case 28; Section 5.3.2.2, Case 37; and Section 5.3.2.3, Case 46.

5.4.2.3. Displacement to Mobilise zint, Zpeak/Di

At the Pigeon Creek and Kwangyang Plant sites, of the z,.,,/D; ratios considered, the stiffest ratio,
of 0.0001, mobilised more of the base resistance of the soil plug. At the Euripides site, it was observed
that this ratio allowed greater mobilisation of the internal shaft resistance, thereby enabling the

creation of a rigid basal plug. In general, the use of a higher stiffness, such as 0.0001, is recommended

when considering the z,,.,, /D; component, as lower stiffnesses do not seem to replicate the measured

behaviour.

See: Section 5.3.2.1, Case 24; Section 5.3.2.2, Case 32; and Section 5.3.2.3, Case 42.

5.4.3. Base Resistance

5.4.3.1. Resistance at pile base, Qv

The value of g, ,, varies depending on the design method chosen.
Good estimates have been found when g, ,, =0.7q. was used in the ICP-FEA comparisons. This value

was found to well predict the response at the Pigeon Creek and Kwangyang Plant sites, although

marginally higher estimates were found at Euripides.
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With the analyses using the UWA-FEA, the best matches were found when q;,, = 0.6q, which was
observed at the Pigeon Creek and Kwangyang Plant sites. A good match was also found at the
Euripides site, however as only a single walled pile was used here, and due to the length of the pile,
it is difficult to differentiate the distribution of load between the pile and plug.

As outlined in 5.4.1.1, as no further gain in capacity distribution is expected using the ICP method,
the UWA-FEA method is analysed in more detail to explore whether improvements can be obtained.

Therefore, using the UWA-FEA method, the end bearing resistance on the annulus, will be assumed

to be 0.5g, p-
See: Section 5.3.2.2, Case 31; and Section 5.3.2.3, Case 41.

5.4.3.2.  Displacement to mobilise ultimate resistance of pile, zyp/t

A stiff annular base response will have a greater effect on the overall capacity if the D,/t ratio is low. The

value recommended of z/t, the displacement to mobilise the full annular resistance, is 0.1, as the use of

this stiffness best replicated the observed behaviour at the three sites considered and using each of the finite
element variants of the design methods in this study.

See: Section 5.3.2.1, Case 26; and Section 5.3.2.2, Case 35.

5.4.33.  Stress-strain (constitutive) model of g,

The Q-z relationship as per the API- RP 2GEO (2014), has been used in this exercise at the base of
the annulus to represent the stress-strain relationship. The main variation has been the normalisation
quantity, whereas API adopts the full base diameter, D,, the wall thickness, t, was used to relate the

stresses and strains in the mobilisation of annular resistance. It is therefore recommended to adopt the

Q-z constitutive relationship from the APl normalised by t instead of D, to fully mobilise g, a-

See: Section 5.3.2.1, Case 1, Case 26; Section 5.3.2.2, Case 30, Case 35; and Section 5.3.2.3, Case 40.

5.4.3.4. Resistance at plug base, gb,pi

The value of g, ,,; represents the ultimate resistance that can be transferred to the base of the plug.
This quantity was found to vary between 0.1q. to 0.3q. as determined by Lehane et al. (2005);
Salgado et al. (2002) and corroborated by this research exercise. The ICP method suggests that this

value is 0.3q. and when adopted into this work, in the ICP-FEA, this has been found to give results
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that match the measured values at the Pigeon Creek and Kwangyang sites. This value however
marginally overestimates the ultimate value and overall response at the Euripides site.

Using the UWA-FEA, when g, ,,; = 0.3q,, the response at the Pigeon Creek site was underestimated,
a good match was found at the Kwangyang site and an overestimated response was observed at the
Euripides site. Using the default value of g, ,,, from the UWA method at all three sites, this value was
also underestimated.

Similar to the value adopted for g, ,,, with regards to the base of the plug, it is recommended that the

end bearing resistance assume 0.5q;, ,;, Where gy 5, is the UWA’s default approach. The intention is

to obtain an improved overall distribution of capacity of OEPs in sands, to match or improve on the
ICP method as in Table 5-3.

See: Section 5.3.2.2, Case 31; and Section 5.3.2.3, Case 41.

5.4.3.5. Displacement to mobilise ultimate resistance at base of plug, zv,pi/Di

Traditionally the displacement to mobilise the base of the plug has not been isolated from the base of
the entire pile. In sands, an OEP with a low D,/t ratio is susceptible of forming a rigid basal sand
plug after a degree of relative displacement. In sands, OEPs with high D,/t ratios will not form the
internal arches necessary to confine the stresses near to the annulus, negating the formation of a rigid
basal plug. In the analyses performed, the reduction in the stiffness at the base of the plug did not
improve the comparison with the measured data but the opposite was observed at each of the three

sites using each of the finite element design methods considered. The displacement to obtain the peak

resistance of the soil plug, g, ;. is therefore recommended to be 0.1D;.

See: Section 5.3.2.1, Case 27; Section 5.3.2.2, Case 36; and Section 5.3.2.3, Case 45.
5.4.3.6.  Stress-strain (constitutive) model of gy pi

Similar to that of the annulus, the Q-z relationship as per the API- RP 2GEO (2014), has been used
in this exercise at the base of the plug to represent the stress-strain relationship. The main variation
in this case is the normalisation quantity which adopts the internal pile diameter, D;, to relate the

stresses and strains. It is therefore recommended to adopt the Q-z constitutive relationship from the

API normalised by D; instead of D, to fully mobilise g;, ;.
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See: Section 5.3.2.1, Case 1 & Case 27; Section 5.3.2.2, Case 30 & Case 36; and Section 5.3.2.3, Case 40 &

Case 45.

5.4.4.  Miscellaneous

54.4.1. Pile and plug weights

In general, there is a negligible variation in the estimated load-displacement response when the pile
and the plug weights are included in the analysis. Observable variations were in Case 29 using the
API-FEA analyses, however this did not have a great effect on the overall load-displacement
relationship. When using the ICP-FEA and UWA-FEA the effects were found to be quite small.

The weights of the pile and plug will continue to be included in the analyses even though their effects

are minimal.

See: Section 5.3.2.1, Case 29; Section 5.3.2.2, Case 38; and Section 5.3.2.3, Case 47.
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6. New FEA Method for OEPs

This chapter draws on the conclusions from Chapter 4 for clays and Chapter 5 for sands, to derive a
new method of estimating the overall response of OEPs. From each of the cases presented, the variants
that produced trends that better matched the measured responses are used to deduce the
methodologies in clays and sands. In each of the following sections, the new finite element method
is initially outlined and input parameters from each of the relevant case studies are applied to validate
the method. As within the database, some of the test sites were comprised of sands and clays,
applicable parameters are used at these sites to estimate the overall OEP response in a layered
stratigraphy. This procedure is aimed at improving the estimate of the overall response with an
improved base model implemented. An assessment of the performance of the new procedure is then
done at the end of the clay and sand sections and compared to the results when only the direct capacity
methods are used. This is not performed for the layered section as only a limited number of these sites
are available. The new methods are then compared to an industry-based method using sands and

clays, and some final considerations are provided on base capacity and the definition of plugging.

6.1. Base Capacity of OEPs in CLAYS

This section introduces the modified finite element method for OEPs in clay, aimed at improving the
overall and base capacity response estimated.

In clays, there are a limited number of tests available to derive the base capacity. This is due to the
believed low contribution of the base, to the overall capacity, and the cost of pile testing. In Chow
(1997), 5 tests are quoted but this is then reduced to 3 tests in Jardine (2005), where reliable strain
gauge data is available. From the detailed sensitivity study performed in Chapters 4 in clays, it was

found that the mobilisation of the total end bearing in clays is dependent on several factors:

Qb = f(L Ly, Wp p, Do, t, Fe, M, 5, 6, D; ) (66)
Additional factors will depend on the input variables required in the API or ICP design method used.
To best account for the combined effects of these factors under loading, a numerical approach is

required.
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6.1.1.  Mobilisation of Annulus Capacity

The mobilisation of the full base capacity is generally considered to occur within a vertical
displacement of 0.1D,. The resistance below the annulus has been found to have a much stiffer
mobilisation than that of the plug (Paik et al., 2003; Joseph et al., 2017). The displacement required
to fully mobilise the annulus has been investigated in Chapter 4 and found to better match the
measured data at 0.1t.

6.1.2.  Mobilisation of Plug Capacity

The base capacity of the plug in an OEP in clay will be dominated by its undrained strength. With
any increase in axial stress, due to an applied axial load, there cannot be an increase in the internal
shaft friction without drainage, which will not readily occur. As loading continues, undrained
behaviour suggests that the mean effective stress will remain constant, and as the plug capacity
mobilises from the base, more of the plug length will become activated, presumably through the
action of pore water pressure in the soil column. For a fully unplugged condition to occur, L, = L.
Matsumoto et al. (1995) demonstrated the contribution of the soil plug by drilling out the plug within
an OEP, testing the pile, and comparing the results to those of a matching pile with its plug intact. It
was found that for different configurations of piles, this contribution varies. This suggests that if the
full capacity of the plug can be achieved, the ultimate capacity of the pile will be larger than solely
relying on the external shaft friction and end bearing on the annulus.

It can also be shown that the total stress, relative to depth, in a clay plug is:

do, N 4as,
dz ' 7D, (67)

which does not lead to an exponential increase in base capacity when integrated over the length of
the plug.

The full contribution of the base of the plug is assumed to occur after a relative displacement equal
to approximately 0.1D;. For short piles, with low D/t ratios, the full ultimate shaft resistance is
achieved quite rapidly, resulting in further loading being resisted by the base. The base resistance of

the annulus is stiffer than that of the plug and would therefore become fully mobilised initially as
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loading continued. Depending on the pile diameter however, after 0.1D; of base displacement, the
mobilised plug capacity would vary.
In terms of limits, as the internal shaft friction mobilises, the integral of the resistance over the length

of the plug is limited to the bearing capacity of the soil at the plug’s base. Therefore:

Ly
Qp,p1 =JO TineDim. dz < qp 1Ay (68)

which can be related to the API’s method of assessing if plugging would occur. Depending on the
pile configuration and plug length, if sufficient load is applied, the ultimate value of t,:D;m will be
mobilised along the full extent of L,,;. If this occurs, the plug will behave in a fully unplugged manner.

If only part of the plug becomes active, L, the plug behaves in a partially plugged manner.

In the double walled pile tests performed in clays, Doherty et al. (2010) found that during jacking
installation, the load mobilised an active plug length of 3D, which is longer than the typical (1.0 to
2.0)D, observed in sands. This agrees with the results of this research project which has found that
in clays, there is a smaller EB at the base of the plug, however more of the plug length is mobilised
under axial load.

As discussed earlier in this work, the application of the load to the pile head causes compression of
the steel pile and mobilises 7., Tine and qy . For any discussion of the development of the base
capacity, it is therefore also necessary to consider the efficiency of the load-transfer mechanisms. Due
to the inherent difficulty in considering all these input parameters, a finite element method is
recommended.

6.1.3.  Modified API-FEA method for Clays

Based on the results of the finite element case study analysis, the recommendations are implemented
in this section to improve the estimation of pile capacity. This is called the mod-API-FEA method
which is derived using the recommendations listed in Section 4.4 with the intention of improving the
estimation of overall pile head response and load distribution. However, as with all design methods,
to ensure reliability, the method needs to be validated using more specific tests. Table 6-1 sets out the

input parameters for the modified API-FEA design method.
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Table 6-1

Input parameters for mod-API-FEA in clays.

Resistive Component Resistance Input | Recommended Value
Toxt API method (as,,)
External Soil Zpe/Do 0.01
t-z reaction curves API
Tint Text
Internal Soil Zpi/Di 0.001
M (2000 - 4000) s,,
qv,p 1.6q,
Annulus Zpp/t 0.1
Q-z reaction curve API
db,p 0.2q,
Plug Base Zpp1/D; 0.1
Q-z reaction curve API

Additional considerations and comments are stated below:

Softening dul/dpeak:
This ratio is to be determined from ring shear tests and applied as the reduction factor in the
t-z soil reaction curves.
End Bearing Pile, qp,:
Earlier researchers found the end bearing of a pile in clay was approximately 9s,,. However,
the tests performed at some sites (such as Pentre) found that this was much higher, and it is
thought reasonable to accept the current trend to relate the end bearing of the pile to the
measured g, values. The following is the recommended end bearing resistance from back
analyses, consideration of the ICP method and the assumption that at the base of the annulus
the soil will be drained.

dpp = 1.64, (69)
Due to the limited data, this factor should later be fine-tuned to account for the ranges of over-
consolidation ratios.
Constrained Modulus, M
M is more accurately deduced by 1/m,,, which is the inverse of the coefficient of volumetric

compressibility, a drained parameter. As the soil plug is undrained, M — oo. From the results
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of the analysis performed in Chapter 4, the definition of M in Table 6-1 has proven adequate.
e End Bearing Plug, qp i

The following expression is adopted as the resistance below the plug, selected as a lower

bound derived from an interpretation of the results presented in previous chapters and on

double-walled pile tests in clays (Doherty et al., 2010):

dp,pi

=0.20 (70)

[

e Pile and plug weights:
The weights of these components will be included, although they have a minor effect.

6.1.4.  Validation

One of the main issues surrounding the mobilisation of the base capacity is the validation of the
procedure. The measurements obtained from strain gauge data at the base of a pile is assumed to give
the base resistance on the pile. This strain gauge however gives the measurements resulting from the
interaction between the pile, the internal and external soil, and end bearing pressure on the annulus.
In many of the test results where the base capacity of the plug is given, this capacity is derived from
the compression of the base of the pile itself. In some tests the strain gauges at the base of the pile
were damaged during installation (such as during the Pentre tests) therefore the strain gauge closest
to the annulus was used. At times this location was several diameters above the pile base (such as
with the Shanghai piles). Depending on this distance, the contribution of higher stresses from the
compression of the internal plug may not have been accurately interpreted.

The true response of g, 4, can only be measured using an instrumented double walled pile system.
This arrangement effectively isolates the internal and external shaft capacities. The annular load can
be determined directly from the strain gauges at the base and the plug capacity is the integral of the
internal shaft friction. This is an expensive procedure and tests are very limited, especially in clay
soils. The Author recommends that more double walled pile tests are performed such as those at the

Kinnegar test site.
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The methodology determined from the analysis performed in Chapter 4 for the axial capacity of OEPs
in clays, and outlined above, is applied here to each of the case studies using VIRTUPLUG.

The diagrams shown in the following sections are the comparisons of the estimated responses using
the new methodology and the measured values. These show the estimated shear stress or pile load
with depth, base response, load-displacement and overall load-transfer plots. In general, the solid

lines represent the measured values and the dotted lines are those estimated, unless where specifically

stated. Where no response data is available, the quoted value is shown on the diagram.

6.1.4.1. Kinnegar OE-3

At this site the double walled pile was used, however here the piles were installed and tested in a
series of jacked intervals. Results were extracted from the instrumentation on the pile during jacking
in 250mm push intervals. The pile however had a relatively small diameter of 168mm with a 2m test
length. The results of this test have been included but due to the jacked-in nature of the pile and lack
of a load-displacement response, the estimated capacity is not very reliable. Since there are no load-
displacement responses available, capacities were estimated based on the strain gauge results at the
end of each push increment. From these tests in clay, the end bearing resistance on the annulus ranged
from (0.8 — 1.2)q., whereas at the base of the plug, the resistance was calculated to range between
0.2q. and 0.8q.. In addition, both z.,; and 7;,; achieved a common ultimate value as the pile
embedment increased and t,,; for the OEP, was smaller in the CEP of the same D,,.

The analysis results show that the total capacity was overestimated (Figure 6-1) with Q./Q,,=1.24.
In the load-transfer diagram (Figure 6-2), the measured results show that there is compression at the
base of the plug that propagates upwards. The compression occurs along the active plug length
demonstrating that the end condition is not fully plugged. The proposed FE method is unable to
accurately capture this trend as gy, , and g, ,,; are very small. The method clearly overestimates the
shaft friction, and this affects the total mobilised capacity along the pile. The method also estimates
that there is a very small contribution from @, ,,;, however this can be due to the assumptions adopted

when extracting the measured data.
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Figure 6-1 Load-displacement curve for Figure 6-2 Load-transfer diagram for mod-
mod-API-FEA estimation against measured. API-FEA estimation at w; = 0.1D,. Dotted lines

are measured values.

6.1.4.2. Pentre LDP

The analysis performed in Chapter 4 showed that the plates at the base of the internal channels did
not seem to greatly affect the development of g, ,,;. In this analysis, using the mod-API-FEA, the
plates are modelled to ensure robustness. This procedure however, does not seem to properly capture
the base response (Figure 6-4) as Q./Q,, is 0.26. The load-displacement response, in Figure 6-5,
however shows that the shaft resistance is very well matched, but a different peak capacity is obtained.
As the base is underestimated and the shaft overestimated, the higher peak can be attributed to the
sensitivity of the pile to the contribution of the shaft. This is credible here due to the length of the
pile. Post-peak, g, is correctly estimated to not contribute further capacity from the annulus nor plug

base. The Q./Q,, here is 1.23.
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Figure 6-3  Axial load distribution in pile, Figure 6-4  mod-API -FEA estimation of pile
mod-API-FEA estimation vs measured. base settlement vs measured load.
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Figure 6-5 Load-displacement curve for Figure 6-6 Estimated load-transfer diagram
mod-AP1 -FEA estimation against measured. for mod-API1 -FEA estimation at w; = 0.1D,.
Dotted lines are measured single-walled axial

pile load.
The load-transfer plot also best combines these findings for this test. The Pentre piles were single-
walled piles and therefore no accurate interpretation of gy, ,, can be made. However, the comparison
is, in general, quite good showing the capacity of shaft and end bearing at a pile head displacement
of 0.1D,. Here the end bearing on the pile and plug is estimated to be quite low and that the internal
shaft is mobilised along most of the shaft implying an unplugged pile. This matches the suggestion
that the capacity of the plug base is low and as the pile is loaded a clay plug will distribute the load

along a larger active plug length as there is no exponential increase in radial plug stress near the base.
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6.1.4.3.

Tilbrook LDP

The mod-API-FEA method underestimates the shaft friction at this site. Due to the length of the pile,

the overall capacity is sensitive to this underestimation. The development of the shaft resistance along

the pile length is shown in Figure 6-7 and the axial load in the pile is shown in Figure 6-8.
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Figure 6-10 Load-displacement curve for Figure 6-11 Load-transfer diagram for mod-
mod-API-FEA estimation against measured. API-FEA estimation at w; = 0.1D,. Dotted lines

are measured single-walled axial pile load.

In terms of end bearing, the mod-API-FEA shows a good match at this site. Figure 6-9 shows the end
bearing data and here, a good comparison of the mobilised, and estimated total base response is
observed with Q./Q,,, = 0.89. This is a better match than that observed at Pentre, the main difference
between these sites being the over-consolidated nature of the clays, of which Tilbrook is the higher.
Both end bearings were estimated by the equivalent factor on q., which suggests that possibly
additional factors, unaccounted for, are contributing to this difference in capacity.

The load-displacement response (Figure 6-10) shows the effect of the underestimated shaft, with
essentially a softer initial stiffness and lower achieved peak. Here the Q./Q,, ratio is 0.80. The load-
transfer plot further expands this result and effectively demonstrates the effect of the underestimated
shaft (Figure 6-11). The plot also shows that most of the capacity has been gained from the shaft,
even though the shaft friction has been underestimated. The axial load in the pile is also shown in the
diagram, and although from a single walled pile test, the method seems to have accurately computed
the load-transfer at the base. Also, the method estimates that the full plug length is mobilised, due to
the small separation of the internal and external load along the pile, suggesting a fully unplugged base

condition.
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6.1.4.4. Noetsu Bridge T1

In these tests, there was a peak load capacity observed but this was not as distinct as usually observed
in OEPs tested in clay stratigraphies. This could have been due to the loading and unloading of the
pile, preventing the pile from attaining its peak capacity. In addition, the pile was also relatively short,
although L/D, >10, and both 7,,;; and q,, were underestimated by the mod-API-FEA method. Figure
6-12 shows that the developed axial load in the pile is not well predicted due to this underestimation.
No base response was available for this site however, a base capacity of 500kN was suggested to
occur at peak load. When the measured total base capacity is compared to the estimated response, the
Q./Q., ratio is 0.84 (Figure 6-13). The soil here is described as soft clay, which if taken as a normally
consolidated material, would be similar to the Pentre pile, as the end bearing is underestimated. The
underestimation of both components has a clear effect on the overall capacity. This is observed in
Figure 6-14, where the loading cycles are also included in the response for comparison. The Q./Q.,
ratio here is 0.63. The load-transfer diagram summarises these findings (Figure 6-15) but also shows
the mobilisation of the full plug suggesting an unplugged pile. The axial load in the single pile is

again overlaid in this diagram and the extent of the underestimation of the pile capacity is clearly

observed.
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Figure 6-12  Axial load in pile, mod-API-FEA  Figure 6-13 mod-API-FEA estimation of pile
estimation vs measured. base settlement vs measured load.
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mod-API-FEA estimation against measured.

API-FEA estimation at w; = 0.1D,. Dotted lines

are measured single-walled axial pile load.

At this site, two piles were tested. Pile T1 was tested under conditions of loading and unloading to a

pile head displacement of approximately 200mm. Pile T2 had quite similar dimensions, embedment

depths and driving records, however the internal plug was removed to 0.5m below the base prior to

testing. A separate assessment was performed on pile T2 and the results compared.
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Figure 6-16  Load-displacement curve for the mod-

API-FEA estimation against measured, comparing
results from T1 and T2 backbone curves.

In the test results from pile T2, there was
also no clear peak load observed. Figure
6-16 shows the backbone curve of the load-
displacement response and the difference
between the two responses (solid black and
red lines) can be considered as the total end
bearing contribution from the pile and plug.
The difference between the peak capacities
was measured as 1280kN. This capacity is
not necessarily the end bearing however as
the method of drilling out the plug was not
specified. Depending on this method,
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significant pile disturbance would occur which affects ;. The diagram shows that the measured
initial slopes are quite similar, indicating that the external shaft friction provided the initial resistance
followed by gradual mobilisation of the base. From these results, the accuracy of the suggested 500kN
as the measured base capacity is highly doubtful. This may only be the load measured in the pile,
with the additional capacity supported by the plug. The mod-API-FEA method estimates the initial
slopes quite well but the later response is not adequately captured. With no base resistance included
in the analysis using the T2 pile parameters, the difference in total capacity estimated is equivalent to
the base contribution, which is much lower than that measured. There is also quite a large difference
in the offsets of total capacity of T1 and T2, between the estimated and measured.

6.1.4.5. Kansai Bridge T1

Although this is a layered site containing both sands and clays, with the base of the pile founded in
sand, this site is predominantly clay and is therefore classified as a clay site. The layers of sand are

treated as providing limited axial capacity.
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Figure 6-17  Axial load in pile, mod-API-FEA  Figure 6-18 mod-API-FEA estimation of pile
estimation vs measured. base settlement vs measured load.

The axial load estimated in the pile (Figure 6-17) is shown to compare well with the measured data
using the mod-API-FEA. However, the estimated values show considerably less capacity than
measured in the sand layers, suggesting that more capacity is actually provided by these layers than

actually considered. The pile head load relative to the base displacement was provided for this site
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and shown to be a good match (Figure 6-18). In addition, the overall base capacity was provided as

2900kN, which is indicated in the figure, although no response was provided.
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Figure 6-19 Load-displacement curve for Figure 6-20 Load-transfer diagram for mod-
mod-API-FEA estimation against measured. API-FEA estimation at w; = 0.1D..

Figure 6-19 shows the load-displacement response and the Q./Q,, ratio here is 1.09. Figure 6-20
shows the comparison of the estimated load transfer plot and measured axial load in the pile. The
development of the load along the pile is not well captured here and can potentially be due to the

provision of additional axial capacity from the sand layers, which were modelled to provide limited

capacity contribution in this analysis.
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6.1.4.6. Empire Tests

At the Empire site there were four pile tests
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Figure 6-21 Load-displacement curve for
mod-API-FEA estimation against measured for
Empire 1.

6.1.4.7. Kontich Tests
The values of M adopted in these tests was 4000s,,, which allowed the mobilisation of capacity to w;

=0.1D,. This value of M is considered appropriate to match the measured stiffness profile.
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Figure 6-22 and Figure 6-23 show the comparison between the estimated and measured load-

displacement response for Kontich tests 1 & 2, with Q./Q,, ratios of 1.01 and 0.81, respectively.

6.1.4.8. West Sole B Tests
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Figure 6-24 Load-displacement curve for

mod-API-FEA estimation against measured for

West Sole 2 — B9.

6.1.4.9. West Sole A Tests
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Figure 6-25 Load-displacement curve for

mod-API-FEA estimation against measured for

West Sole 7 — A9.

In the West Sole conductor pile tests, no load-
displacement responses were found in the
literature; however, the ultimate compressive
capacities were provided and used in the
comparisons. Due to the similarity of the results,
only one representative pile test analysis, B9, is
shown. Figure 6-24 shows the comparison of the
load-displacement response for this test. The
Q./ Q. ratios for the “B” series tests (1 to 5)

ranged from 0.64 to 1.11.

The West Sole “A” series tests are those
performed on a conductor pile with a driving
shoe. Again, at this location, only one
representative site is selected due to the
similarity of the analysis results. Figure 6-25
shows the load-displacement response for the
West Sole pile, Test A9. The Q./Q,, ratios for
all the “A” series tests (6 to 10) ranged from 0.75

to 1.29.
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6.1.5. Summary Table — Clays

This section summarises the analysis results for the test cases previously discussed for OEPs in clays.
Table 6-2 summarises the results of the analysis performed using the mod-API-FEA method and
provides the measured data for each site for comparison. The Q./Q,, ratios from this table are also
shown in Figure 6-26 to Figure 6-28, for the total, shaft and base capacities, where these are compared
to those values estimated using the API method directly. It is observed here that, in general, there is
a reduction of the total estimated capacity when the results from the mod-API-FEA method are
compared to the API method directly. There are also slight variations observed in the comparisons of
the Q./Q,, ratios for the shaft and base capacities.

A summary of statistical values is shown in Table 6-3. Here it shows that, in general, the static
spreadsheet-based calculation of the APl method estimates the overall capacity and distribution of
capacity between the shaft and base well. The mean value of total capacity estimated by the mod-
API-FEA is lower than that of the APl method. However, this is directly related to the consideration
of the reduced shaft resistance under loading. The mod-API-FEA includes the reduction to the
residual shaft friction, determined by tan &, / tan 8.4k, Whereas the direct APl method does not.
The mod-API-FEA also includes the explicit modelling of the soil plug mobilisation in the analysis.
The value of p is therefore lower but more representative of the actual expected behaviour, if all
database site tests are considered.

The values obtained by the mod-API-FEA also provides the non-linear load-displacement response

to the user, which is not estimated by the API capacity calculation directly.
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Table 6-2 Comparison of measured capacities and values derived from the modified API-FEA approach.
Measured mod-API-FEA
Site Site D (m) DIt LD Total |Total Shaft| Total End| Total |Total Shaft|Total End| QJ/Qn Q/Qm QJ/Qn
Number Capacity| Friction Bearing [Capacity| Friction Bearing | Total |Total Shaft| Total End
(kN) (kN) (kN) (kN) (kN) (kN)  |Capacity| Friction | Bearing
1 Kinnegar 0.168 18.7 36.3 16 10 6 19 19 0.00 1.24 2.00 0.00
2 Pentre - LDP 0.762 50.8 72.2 5480 4268 1212 6735 6420 315 1.23 1.50 0.26
3 Tilbrook - LDP 0.762 25.4 39.4 14900 12985 1915 11865 10163 1702 0.80 0.78 0.89
4 Noetsu Bridge 0.800 | 66.1 10.4 4555 4055 500 2872 2453 419 0.63 0.60 0.84
5 Kansai Bridge 1.500 | 68.2 | 24.7 11800 8900 2900 12882 6435 6446 1.09 0.72 2.22
6 Empire 1* 0.356 | 29.7 | 42.7 900 650 250 729 661 68 0.81 1.02 0.27
7 Empire 2 0.356 29.7 42.7 1731 941 790 1178 1067 111 0.68 1.13 0.14
8 Empire 3 0.356 29.7 34.3 1839 1089 750 1234 1084 149 0.67 1.00 0.20
9 Empire 4 0.356 29.7 34.3 2125 995 1130 1453 1269 184 0.68 1.28 0.16
10 Kontich 1 0.610 24.0 33.0 2700 1740 960 2730 2226 505 1.01 1.28 0.53
11 Kontich 2 0.610 24.0 38.5 4170 3430 740 3374 504 2870 0.81 0.15 3.88
12 West Sole 1 0.762 24.0 7.9 3051 1726 1325 2601 1094 1507 0.85 0.63 1.14
13 West Sole 2* 0.762 24.0 11.8 5471 2642 2829 6079 1876 4203 1.11 0.71 1.49
14 West Sole 3 0.762 24.0 15.7 6681 4457 2224 4287 2872 1415 0.64 0.64 0.64
15 West Sole 4 0.762 24.0 19.7 6788 4510 2278 5020 3917 1102 0.74 0.87 0.48
16 West Sole 5 0.762 24.0 23.6 8344 6023 2321 7025 4960 2066 0.84 0.82 0.89
17 West Sole 6 0.762 24.0 7.9 3051 2438 613 2569 1098 1470 0.84 0.45 2.40
18 West Sole 7* 0.762 24.0 11.8 4706 2873 1833 6094 1876 4218 1.29 0.65 2.30
19 West Sole 8 0.762 24.0 15.7 5533 4466 1067 4334 2872 1462 0.78 0.64 1.37
20 West Sole 9 0.762 24.0 19.7 6619 5240 1379 4955 3916 1039 0.75 0.75 0.75
21 West Sole 10 0.762 | 240 | 23.6 8344 6734 1610 6912 4959 1953 0.83 0.74 1.21

* pile test which most represents site.
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Figure 6-26  Comparison of the Q./Qm of the
total capacity using the original API and mod-
API design method.
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Figure 6-27 Comparison of the Q./Qm of the

shaft capacity using the original APl and mod-
API-FEA design method.
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Figure 6-28  Comparison of the Q./Qnm of the
base capacity using the original APl and mod-
API-FEA design method.

Table 6-3 Mean and standard deviation of Q./Q,,, using the OEP validation database for clays using mod-API-FEA method.
API mod-API-FEA
Ssle | fore | St | End | o | S| eng
Estimated Bearing | Estimated Bearing
1) 1.020 1.136 1.020 0.873 0.875 1.050
c 0.261 0.453 0.910 0.201 0.389 0.944
Ccov 0.256 0.399 0.892 0.230 0.445 0.899
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6.2. Base Capacity of OEPs in SANDS

This section introduces the modified finite element method for OEPs in sands, aimed at improving
the overall and base capacity response estimated.
In sands, the base capacity is dominated by a combination of the resistance below the annulus and
shearing induced dilation within the plug. In sands, there are also much more tests that focus on the
end bearing capacity, and as previously shown there are four tests in the database in which large scale
double-walled piles are used. From the detailed sensitivity study performed in Chapter 5, the
influences on the base capacity need to consider a number of factors:

Qp = f(L, Lpp, Wy, Do, t, Fe, M, 8y, 0 o, Ko, D) (71)
Additional parameters are also required depending on the design method selected and the combination
of these factors, to determine the base contribution to capacity, is best achieved using a numerical
method.
6.2.1.  Mobilisation of Annulus Capacity
Similar to the argument outlined for clays, the compaction of the soil at the base of the annulus of
driven OEPs will be high. The stiffness of g, , will therefore be greater than the stiffness of g, ,,;.
The analysis performed in Chapter 5 suggests that in sands, q,, ,, will occur at an annular displacement
of 0.1t. This is also further corroborated by Paik et al. (2003) and Joseph et al. (2017).
6.2.2.  Mobilisation of Plug Capacity
To facilitate the formation of a sand plug, there is a need of an overburdened pressure, the amount of
which is dependent on the configuration of the pile and soil properties. This was also determined by
Kishida & Isemoto (1977) who suggested that the inactive plug length (L,; — L) in a sandy plug is
less compacted but the presence of which is crucial to active plug formation. The length of soil plug
needed to form arigid basal plug varies depending on the properties of the pile-soil-plug arrangement
which can range from 1.0D, to 3.0D,. It can be shown that the effective stress, relative to depth, in

the soil plug is:
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da', N 4(o',K tan §)

= 72
1z Y D, (72)

which when integrated over the length of the plug leads to an exponential increase in ¢’ at the base.
This phenomenon occurs in sand due to its frictional properties. The action of the sand grains
increases the radial stress at the base of the plug, which is compounded by the overburden stress from
the column of sand above this level. This is similar to the “reverse silo effect”. In the “silo effect” the
assumption is that in a silo, the stress between the grains and the sides of a silo becomes constant with
depth. In the reverse silo effect the opposite occurs. As the grains are being pushed upwards the stress
increases exponentially, essentially locking in the soil and forming a stiff plug. In general, the larger
the plug length the greater the radial stress in the plug.

The behaviour of a soil plug comprised mainly of sand and subjected to an axial stress is different to
that of a soil plug comprised mainly of clay. In an offshore environment, the pile is installed through
water, the pore water pressure will not change dramatically during loading as the drainage path is
relatively long. Therefore, for both sands and clays, undrained/partially drained behaviour should be
considered to occur.

Similar to clays, the behaviour of OEPs in sands is quite complex and a finite element or other
numerical method is recommended to simultaneously account for the various influences on their
engineering behaviour.

6.2.3.  Modified UWA-FEA method in Sands

The following sections outline the new modified methodology in sands, recommended to improve
the estimation of the distribution of capacity to the external shaft and end bearing components in
OEPs, in sands. This is based on the recommendations summarised in Section 5.4. Table 6-4 sets out

the input parameters for the modified UWA-FEA design method.
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Table 6-4 Input parameters for mod-UWA-FEA in sands.

Resistive Component Resistance Input Recommended Value
_ (L Ao )
Text T = (20"c + Ad'yq) |tan ey,
External Soil ¢
Zpe/Do 0.01
t-z reaction curves API
Tint Text
Internal Soil Z1/D; 0.001
M Lunne & Christophersen (1983)
Abp 0.50¢.(0.15 + 0.454,,,)
Annulus Zpp/t 0.1
Q-z reaction curve API
dp,pl 0.50q.(0.15 + 0.454,;")
Plug Base Zpp1/Di 0.1
Q-z reaction curve API

Additional considerations include:
. External Shaft Resistance, zext
The existing relationships to estimate t,,; were outlined in Chapter 2.6. From the RMS-error
assessment performed in Chapter 5 using the database results, the shaft friction was
underestimated by a factor of 2.0. If this factor was applied to ¢',., effectively doubling the
radial effective stress, in Equation (73), this converts the expression to:

o'rc = 0.06 qc (0',170/13a)0'13 (h/R)_OBS (73)

This new ultimate shaft resistance should now improve the comparison with the measured
shaft resistances.

e Constrained Modulus, M
M is determined from the relationship by Lunne and Christophersen (1983), unless measured
directly in sample testing.

e End Bearing, gv

The relationships that are currently used to compute the end bearing resistance are as follows:

dp *
b _ 0.15 + 0.454
0 T OA A (74)
A.*=1—FFR Di*
= D, (75)
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D\ 02
. l
FFR = min [1, (1—5) ] (76)
From the RMS-error assessment performed in Chapter 5, the contribution of the base to the
estimated capacities in the database, showed an overestimation by a factor of 2.0. If 0.50 was

applied to Equation (74), this gives:

B _ 6.50(0.15 + 0.454,,) (77)

[

Using this adjustment, the slope as outlined in the Lehane et al. (2005) can be adapted as per

the expression in Equation (77) and the new line can be drawn as shown in Figure 6-29.

0.6 | |
| | |
\ i Default UWA relationship
0.5 \j ——0.5*%qb.plug/qc
| I I
| |
0.4 = : l
¢ O~ .
=11}
Z 03 =R : 5 :\ ol
3 I ! ] !
= © Euripidies ! a \
0.2 B Hoogzzind ; ' 'x
A Indiana : . :
@ Ras Tanajib : : I
0.1 7 & Shangtai | i _________ i _________ i_ T
* Tokyo | | |
0.0 } ) I
0.0 0.2 0.4 0.6 0.8 1.0

FFR

Figure 6-29  Ratio of g4 to the averaged g, value versus FFR, plus a factored version
(Adapted from Lehane et al., 2005).

qp is applied as the same resistance over the base of gy, , and gy ;.

Pile and plug weights

The weights of these components will be included, although they have been shown to have no
real influence on the results.

Validation

Each of the test sites identified in Chapter 5 is now analysed using the principles outlined above and

the estimated response using the new UWA-FEA method is shown. Where available, the response is

compared with measured data at each site. These were performed using both the displacement or

force-controlled methods where applicable in VIRTUPLUG.
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Where the required data is available, solid lines represent the measured values and the dotted lines

are those estimated, unless specified otherwise. A summary of the variation of the Q./Q,, values for

total capacity is presented at the end of the validation assessments in Table 6-5.

6.24.1.

W [S.]

Depth Along Pile (m)
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Load Transferred to External Interface (kIN)
300 600 900

Figure 6-30  Axial load distribution in pile,
UWA-FEA estimation vs measured.
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Figure 6-32  Load-displacement curve for

UWA-FEA estimation against measured.
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Figure 6-31 UWA-FEA estimation of pile base
settlement vs measured load.
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Figure 6-33  Load-transfer diagram for UWA-
FEA estimation at w; = 0.1D,. Dotted lines

represent measured values.

From the results, the mod-UWA-FEA method is shown to overestimate the axial load transferred to

the external pile, Q.,:, shown in Figure 6-30. Figure 6-31 shows that using the mod-UWA-FEA
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methodology, the overall base capacity is underestimated with a Q./Q,, ratio of 0.49. It appears that
at this site, the mod-UWA-FEA is not effective in predicting the measured base nor shaft response.
The higher shaft friction also causes an increase in the stiffness of the pile which directly affects the
initial slope of the load-displacement response (Figure 6-32). From Table 6-5 however, this is a
marginal improvement with Q./Q,,, of 1.15. A full load-transfer diagram can be produced for this site
(Figure 6-33) and shows that although the estimated capacity is within 25%, the load distribution is
not ideal. Also, due to missing data along the base of the external pile, these results are not very
reliable. The base capacities of the pile and plug are well captured in this figure and reflect the results
of the base response, although not well estimated by the mod-UWA-FEA method. The estimated
active plug length, L, however, is almost the same as that measured.

6.2.4.2. Kwangyang Plant TP-1

Load Transferred to External Interface (kN) 400
—e—UWA-FEA total end beari
50 100 250 400 550 700 ol end bearing
15 350 |[--+- UWA-FEA end bearing pile
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-
E ——— GOOKN* 2 250
= 3.5 .g
2 - "
= SO0KN = 200
£ 45 — 1000kN* ¢
= 2
d‘: = 150
S 55 200kN m
£ PEELEE000000000000000000004
400kN 100 f
6.5
—=— 600kN 50
— + — 800kN
7.5 0
— - - 1000KkN 0 20 40 60
8.5 Pile Base Settlement (mm)

Figure 6-34  Axial load distribution in pile, mod-  Figure 6-35 mod-UWA-FEA estimation of
UWA-FEA estimation vs measured. pile base settlement vs measured load.

At this site, the mod-UWA-FEA shows an improved match of the mobilisation of Q.,; at different
increments of loading (Figure 6-34). Here, there is some disparity between the measured and
estimated results at the base, due to the welding together of the internal and external double walled
pile system causing a degree of tensile load-transfer. Figure 6-35 shows that the base capacity of the
plug is highly overestimated however the total end bearing is still underestimated. This suggests that

the end bearing approximation using the mod-UWA-FEA may not be the most ideal in this case. Due
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to the differences in the load-transfer to the external shaft friction, the initial response of the load-
displacement relationship is very stiff, leading to a much higher capacity estimated and Q./Q,,
increasing from 1.10 to 1.16 (Figure 6-36). Figure 6-37 shows that in general there is a good match
between the results, however due to the welded configuration of the double walled pile, the load

transfer at the base is not easily deciphered.

Load (kN) Load Transfer (kN)
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
0 ——————— A 0 :
------- § 1
| 1 i
10 AN
E \‘ 2
7 ‘ g
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E \ S
£ 30 \ =
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Z i 2 6
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0.1D=50.8mm 9
60
Figure 6-36  Load-displacement curve for Figure 6-37  Load-transfer diagram for mod-

mod-UWA-FEA estimation against measured. UWA-FEA estimation at w; = 0.1D,. Dotted lines
represent measured values.

6.2.4.3. Kwangyang Plant TP-2

Here, the results of the method are quite similar to those of the previous test. The base response is
shown for comparison in Figure 6-38. The pile head load-response diagram (Figure 6-39)
demonstrates that the mod-UWA-FEA does quite well in estimating the measured response, however
the assumed reduction, due to the inconsistencies in the reported results, is lower than that estimated.

The Q./Q,, is 1.18 for the total pile capacity.
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Figure 6-38 mod-UWA-FEA estimation of pile Figure 6-39

Load-displacement curve for
base settlement vs measured load.

mod-UWA-FEA estimation against measured.

6.24.4. Kwangyang Plant TP-3
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Figure 6-40 mod-UWA-FEA estimation of pile Figure 6-41

Load-displacement curve for
base settlement vs measured load.

mod-UWA-FEA estimation against measured.

Figure 6-40 and Figure 6-41 are shown here to demonstrate the similar predictability of the method

between tests at this site.
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6.2.4.5. Mobile Bay Test Piles

Load (kN) Load (kN)
0 500 1000 1500 0 1000 2000 3000 4000

A

Qq1p=1246kN Qg.1p=3350kN

z 10 E \ 7 10
g ol g
g 15 | ERE
£ i £
qg Measured ': “g :
= 20 ' = 20 M d !
g | |- mod-UWA-FEA i F s :
A ' g | - mod-UWA-FEA i
25 : 25 ':
30 0.1D=32.4mm : 30 0.1D=32.4mm ::
PP ST IR P T P Lo
35 35
Figure 6-42 Load-displacement curve for mod- Figure 6-43  Load-displacement curve for
UWA-FEA estimation against measured for Mobile mod-UWA-FEA estimation against measured
Bay AL-1. Mobile Bay AL-2.

There was very limited data available for these sites. Using the mod-UWA-FEA, with the available
data, there was an improvement observed in the overall estimate of load-displacement as shown in

Figure 6-42, with Q./Q,, of 0.89, and Figure 6-43, with Q./Q,,, values of 0.73.

6.2.4.6. Hoogzand 1-C

In Beringen et al. (1979), results were quoted after a pile head settlement of 0.15D,, however pile
capacity is obtained after a pile head settlement of 0.1D,. Data is therefore extracted after this
displacement.

The mobilisation of axial load in the pile is displayed in Figure 6-44. Here it is shown that the new
method is generally able to match the measured distribution along the pile. The measured axial load,
gradually mobilises the shaft friction, as the slope of the lines reduce, up to a load of about 1000kN.
Afterwards, these lines become parallel and further capacity is obtained from the end bearing only.
Figure 6-45 shows the comparison of the estimated and measured values. The initial slope of the
curve, that tapers after about 600kN, shows that the end bearing on the pile is higher but not well

captured by the method. Here the underestimation is by approximately 50%.
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Figure 6-44  Axial load distribution in pile, Figure 6-45 mod-UWA-FEA estimation of pile
mod-UWA-FEA estimation vs measured. base settlement vs measured load.

The load-displacement diagram, Figure 6-46, shows that the Q./Q,, value is 1.01, which is an
improvement given that the pile head response is estimated here, and 0.99 was previously obtained
when the UWA method was used directly. The initial slope of the curve also matches well, suggesting
that the predicted initial stiffness from the shaft is well modelled. The shallower slope, due to base
mobilisation is also well matched. Beringen et al. (1979) indicated that the top of the plug was
stationary relative to the pile head during loading. This was assumed to be due to a plugged response;
however, partial plugging was most likely to have been the cause, with compression at the base of

the sand plug causing dilation and confinement as loading is applied.
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Figure 6-46  Load-displacement curve for Figure 6-47 Load-transfer diagram for mod-

mod-UWA-FEA estimation against measured. UWA-FEA estimation at w; = 0.1D,. Dotted lines
represent measured single-walled axial pile load.

From Figure 6-47, which shows the estimated load-transfer in the pile, the compression of the soil
plug occurred along its active length, L,, which is estimated here to be about 5D,, which is less than
Ly, This also suggests partial plugging was the prominent failure mode of the base. From this
comparison it is observed that the method, which estimates a gradual distribution of load along the
shaft and the end bearing on the pile, can be improved. This may lead to estimated values of L, that

are closer to that observed in OEPs in sandy soils (about 2-3D,).
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6.2.4.7. Hoogzand 3-C
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Figure 6-48 Load-displacement curve for
mod-UWA-FEA estimation against measured.

6.2.4.8. Dunkirk C1-C

Load (kN) Figure 6-49 gives the comparison of the load-
0 1000 2000 3000 4000 . . . .
0 A displacement response. A good approximation is
: Qo.1p=2800kN observed with a Q./Q,,, ratio of 1.07, however
10
Z 15 i the predicted initial slope is slightly stiffer than
- ]
g
= 20 H the measured response.
o H
5 25 |
2 30 !
a H
39 Measured :
40 = = =mod-UWA-FEA .
H
15 e =
0.1D=45.7mm
50

Figure 6-49 Load-displacement curve for
mod-UWA-FEA estimation against measured.
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6.2.4.9. Euripides la

The Euripides analysis cases (1a, 1b, 1¢c & I1) gave similar results, therefore only those from test 1a

are presented.
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Figure 6-50 Total shaft friction, mod-UWA-
FEA estimation vs measured at w; = 80mm.
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Figure 6-52  Load-displacement curve for mod-
UWA-FEA estimation against measured.
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Figure 6-51 mod-UWA-FEA estimation of
pile base settlement under a w; = 0.1D, Vs
measured load.

Figure 6-50 shows that the mod-UWA-FEA
can well estimate the total shaft resistance
along the base of the pile length, as there is a
very good match between the values. The base
response is similar to the previous cases and
shows that the method underestimates, in
general, both Q,,, and @y, (Figure 6-51). In
terms of the load-displacement however, there
is a very good match of the initial stiffness,

when the axial support is governed by the shaft

friction, and in the flatter part of the response,

when the base capacity is mobilised (Figure 6-52). This agreement in response occurs even though

the base capacity is underestimated. The Q./Q,, for the load-displacement is 0.94.
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6.2.4.10. Tokyo Bay TP
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Figure 6-53 mod-UWA-FEA estimation of pile Figure 6-54  Axial load distribution in pile,

base settlement vs measured load. mod-UWA-FEA estimation vs measured.
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Figure 6-55 Load-displacement curve for mod- Figure 6-56  Theoretical load-transfer
UWA-FEA estimation against measured. diagram for mod-UWA-FEA estimation at F; =

32,400kN.
The case study in Shioi et al. (1992) provided results for the base and shaft at w,=0.02D,,. The base
would most likely not have achieved its ultimate capacity at this point and no Q-z reaction curve is
available. Figure 6-53 therefore shows the estimated base response from the mod-UWA-FEA method
and the measured base capacity derived from the sum of the base load at w;=0.02D,, and the increase

in total capacity to w;=0.1D,. The axial load along the pile was also available, here at a pile head
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load of 32,400kN, this distribution is compared with that estimated in Figure 6-54. The shaft capacity
seems to be adequate at this load, but these results also depict the low contribution of the pile base
estimated here.
The load-displacement diagram observes a good match of stiffness along the full pile head response
(Figure 6-55) and the method has also improved Q./Q,, from 0.79 to 0.91. The large proportion of
base capacity mobilised over a large displacement is also well replicated.
The load-transfer diagram is shown in Figure 6-56 at a pile head load, F; of 32,400kN. At this load,
the measured pile head displacement was 0.02D,,, and the estimated was 0.1D,. The estimated total

base capacity at this load, using VIRTUPLUG, was approximately 6372kN, however the measured
base capacity is not yet fully developed here to the 8958KkN.

6.2.4.11. Drammen 16-P1-11

The load-displacement response is provided for the pile test 16-P1-11.

Load (kN) This pile was subjected to cyclic loading, and as
0 500 1000 1500 . . .
4 can be seen in the load-displacement response in

-

10 T\ Qgyp=1210kN

Figure 6-57, the response follows the Masing’s

the match is quite good with a Q./Q,,, at0.1D,,
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Figure 6-57 Load-displacement curve for mod-
UWA-FEA estimation against measured.
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6.2.4.12. Drammen 16-P1-15

No load-displacement results are available here, therefore a linear relationship is assumed. This data

is obtained from Tvedt & Fredriksen (2003) and Yang et al. (2015). The results for the 25-P1-25 tests

were quite similar and therefore not included.
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Figure 6-58 Load-displacement curve for mod-
UWA-FEA estimation against measured.

6.2.4.13. Hound Point - P0-C
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Figure 6-59 Load-displacement curve for mod-
UWA-FEA estimation against measured.

Figure 6-58 shows the comparison of the
estimated load-response for this site and the
assumption of a linear relationship from the
origin to the capacity at w;=0.1D,. The Q./Q,

value has decreased from 0.73 to 0.59.

The comparison of load-displacement response
is shown in Figure 6-59. Here the Q./Q,, has
reduced from 0.96 to 0.56. The underestimation
of this capacity is mainly due to the large
proportion of clay present in the upper part of
the pile, which cannot be modelled using the
UWA method. Also a greater contribution from
the base capacity was computed using the UWA
method, however, using the mod-UWA-FEA
the distribution was better balanced although

achieving a lower total capacity.
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6.2.4.14. Shanghai ST-1

This site is comprised of a 28m initial clay layer, followed by sandy silt. Within the geotechnical
engineering database however, this case study by Pump et al. (1998), is considered a sand site. Any
parameterisation of this soil, used as input to the UWA method, will therefore have inherent
assumptions adopted for the thick clay layer. In addition, the methodology of the UWA method
predicts much lower capacities in the sand layers, due to the low values of area ratio (4,.) and friction
fatigue (h/D) here, as opposed to using the ICP method, which estimates a much higher capacity. The
differences are evident here due to the high variation in the estimated shaft capacities, especially
where the clay layers are assumed to provide no additional capacity. There are also differing values

of q. published for the site from Pump et al. (1998) and Yang et al. (2015).

Axial Load (kN) Figure 6-60 shows the comparison of the axial
0 5000 10000 15000 . . .
0 , load in the pile. The slope of the estimated
; — 1917kN
00 f : 38BN | yalues (dotted lines) are vertical in the clay
£ ! ! 5751kN
~ -20 1 - N . .
o ! ! 7668KN 1 Jayers and generally uniform in the sand layers.
A~ ‘ ——9585kN
ap -30
= . . I
5 H302EN| - Erom the measured results (solid lines), it is
= 40 13419kN
B —— 14910kN . . . .
g 0 | evident that the pile acquires a large proportion
| ---1917kN
h 3834kN _ .
-60 : :7‘31kN of capacity in the clay layers. This is observed
. 57:
S0 WS S| - 7668kN .
i from the uniform slope of these measured
# --- 8818kN

Figure 6-60  Auxial load distribution in pile, ~ values, which suggests that the mod-UWA-FEA

mod-UWA-FEA estimation vs measured.
methodology cannot solely be used here. The

base of the pile bears in sand; however, the capacity of the annulus is greatly underestimated by the
method. As the ICP method considers both sands and clays, a better correlation may be possible using
a modified ICP-FEA method in layered stratigraphies. This is considered in Section 6.3.

Figure 6-61 shows the load-displacement response. The piles at the Shanghai site were subjected to
many cycles, and those up to w;=0.1D,, are shown in the diagram. The applicability of the Masing’s
rule for piles under combined loading and unloading is again observed here. The Q./Q,, was found

to be 0.61, an improvement from the previous 0.53 using the UWA method directly.
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Figure 6-61 Load-displacement curve for

mod-UWA-FEA estimation against measured.

6.2.4.15. Ras Tanjib C

Due to the underestimation of the overall capacity
at the site using the mod-UWA-FEA, the accuracy
of the load-transfer diagram is low and not
included. Also, the results from Shanghai ST-2
tests were derived from the same site data as those
from ST-1, with an increased pile length of 0.1m.
The comparison of the analysis results is similar
to those shown in this section and therefore not

included.

The loading and unloading performed at this site did not achieve a pile head displacement of 0.1D,,.

0
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70
Figure 6-62
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Load-displacement curve for mod-

UWA-FEA estimation against measured.

Figure 6-62 shows the available load-
displacement results and compares these to
what was estimated by the mod-UWA-FEA
method. The Q./Q,, here has remained
constant at 0.53. From the load-displacement
diagram, the shaft friction has clearly been
underestimated here. The measured g, values
were used, so this could be attributed to
higher &., values than the default input

adopted.
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6.2.5. Summary Table — Sands

Table 6-5 summarises the results of the analysis performed using the mod-UWA-FEA method. These
values were referred to in the previous discussion but better displayed diagrammatically in Figure
6-63 to Figure 6-65. As can be observed from these figures, after all these changes, there has been
little shift in the Q./Q,,, values for total capacity, the shaft capacity seems to have been improved but
now seems generally overestimated, and the base capacity seems to have also improved but now
underestimated.

Table 6-6 shows the statistical summaries of the Q./Q,,, values for the total, shaft and base capacities.
Here it shows that:

e considering all the changes that have been employed in the use of the mod-UWA-FEA, there
is not much variation in total capacity found using this method and the UWA method directly.

e considering the shaft friction, the applied factor of 2.0 on ¢’,.. has caused the Q./Q,, value to
increase from 0.823 to 1.228. This suggests that a factor of (say) 1.5 on ¢’,.. may be more
appropriate and is therefore recommended to achieve be a better estimate of the shaft capacity
using the mod-UWA-FEA method.

e considering the end bearing, the factor of 0.5 applied to g, has caused the Q./Q,, value to
reduce from 1.682 to 0.556, suggesting that this was too low. A factor of 0.75 applied to g, is
therefore recommended when using the mod-UWA-FEA method .

e there are no great improvements observed in the standard variations of the summarised results
between the mod-UWA-FEA and the UWA methods.

It is noted that the results of the mod-UWA-FEA are determined based on the estimated responses
obtained after a pile head displacement of 0.1D,, rather than a direct, static method. This means that
a non-linear load-displacement response is produced, providing further, more detailed information to

the user, rather than a linear response.
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Table 6-5 Comparison of measured capacities and values derived from the modified UWA-FEA approach.
Measured mod-UWA-FEA
Site Site D Dit | LD Total |Total Shaft|Total End| Total |Total Shaft|Total End| Q/J/Qn QJ/Qm QJ/Qm
Number (m) Capacity | Friction | Bearing |Capacity| Friction | Bearing | Total |Total Shaft|Total End
(kN) (kN) (kN) (kN) (kN) (kN)  |Capacity| Friction | Bearing

1 Pigeon creek 0.356 11 20 1029 310 719 1186 833 354 1.15 2.68 0.49

2 Kwangyang Plant TP1 | 0.508 | 10 17 965 651 314 1122 855 267 1.16 1.31 0.85

3 Kwangyang Plant TP2 | 0.712 | 14 16 1777 943 834 2097 1618 480 1.18 1.72 0.58
4 Kwangyang Plant TP3 | 0.914 18 17 2837 1947 890 3261 2759 501 1.15 1.42 0.56

5 Mobile Bay AL1 0.324 | 13 47 1246 - - 1105 990 115 0.89 - -

6 Mobile Bay AL2 0.324 13 132 3350 - - 2454 2209 245 0.73 - -

7 Hoogzand 1-C 0.356 22 20 2270 1310 960 2303 1774 529 1.01 1.35 0.55

8 Hoogzand 3-C 0.356 18 15 1850 - - 1798 1144 655 0.97 - -

9 Dunkirk C1-C 0.457 | 34 22 2800 - - 2988 2429 560 1.07 - -
10 Euripides la 0.763 21 40 7860 3860 4000 7364 5138 2227 0.94 1.33 0.56
11 Euripides 1b 0.763 21 51 12600 9400 3200 12942 10671 2271 1.03 1.14 0.71
12 Euripides 1c 0.763 21 62 18100 14150 3950 16875 14640 2236 0.93 1.03 0.57
13 Euripides Il 0.763 21 61 17980 13410 4570 16797 14529 2267 0.93 1.08 0.50
14 Tokyo Bay TP 2.000 59 15 35112 25938 8958 32120 25748 6372 0.91 0.99 0.71
15 Drammen 11 0.813 | 65 14 1210 - - 1273 989 285 1.05 - -
16 Drammen 15 0.813 65 18 1890 - - 1119 766 352 0.59 - -
17 Drammen 25 0.813 65 31 2700 - - 1856 1523 333 0.69 - -
18 Hound Point PO-C 1.220 | 50 21 6500 4000 2500 3610 2038 1572 0.56 0.51 0.63
19 Shanghai ST-1 0.914 46 86 14910 10720 4190 9167 8368 798 0.61 0.78 0.19
20 Shanghai ST-2 0.914 46 87 16000 13600 2400 9177 8379 798 0.57 0.62 0.33
21 Ras Tanjib C 0.610 | 21 30 16800 - - 8950 7881 1069 0.53 - -

217




Total Capacit /
‘o pacity Q./Q, 0
25 @ Original UWA 25
20 ® mod-UWA-FEA 20
o 15 & 1s
~ ' . [ ] [ ] b ~
O 1.0 —.—T.—.—.—'—‘—'—'T'—'— o 1.0
0.5 o8 $8.0450 0.5
0.0 0.0
1 5 9 13 17 21
Site Number
Figure 6-63 Comparison of the Q./Qm of the
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Figure 6-64 Comparison of the Q./Qm of the
shaft capacity using the original UWA and mod-

UWA-FEA design method.

Figure 6-65 Comparison of the Q./Qm of the
base capacity using the original UWA and mod-
UWA-FEA design method.

Table 6-6 Mean and standard deviation of Q./Q,,, for the OEP validation database for sands using mod-UWA-FEA method.
UWA mod-UWA-FEA
Statistic | Total Force | Shaft | Total End | Total Force | Shaft | Total End
Estimated Friction Bearing Estimated Friction Bearing
1} 0.894 0.823 1.682 0.889 1.228 0.556
c 0.246 0.415 0.508 0.215 0.529 0.159
cov 0.275 0.504 0.302 0.242 0.431 0.287
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6.3. Capacity of OEPs in Layered Soils

In the field, it is quite uncommon to find stratigraphies that are uniformly clays or sands. In some of
the cast studies that were presented, such as the predominantly clay site at Kansai Bridge, or
predominantly sand sites at Shanghai, these did have some layers of either sands or clays respectively.
The methodologies outlined in Sections 6.1 and 6.2 were developed to determine the behaviour of
OEPs in either all-clays or all-sands, respectively. In the pile design methods analysed, each has some
shortcoming in one or another soil type or in layered soils. As found in the evaluation of each
method’s performance in Sections 4.2 and 5.2, the APl method may be good in clays, but not very
accurate in sands. Similarly, it was observed that the ICP may be good in sands but inaccurate in
some clay stratigraphies. In addition, the API was found to be better than the ICP in clays due to the
minimal quantity of soil parameters required to produce acceptable designs. The UWA method was
found to be quite good in sands but cannot be used for pile design in layered stratigraphies.

Given these shortfalls, when designing in layered soils some compromise must be allowed and
therefore, a modified ICP-FEA method is recommended.

6.3.1.  Modified ICP-FEA method in Layered Soils

The following sections outline the new recommended methodology to improve the estimation of

capacity distribution to the external shaft and end bearing components in OEPs, in layered soils.

6.3.1.1. Clays
Table 6-7 Input parameters for mod-ICP-FEA in clay layers.
Resistive Component | Resistance Input Recommended Value
Toxt Tr = 0'yc tan & (o' from ICP)
External Soil Zpe/Do 0.01
t-z reaction curves API
Tint Text
Internal Soil Zpi/Di 0.001
M (2000 - 4000) s,
dbp 1.6q,
Annulus Zpp/t 0.1
Q-z reaction curve API
Ap,pl 0-2qc
Plug Base Zpp1/Di 0.1
Q-z reaction curve API
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Additional considerations include:

Softening dui/dpeax:

This is to be determined from ring shear tests and applied as the reduction factor in the t-z curves.
External Shaft Resistance, Text

In clays, the loading factor (K;/K.) taken as 80% in this work and introduced into the ICP
method by Lehane (1992) considered the softening of clays under loading. Within the FEA
method, this reduction is catered for by the t-z soil reaction curves, preferably derived from
ring-shear testing. To avoid the double-counting error, this factor is to be removed.

End Bearing Pile, gvp

In a similar way to the expression derived for the base resistance of OEPs in clay, the

following is recommended, assuming that the soil below the annulus of the pile will always

become drained:

e End Bearing Plug, Qo

Qop _
dc

(78)

The following expression is adopted as the base resistance below the plug, selected as a lower

bound derived from the resistance at the base of double walled pile tests (Doherty et al. 2010):

Drl _ g.20 (79)
qC
6.3.1.2.  Sands
Table 6-8 Input parameters for mod-ICP-FEA in sand layers.
Resistive Component Resistance Input Recommended Value
Toxt ICP method (¢, tan &,,)
External Soil Zpe/Do 0.01
t-z reaction curves API
Tint Text
Internal Soil zy,1/D; 0.001
M Lunne & Christophersen (1983)
Qb,p 1-OCIC
Annulus Zpp/t 0.1
Q-z reaction curve API
Qb,pl O'ch
Plug Base Zpp1/ D 0.1
Q-z reaction curve API
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Additional considerations include:

6.3.2.

External Shaft Resistance, zext

In sands, the existing relationships as per the ICP-2005 method is to be maintained.

End Bearing Pile, gb,p

Chow (1997) noted that the ratio of base resistance below the annulus to the q, value, q;, ,/q.
ranged from 0.91 to 4.3, depending on diameter and density. It is noted however that the
density will be related to by the measured g, values. The following lower bound is therefore

accepted as appropriate:

dop
qc

=1.0 (80)
End Bearing Plug, Qo

The following expression is adopted as the base resistance below the plug, selected as a lower
bound derived from the resistance at the base of bored piles in sands (Lehane et al. 2002):

Dal _ 0,20 81)

qc

Pile and plug weights
The weights of these components will be included for both sands and clays even though their
effect is small.

Validation

In the validation of this method, tests previously analysed, with OEPs in layered stratigraphies and

included in the geotechnical engineering database are used. Over time this database can be contributed

to and modified, thereby enhancing the accuracy of the predictions.

6.3.2.1.

Kansai Bridge T1

Properties of the sand at this site were derived from the main paper (Matsumoto et al., 1992) and

where unavailable, default values were adopted.
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Figure 6-66  Axial load distribution in pile, Figure 6-67 mod-ICP-FEA estimation of pile
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Figure 6-68 Load-displacement curve for Figure 6-69 Load-transfer diagram for mod-
mod-ICP-FEA estimation against measured. ICP-FEA estimation at w; = 0.1D,. Dotted lines

represent measured single-walled axial pile load.
The axial load along the pile is shown in Figure 6-66. This diagram can be compared to that showed
earlier in Figure 6-17 where this site was considered as clay only. Using the mod-ICP-FEA, the slopes
of the mobilised axial loads are quite similar to those measured, suggesting that the method is an
improvement on the original modification. In terms of the base response, although the previous case
did show a good match, there is also an improvement observed in Figure 6-67, compared to the
previous results of Figure 6-18. The overall load-displacement response however shows that the
capacity is overestimated. Figure 6-68 portrays a result, similar to a backbone curve encompassing

the measured response. The Q./Q,, for this analysis is 1.27. The load-transfer diagram for this
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analysis is shown in Figure 6-69 at w,=0.1D,. As the mod-ICP-FEA method over-predicts the
capacity, this is also represented in this diagram, although the annulus capacity is well captured. In
addition, this method estimates a much shorter active plug length, by about 5m than previously

estimated. This suggests that with the contribution of the clay layers, under the same pile head

displacement, less plug capacity is needed (or mobilised) to support the load.
6.3.2.2.  Hound point PO-C

Load (kN) As outlined in Section 6.2.4.13, a large
0 2000 4000 6000 8000 . . ..
0 i proportion of clay is present at this site and the
20 "~ G01D=6500kN UWA method is specific to sands. Using the
= 40 ‘ mod-ICP-FEA, Figure 6-70 shows the
g A . .
‘E’ 60 I comparison between the estimated and
%] 1
g i . .
g % ' measured load-displacement response. In this
E !
a1 ".. analysis, the use of the mod-1CP-FEA method
0.1D=122mm : \
120 g e - o .
shows a high initial stiffness which leads to an
Measured
140
----- mod-ICP-FEA
160
Figure 6-70

over-estimation of the capacity (Q./Q, =
Load-displacement curve for

1.19). This high initial stiffness is caused by the
Layered -FEA estimation against measured.

higher stiffness of the shaft, from the inclusion
of the clay layers in the model. Observing the measured results, these suggest that the contribution of

the shaft to the total capacity, should be less, based on the length of the initial part of the curve with
a high stiffness. The base capacity however, which is generally the capacity gained over the shallower

gradient in the load-displacement response, should be larger. The estimated shaft friction is therefore

suggested to be overestimated and the base capacity underestimated by the mod-1CP-FEA method.
6.3.2.3.  Shanghai ST-1

The properties of the clay at this site were extracted from Pump et al. (1998) and Gao et al. (1986).
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Figure 6-71  Axial load distribution in pile,
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Figure 6-73  Load-transfer diagram for mod-
ICP-FEA estimation at w; = 0.1D,. Dotted lines
are measured single-walled axial pile load.
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Figure 6-72  Load-displacement curve for
Layered -FEA estimation against measured.

Using the mod-1CP-FEA, Figure 6-71 shows the
axial load in the pile. Comparing these results to
those in Figure 6-60, finds that the new method
can mobilise much more capacity than the
previous method. Here the additional
contribution of the clay layers allowed a better
match to the overall load-response, suggesting
that these layers ought not to be omitted. Figure
6-72, shows the highly improved results, where
the Q./Q,,, i1s now 1.05 compared to a previous

0.61. In the sand analysis, Section 6.2.4.14, no

load-transfer plot was shown due to the high

variation in total mobilised capacity. As the results in this analysis have improved, the load-transfer

diagram at w;=0.1D,, is included (Figure 6-73) and corroborates the above observations. Also, the

estimated contribution of the plug is quite low with a small L. Similar observations were also found

with the results at Shanghai ST-2.
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In general, the use of the mod-ICP-FEA has been able to better capture the measured responses of

open-ended piles in layered stratigraphies.

6.4. Comparison with the Commercial Code OPILE

Using the method developed above, these results are now compared against those from an industry
method of computing pile head response. OPILE is a pile design program that determines the effects
on piles subjected to lateral, axial and torsional loads, displacements and rotations. OPILE was
developed by Cathie and Associates Ltd and accepts input of stratigraphy and pile properties. OPILE
adopts pile design methods including the API, ICP and UWA to inform the design of piles, it however
does not directly model the plug. This program is well established, and the results from OPILE will
be compared to those of the modified methods at the Euripides and Pentre sites using VIRTUPLUG.
6.4.1.1. Pentre LDP

The pile tests at Pentre is used to compare the results estimated by the mod-API-FEA method with

those determined when the parameters are derived directly from the APl and ICP methods and input

into OPILE.
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Figure 6-74 Load-displacement curve comparing those measured with the results from OPILE-
API/ICP and the mod-API-FEA method suggested in this study.
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The load-displacement diagram is shown in Figure 6-74. The values of Q./Q,, are given in Table
6-9.

Table 6-9 Comparison of Q./Qm for the Pentre - LDP test using the OPILE and the mod-API-FEA
results against the measured data.

Qc/Qm
Component | OPILE- OPILE- . mod-API-
API ICP API direct FEA
Total 1.22 0.88 1.57 1.23
Shaft 1.47 0.98 1.88 1.50
Base 0.35 0.53 0.46 0.26

In this example, the mod-API-FEA over-predicts the capacity and the distribution can be improved.
However, this is the case for all the methods used here.

6.4.1.2. Euripides 1c

The pile tests at Euripides (Test 1c) will now be used to compare the results estimated by the mod-
UWA-FEA, as set out in Section 6.2.3, with those determined when the methodology, derived directly

from the API, ICP and UWA methods, are input into OPILE.
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Figure 6-75 Load-displacement curve comparing those measured with the results from OPILE using
the API, ICP and UWA methods, and the mod-UWA-FEA method suggested in this study.
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The load-displacement diagram is shown in Figure 6-75. Here the response estimated by the mod-

UWA-FEA has the best match to the measured data. The distribution of Q./Q,, is expanded on in

Table 6-10.
Table 6-10  Comparison of Q./Qm for the Euripides 1c test using the OPILE and the mod-UWA-
FEA results against the measured data.
Qc/Qm
Component | OPILE- OPILE- OPILE- . mod UWA-
AP ICP uwa | UWAdirect FEA
Total 0.64 1.12 0.93 0.95 0.93
Shaft 0.54 1.15 0.78 0.54 1.03
Base 1.01 1.04 1.45 2.40 0.57

In this example, although the distribution in the ICP method gives better results, the mod UWA-FEA

has improved the distribution of the loads computed directly by the UWA.

6.5. Considerations on Capacity, Load-Transfer and Plugging

6.5.1.  Pile and End Bearing Capacity

The capacity of an OEP is defined as the total capacity that can be supported after a pile head
displacement of 0.1D,. However, this cannot be determined accurately when simplified expressions
for the shaft friction and the base capacities are used. In OEPs, the shaft capacity is initially mobilised
followed by the base. However, the full ultimate capacity of the shaft may not be mobilised at
w;=0.1D, and at this displacement, only a fraction of the ultimate base capacity may be mobilised.
Some researchers have suggested methods for the total contribution of the base, but this entirely
depends on the configuration of the pile, the installation method, the load applied and characteristics
of the soil. In long piles, less of the base capacity may be mobilised but in weak stratigraphies, this
will not be the case. In shorter piles, more of the base may be mobilised, however, to determine the
percentage contribution, simplified methods do not accurately estimate this distribution. This research
work has shown that numerical or FE methods are better at estimating the distribution given the
number of factors that influence the result.

In terms of the displacement required to achieve full base capacity, depending on the stiffnesses of
the interacting components, the full base capacity will never be reached in some OEPs, due to the

large displacements necessary to mobilise base capacity. In these cases, it may be inaccurate to sum
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both total shaft and end bearing capacities to obtain the total capacity, as the base capacity may or
may not be mobilised within (the serviceability requirements) a pile head settlement of 0.1D,,.

6.5.2.  Load-Transfer in OEPs

From the initial testing that was performed on OEPs by Kishida (1967) (or even earlier by Széchy,
1959 & 1961), we have learnt that under loading, the behaviour of the resistive components in OEPs
is different to those in CEPs. As the load is transferred through the different components, their
interaction is the cause of this disparity.

As the OEP is loaded, the stiffness of the external shaft is usually highest, and mobilises initially as
the pile deforms and load is transferred to the surrounding soil. This is then followed by the
mobilisation of the end bearing on the annulus which transfers the load into the soil below. Internally,
the shaft resistance is mobilised, but this load can only be transferred to the base of the plug, the
effective transfer of which depends on the stiffness (M) of the combined layers of the plug and the
stiffness of the soil at the base of the plug. The ultimate capacity of the plug is limited to the bearing
capacity of the soil below its base. The relative displacement required to facilitate this process
depends on the stiffnesses of these components.

The behaviour of the plug was found to be quite different in sands and clays. In sands, a larger value
of base resistance was found in the analyses due to the interaction of the components exponentially
increasing the rigidity of the soil at the base of the plug. In clays, the base resistance was found to be
relatively lower, with the overall contribution of the plug usually small. The active plug length in
clays was also much higher, which is most probably due to the loading of the pore water within the
clay as the axial stress increased, suggesting unplugged behaviour.

6.5.3.  Definition of Pile Plugging

From the analyses performed and the results discussed, the original definitions of a plugged and
unplugged pile need to be refined.

The plugged condition is currently defined as the presence of a rigid plug of soil at the base of OEPs
which effectively creates a CEP. In spite of this, Jardine et al. (2005) found that this led to a (50%)
smaller capacity than at the base of CEPs. The base capacity, after w,, ,=0.1D,, in a CEP will not
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equal that of an OEP due to the softer load-transfer process. The transferral process that limits the
mobilised capacity in an OEP is not observed in a CEP after an equivalent base displacement. During
the installation of a CEP, the soil at the base of the pile becomes compressed and compacted, thereby
increasing its bearing capacity. However, at the base of OEPs, although more compaction would be
expected at the base of the annulus, a much less compacted state would be observed at the base the
plug. This has been observed in CPT testing in the soil plug, after load tests performed at the Noetsu
Bridge (Matsumoto et al, 1995).

A plugged OEP therefore does not strictly occur. The base settlement required to mobilise the full
plug capacity will vary depending on the installation method, soil type, pile configuration and rate of
loading. OEPs will therefore always act in a partially-plugged or fully unplugged (coring) mode under
axial load. The mode depends on the active plug length mobilised. Researchers that consider a pile
plugged are essentially assuming that the active plug length is very short; however, the capacity will

not be the same compared to that of an equivalent CEP.
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7. Conclusions and Recommendations

This work has investigated three established design methods for OEPs to determine if the use of a
more accurate model of the plug is used, a better distribution of the applied load can be obtained. An
initial investigation was made to each design method in clays (Section 4.2) and sands (Section 5.2)
to determine if a factor could be applied to the shaft and base components to improve the overall
distribution. The results of this analysis were then used in a finite element method which was
specifically designed for this research and models the pile-plug-soil interaction (Chapter 3). The
method was tested using a series of cases, using input from the design methods, to determine the key
influences on open-ended pile behaviour and deduce recommendations for improvement of the
method. The recommendations were used to determine a modified finite element variant of the design
methods, and suggestions made on the most applicable stratigraphies where these methods should be
applied. The research has found that although a thorough scientific process was followed, the results
in Table 6-3 for clays and Table 6-6 for sands, suggest that the recommended method gives some
nominal improvement to the distribution, although the improvement is not very evident from the
values. The main improvement however, is the effective modelling the soil plug and capturing this
behaviour better than what is currently performed in the industry. The main issue found with this task
is its validation, as within the geotechnical engineering database for OEPs, there is a high variation

in the reliability of measured shaft and base loads.

7.1. Conclusions

1. In long and slender piles, the shaft friction usually develops initially under axial static load,
causing a very steep initial gradient of the load-displacement curve. In these piles, the pile
compression causes more of the shaft friction to mobilise and a proportion of the end bearing
may develop before the full shaft reaches its ultimate capacity. The initial slope of OEPs in sands
with high L/D ratios is usually due to the shaft mobilisation and the shallower slope is due to the

end bearing development (test case results in Chapter 4 and 5).
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The only way to accurately determine the capacity of the plug is via the strains measured along

the inner pile of a double wall arrangement. The Author suggests that in future research or

experimentation using double walled piles, the inner and outer shaft capacity, and the end bearing
on the annulus should be measured independently.

The load-transfer diagram, outlined in Chapter 2.9, gives a good representation of the load

distributed to the resistive components of the pile. This diagram clearly depicts the load

transferred to the annulus, plug base and external shaft. In addition, it can also give information
on the active plug length which can inform the interpretation of a partially plugged or fully
unplugged pile.

A one-dimensional finite element method which models the pile-soil-plug interaction and adopts

the guidance outlined in this study is recommended for the analysis of OEPs. Design parameters

to be input into the modified methods are to be obtained from the API, ICP and UWA
methodologies with the recommendations outlined within this document.

The finite element variants of the design methods have been explored and the following

conclusions have been reached:

e The mod-API-FEA seems best suited for use in all-clay stratigraphies as demonstrated in
Section 6.1.4. Table 6-3 shows the improvement in the estimated distribution, noting that
the FEA method considers softening along the pile shaft, so these values would be lower.

e The ICP method was shown to estimate the capacity distribution well in all-sand
stratigraphies but was not as good as the APl method in estimating the capacity distribution
in all-clay stratigraphies (Table 4-3). This suggests that the mod-ICP-FEA method is the
better design method for use in all-sand stratigraphies, noting that the estimated resistances
for shaft and end bearing from the ICP methodology are the most critical component of the
method. From the assessment performed using the sites with layered stratigraphies, Section
6.3.1, the mod-ICP-FEA is also the preferred method at these sites.

e The mod-UWA-FEA method was investigated further in Section 6.2, following the results

obtained in Section 5.2. The results shown in Table 6-6 were not as expected, demonstrating

231



that the originally estimated factor on o¢’,.. was too high, and the factor on g; was too low.
As a result, intermediate factors of 1.5 and 0.75, applied to ¢’,.. and q,, respectively, in the
mod-UWA-FEA method, are expected to improve the capacity distribution and are therefore
recommended.

The research has also been able to outline a method for improving the Q-z relationship at the

base of open-ended piles in Section 2.10, adopting the recommendations of Chapter 6. This

method of computing the Q-z relationship could potentially be used to improve the model of the

base capacity of OEPs. The recommended procedure for the updated Q-z curve is to:

e adopt the suggestions presented in Section 6.1, 6.2 and 6.3 to obtain design and FE
parameters to model the shaft and end bearing response;

e compute the separate base response of the annulus and plug via the derived FE approach;

e superimpose these responses to obtain the new Q-z soil reaction curve;

e use these curves in conjunction with the API’s t-z soil reaction curves to better estimate the
axial resistance of an open-ended pile in a structural model.

Historically, the concept of a plugged pile was defined to facilitate an easier design process. From

this study it has been found that all OEPs behave in either a partially-plugged or fully-unplugged

mode. Relative displacement at the base of an OEP causes the mobilisation of the internal shaft

friction which mobilises the soil plug. The base of the plug column then reacts against the soil

below the plug and the total load transferred is limited by the bearing capacity of this component.

For an efficient load-transfer, the stiffness of the individual components needs to be quite high.

In clays, undrained strength parameters define the stiffness of the plug leading to a much longer

active plug length mobilised (Chapter 4). In sands, an exponential increase in the mean effective

stress is usually observed, due to dilation especially near the base, which causes the active plug

length to be relatively short, usually about 1-2 times the external diameter of the pile (Chapter

5).

In Section 6.4, the mod-API-FEA and mod-UWA-FEA methods have been compared against

OPILE, an established numerical and industry pile design software which does not directly model
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1.2.

the plug, and these new FE methods have proven to give quite good results.

Recommendations

Based on the results of this work, the following suggestions are recommended:

1.

Further work is to be done on the constrained modulus value with depth. For sands this has been
estimated using the measured g, values at the site and the relationships outlined by Lunne and
Christophersen (1983). In clays this has been taken as a factor of up to 4000s,,.

One of the main assumptions used in this work is the wishing-in-place of the OEP. By making
this assumption, the residual stresses are assumed to be zero in both soil and pile which can cause
the end bearing to be underestimated and friction to be overestimated (Kraft 1990). The Author
suggests that more work can be done on driveability, which has the potential to directly inform
the initial residual stress in the pile and soil after driving. This will therefore improve the estimate
of static pile capacity.

The end bearing on the annulus of an open-ended pile should be related to the averaged g, value
atits intended depth. In this study, simple factors were applied based on available data to replicate
the trends observed. However, in fine-tuning these factors, additional parameters such as OCR,
derived using friction and pore-pressure ratios from CPT measurements, should be considered,
and then validated against the measured strains at the Pentre and Tilbrook sites. Once updated,
this should improve the estimate of resistance below the annulus and plug, and further increase

the capability of the numerical method.

233



8. References

1. American Petroleum Institute Recommended Practice 2GEO, Geotechnical and Foundation
Design Considerations, API RP 2GEO, Apr 2011. Addendum issued Oct 2014.

2. Atkins confidential report, (2013).

3. Benson, A. Taylor, P., Guinard, M., 2013. Atkins Technical Note TN0O1 — Study 2a & 2b: Axial
Pile Capacity Method and Pile Plugging. For DONG Energy.

4. Brucy, F., Meunier, J. and Nauroy, J.F., 1991. Behaviour of pile plug in sandy soils during and
after driving. In Proc. Offshore Technol. Conf., Houston, OTC-6514.

5. Chow, F. Investigations into displacement pile behaviour for offshore foundations. PhD. Diss.
Imperial College London (University of London), 1997.

6. Clarke, J., 1993. Large Scale Pile Tests in Clay. Thomas Telford, London.

7. Clausen, C.J.F., Aas, P.M., & Karlsrud, K. (2005). Bearing capacity of driven piles in sand, the
NGI approach. In M. J. Cassidy, & S. Gourvenec (Eds.), Proc. of the Int. Sym. on Frontiers in
Offshore Geotechnics (Perth, Australia ed., Vol. n/a, pp. 574-580). The Netherlands: CRC
Press/Balkema.

8. Cox, W.R., Solomon, 1.J. and Cameron, K., 1993. Instrumentation and calibration of two 762 mm
diameter pipe piles for axial load tests in clays. In Large-scale pile tests in clay (pp. 217-236).
Thomas Telford Publishing.

9. Coyle, H.M. and Reese, L.C., 1966. Load transfer for axially loaded piles in clay. J. of the Soil
Mech. and Fdns Div., 92(2), pp.1-26.

10. Coyle, H.M. and Sulaiman, I.H., 1967. Skin friction for steel piles in sand. J. of the Soil Mech.
and Fdns Div., 92(6), pp. 261-278.

11. Darragh, R., and R. Bell. Load tests on long bearing piles. Performance of deep foundations.
ASTM International, 19609.

12. De Nicola, A. and Randolph, M.F., 1997. The plugging behaviour of driven and jacked piles in
sand. Geotechnique, 47(4), pp.841-856.

13. Duncan, J.M. and Chang, C.Y., 1970. Nonlinear analysis of stress and strain in soils. J. of the Soil
Mech. and Fdns Div., 96(5), pp. 1629-1653.

14. Gao, D.Z., Wei, D.D. and Hu, Z.X., 1986. Geotechnical properties of Shanghai soils and
engineering applications. In Mar. Geo. and Nearshore/Offshore Structures. ASTM International.

15. Gibbs, C.E., McAuley, J., Mirza, U.A. and Cox, W.R., 1993. Reduction of field data and
interpretation of results for axial load tests of two 762 mm diameter pipe piles in clays. In Large-
scale pile tests in clay (pp. 285-345). Thomas Telford Publishing.

16. Heerema, E.P. and De Jong, A., 1980. An advanced wave equation computer program which
simulates dynamic pile plugging through a coupled mass-spring system. In Numerical methods in
offshore piling (pp. 37-42). Thomas Telford Publishing.

17. Hight, D.W., Lawrence, D.M., Farquhar, G.B., Mulligan, G.W., Gue, S.S. and Potts, D.M., 1996,
January. Evidence for scale effects in the end bearing capacity of open-ended piles in sand. In
Proc. Offshore Technol. Conf., Houston, OTC-7975.

18. Holeyman, A.E. ed., 2001. Screw piles-installation and design in stiff clay. CRC Press.

19. Houlsby, G.T., 2018, notes for Offshore Foundation Design module, Renewable Energy Marine
Systems (REMS) 2018.

234



20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Houlsby, G.T. and Puzrin, A.M., 2006. Principles of hyperplasticity: an approach to plasticity
theory based on thermodynamic principles. Springer Science & Business Media.

Iskander, M., 2011. Behaviour of Pipe Piles in Sand: Plugging & Pore-Water Pressure Generation
During Installation and Loading. Springer Science & Business Media.

Jardine, R., Chow, F., Overy, R., and Standing, J., 2005. ICP design methods for driven piles in
sands and clays (p. 112). London: Thomas Telford, 2005.

Jardine, R.J., Fourie, A., Maswoswe, J. and Burland, J.B., 1985. Field and laboratory
measurements of soil stiffness. In Proc., 11th Int. Conf. on Soil Mech. and Fdn. Eng. (Vol. 2, pp.
511-514). Rotterdam, The Netherlands: Balkema.

Jeong, S., Ko, J., Won, J. and Lee, K., 2015. Bearing capacity analysis of open-ended piles
considering the degree of soil plugging. Soils and Foundations, 55(5), pp.1001-1014.

Jia, J., 2018. Axial Force—Displacement of Piles: t-z and Q-z Curve. In: Soil Dynamics and
Foundation Modelling. Springer, Cham.

Joseph, T.M., Burd, H.J., Houlsby, G.T., and Taylor, P., 2018. One-dimensional finite element
analysis of soil plug behaviour within open-ended piles. In Cardoso et al. (Eds.) Proc. Of the 9
European Conference on Numerical Methods in Geotechnical Engineering (NUMGE 2018),
Porto, Portugal. Vol. 2, pp. 1493-1500, Taylor and Francis Group, London.

Joseph, T.M., Houlsby, G.T., Burd, H.J. and Taylor, P., 2017, January. Finite Element Analysis
of Soil Plug Behaviour within Open-Ended Piles. In Offshore Site Investigation Geotechnics 8th
Int. Conf. Proc. (Vol. 628, No. 635, pp. 628-635). Society for Underwater Technology.

Kishida, H., 1967, September. The ultimate bearing capacity of pipe piles in sand. In Proc. of the
3rd Asian Reg. Conf. on Soil Mech. and Fdn Eng., Haifa, Israel (pp. 25-28).

Kishida, H., and Isemoto, N., 1977. Behaviour of sand plugs in open ended steel pipe piles. Proc.
9th Int. Conf. on Soil Mech. and Fdn. Eng., Tokyo (Vol. 1, No. 1, pp. 601-604).

Kishida, H., Uesugi, M. and Susumu, M., 1985. Behaviour of dry sands in steel pipe piles. Proc.
8th Southeast Asian Geotechnical Conf., Kuala Lumpur.

Klevsjg, C., 2014. Numerical Modelling of Cyclic Loading on Clay (Master's thesis, Institutt for
bygg, anlegg og transport).

Kolk, H. J., Baaijens, A. E., & Senders, M. (2005). Design criteria for pipe piles in silica sands.
In M. J. Cassidy, & S. Gourvenec (Eds.), Proc. of the Int. Sym. on Frontiers in Offshore
Geotechnics (Perth, Australia ed., Vol. n/a, pp. 711-716). The Netherlands: CRC Press/Balkema.

Kondner, R.L., 1963. Hyperbolic stress-strain response: cohesive soils. J. of the Soil Mech. and
Fdns Div., 89(1), pp.115-144.

Kraft Jr, L.M., 1990. Computing axial pile capacity in sands for offshore conditions. Marine
Georesources & Geotechnology, 9(1), 61-92.

Kraft Jr, L.M., Cox, W.R. and Verner, E.A., 1981. Pile load tests: Cyclic loads and varying load
rates. J. Geotech. Geoenviron. Eng., 107, pp. 1-19 (ASCE 16000).

Kraft Jr, L.M., Ray, R.P. and Kagawa, T., 1981. Theoretical t-z curves. J. Geotech. Geoenviron.
Eng., 107, pp. 1543-61, (ASCE 16653).

Kulhawy, F.H. and Jackson, C.S., 1989, June. Some observations on undrained side resistance of
drilled shafts. In Fdn Eng.: Current principles and practices (pp. 1011-1025). ASCE.

Kusakabe, O., Matsumoto, T., Sanadabata, I., Kosuge, S. and Nishimura, S., 1989, August. Report
on questionnaire: Predictions of bearing capacity and drivability of piles. In Proceedings of the
12th Int. Conf. on Soil Mech and Fdn. Eng., Rio de Janeiro, Brazil (Vol. 5, pp. 2957-2963).

235



39. Lambson, M.D., Clare, D.G., Senner, D.W.F. and Semple, R.M., 1993. Investigation and
interpretation of Pentre and Tilbrook Grange soil conditions. In Large-scale pile tests in clay (pp.
134-196). Thomas Telford Publishing.

40. Lehane, B.M. and Gavin, K.G., 2001. Base resistance of jacked pipe piles in sand. J. Geotech.
Geoenviron. Eng., 127(6), pp.473-480.

41. Lehane, B.M., Jardine, R.J. and McCabe, B.A., 2003. Pile group tension cyclic loading: Field test
programme. Imperial College Consultants (ICON).

42. Lehane, B.M. and Randolph, M.F., 2002. Evaluation of a minimum base resistance for driven
pipe piles in siliceous sand. J. Geotech. Geoenviron. Eng., 128(3), pp.198-205.

43. Lehane, B.M., Schneider, J.A. and Xu, X., 2005. The UWA-05 method for prediction of axial
capacity of driven piles in sand. In M. J. Cassidy, & S. Gourvenec (Eds.), Proc. of the Int. Sym.
on Frontiers in Offshore Geotechnics (Perth, Australia ed., Vol. n/a, pp. 683-689). The
Netherlands: CRC Press/Balkema.

44.Leong, E.C. and Randolph, M.F., 1991. Finite element analyses of soil plug response. Int. J. for
Numerical and Analytical Methods in Geomechanics, 15(2), pp.121-141.

45, Liyanapathirana, D.S., Deeks, A.J., & Randolph, M.F., 1998. Numerical analysis of soil plug
behaviour inside open-ended piles during driving. Int. J. for Numerical and Analytical Methods
in Geomechanics, 22(4), 303-322.

46. Liyanapathirana, D.S., Deeks, A.J., & Randolph, M.F., 2001. Behaviour of Thin-Walled Open-
Ended Piles During Driving. In Computational Mechanics—-New Frontiers for the New
Millennium (pp. 393-398).

47.Luking, J. & Kempfert, H.G., 2013. Plugging effect of Open-Ended Displacement Piles. Proc. of
the 18" Int. Con. on Soil Mechanics and Geotech. Eng., Paris (pp. 2363-2366).

48. Lunne, T. and Christoffersen, H.P., 1983, January. Interpretation of cone penetrometer data for
offshore sands. In Proc. Offshore Technol. Conf., Houston, OTC-4464.

49. Matsumoto, T., Sekiguchi, H., Shibata, T. and Fuse, Y., 1992. Performance of steel pipe piles
driven in Pleistocene clays. In Proc., 4th Int. Conf. Appl. Stress-Wave Theory to Piles (pp. 293-
298).

50. Mendoza, R.C., 2004. Determination of Lateral Stresses in Boom Clay using a Lateral Stress
Odometer (Master's thesis, International Institute for Geo-Information Science and Earth
Observation, Enschede, The Netherlands).

51. Murff, J.D. Raines, R.D. & Randolph, M.F., 1990. Soil plug behaviour of piles in sand. In Proc.
Offshore Technology Conference., Houston, OTC-6421, pp 25-42.

52. O'Neill, M.W. and Raines, R.D., 1991. Load transfer for pipe piles in highly pressured dense
sand. Journal of Geotechnical Engineering, 117(8), pp.1208-1226.

53. OPILE, Single pile axial and lateral analysis, 2018, Cathie and Associates.

54.Paik, K.H. and Lee, S.R., 1993. Behaviour of soil plugs in open-ended model piles driven into
sands. Marine Georesources & Geotechnology, 11(4), pp.353-373.

55. Paik, K., Salgado, R., Lee, J. Kim, B. 2003. Behaviour of open-and closed-ended piles driven into
sands. J. Geotech. Geoenviron. Eng. 129.4, pp. 296-306.

56. Pando, M.A., Ealy, C.D., Filz, G.M., Lesko, J.J. and Hoppe, E.J., 2006. A laboratory and field
study of composite piles for bridge substructures (No. FHWA-HRT-04-043). United States.
Federal Highway Administration. Office of Infrastructure Research and Development.

57.Pump, W., Korista, S. and Scott, J., 1998. Installation and load testing of deep piles in Shanghai
alluvium. In Proc. of the 7th Int. Con. on Deep Fdns., Vienna, Austria. Paper (Vol. 13, pp. 1-3).

236



58. Ramsey, N., Sharma, S. and Lee, F., 2017, January. Multi-Laboratory Assessments of Cyclic Soil
Behaviour. In Offshore Site Investigation Geotechnics 8th Int. Conf. Proc. (Vol. 1232, No. 1237,
pp. 1232-1237), Society for Underwater Technology.

59. Randolph, M.F., Leong, E.C. and Houlsby, G.T., 1991. One-dimensional analysis of soil plugs in
pipe piles. Geotechnique, 41(4), pp.587-598.

60. Randolph, M.F. and Wroth, C.P., 1978. Analysis of deformation of vertically loaded piles. J.
Geotech. Geoenviron. Eng., 104 (ASCE 14262).

61. Randolph, M.F. and Wroth, C.P., 1982. Recent developments in understanding the axial capacity
of piles in clay. University of Oxford Department of Engineering Science.

62. Salgado, R., Lee, J., Kim, K., and Paik, K., 2002. Load Tests on Pipe Piles for Development of
CPT-Based Design Method. Joint Transportation Research Program, Project No. C-36-45R,
Report No: FHWA/IN/JTRP-2002/4.

63. Schneider, J.A., Xu, X. and Lehane, B.M., 2008. Database assessment of CPT-based design
methods for axial capacity of driven piles in siliceous sands." J. Geotech. Geoenviron. Eng. 134.9
pp. 1227-1244.

64. Schneider, J.A., Xu, X., and Lehane, B.M., 2010. End bearing formulation for CPT based driven
pile design methods in siliceous sands. In 2nd Int. Sym. on Cone Penetration Testing.

65. Széchy, C.H., 1959. Tests with tubular piles. Acta Technica of the Hungarian Academy of
Science, Vol 24, pp.181-219.

66. Széchy, C.H., 1961, July. The effect of vibration and driving upon the voids in granular soil
surrounding a pile. In Proc. 5th Int. Con. on Soil Mech. and Fdn. Eng., Paris (Vol. 2, pp. 161-
164).

67. Vijivergiya, V.N., 1977. Load-movement characteristics of piles. In 4th Symp. of Waterway, Port,
Coastal and Ocean Div., ASCE (Vol. 2, pp. 269-284).

68. Williams, R.E., Chow, F.C. and Jardine, R.J., 1997, May. Unexpected behaviour of large diameter
tubular steel piles. In Proc. Int. Conf. on Foundation Failures (pp. 363-378). IES, NTU, NUS and
Inst. Structural Engineers Singapore.

69. Woodward, R.J., Lundgren, R. and Boitano, J.D., 1961, July. Pile loading tests in stiff clays.
In Proc. 6th Int. Con. on Soil Mech. and Fdn. Eng, Paris (pp. 177-184).

70. Xu, X., Schneider, J.A. and Lehane, B.M., 2008. Cone penetration test (CPT) methods for end-
bearing assessment of open-and closed-ended driven piles in siliceous sand. Can. Geo. J., 45(8),
pp.1130-1141.

71.Yang, Z., Jardine, R., Guo, W. and Chow, F., 2015. A Comprehensive Database of Tests on
Axially Loaded Piles Driven in Sand. Academic Press.

237



Supplementary Material

Appendix A — Paper 1:
Finite Element Analysis of Soil Plug Behaviour
within Open-Ended Piles

Joseph, T.M., Houlsby, G.T., Burd, H.J. and Taylor, P., 2017. Finite
Element Analysis of Soil Plug Behaviour within Open-Ended Piles. In
Offshore Site Investigation Geotechnics 8th International Conference
Proceeding (Vol. 628, No. 635, pp. 628-635). Society for Underwater
Technology.

238



B osic 2017

FINITE ELEMENT ANALYSIS OF SOIL PLUG BEHAVIOUR

WITHIN OPEN-ENDED PILES

TM Joseph, GT Houlsby and HJ Burd

Department of Engineering Science, University of Oxford, UK

P Taylor
Atkins Ltd, Warrington, UK

Abstract

Current design standards for offshore open-ended piles vary in their consideration of the soil plug’s contribution
to the pile’s axial capacity and, indirectly, to its stiffness. API RP2 GEO (2011) and UWA-05 (Lehane et al.,
2005) consider the contribution of the plug, but ICP-05 (Jardine et al., 2005) combines the plug capacity with
the end bearing from the pile annulus. The current study critically examines the behaviour of the plug using a
specifically-designed 1D finite element method, developed to model each component of the plug-pile-soil
interaction. The load-transfer into the surrounding soil and base is modelled using non-lincar axial soil reaction
curves. Using this methodology, a theoretical assessment of the contribution of the soil plug to the pile axial
performance can be made. The findings of this theoretical assessment are compared to the current treatment of

soil plug response in the design standards.

1. Introduction

1.1 Outline of paper

The American Petroleum Institute’s (API) method for
axial pile capacity of driven open-ended piles (OEPs)
is widely used in the offshore oil and gas industry.
However, as the industry continues to develop, more
reliable pile design methods, such as the Imperial
College Pile (ICP) and the University of Western
Australia’s (UWA) methods have been developed.
Each of these methods has improved the reliability of
axial pile capacity prediction. However, additional
research may assist in further optimising the pile
length further. The current paper examines how plug
capacity is analysed in each design method and
examines the conditions controlling plugging post-
installation under static loading in cohesionless soils.

The plug capacity is analysed with a 1D finite element
analysis (FEA) design tool, specifically written for
the investigation of plug behaviour, which computes
the mobilisation of resistance in the pile, plug and
surrounding soil. The FEA tool uses the external shaft
friction and end bearing capacity from the API, ICP
and UWA design methods. Soil reaction curves are
applied to individual components allowing a gradual
mobilisation of soil resistance. Total base capacities
derived from the tool are compared with those
calculated directly using the design methods to gain
insight into the incremental mobilisation of cach
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component of capacity. Piles with low ratios of
length/diameter (L/D), such as offshore wind
monopiles, are less prone to plugging than longer
piles. This initial study examines jacket type piles
with L/D ratios greater than 10.

One of the main difficulties encountered in
calibrating the finite element model is the lack of
published data on open-ended pile tests which
effectively isolate the base and shaft capacity, and
even less that isolate the internal shaft friction. As a
result, a carefully selected database was used to
validate the model and perform the comparisons.

1.2 Outline of pile plugging

When OEPs are driven or loaded, plug-pile
interaction can occur in different modes. In a plugged
mode the core of soil moves entirely with the pile and
failure of the soil beneath the plugged pile occurs. In
an unplugged mode, the core of soil remains
approximately static, while the pile shears past the
plug. The other mode is partially plugged where the
soil column within the pile is essentially compressed
from the base upwards without total shear failure.

Whilst most piles drive unplugged, principally
because of dynamic effects causing failure at the soil-
pile interface, their subsequent behaviour during



(quasi) static loading is less certain. This behaviour is
governed by a number of factors including soil
arching, high values of internal friction and strong
dilatancy (Jardine et al., 2005). However, as pile
length-to-diameter ratio increases the pile is less
susceptible to plugging.

1.3 Pile plugging research

Soil plug behaviour has been investigated by various
researchers, including Kishida (1967); Paikowsky
(1989); Matsumoto and Takei (1991); Randolph et al.
(1991); Salgado et al. (2002); Lehane and Randolph
(2002); Jeong and Ko (2015). Some of these
researchers suggest that piles fail in a plugged manner
while others argue otherwise.

Under increasing load, the pile may retain its
unplugged state or move to a partially or fully
plugged condition. A fully unplugged pile will only
develop when the cumulative internal shaft resistance
is less than the base stress on the plug.

Early researchers such as Kishida and Isemoto (1977)
found that the internal shaft resistance, t;, increases
non-linearly towards the tip of the pile. Different
researchers have proposed various explanations for
this phenomenon. Paikowsky (1989) linked soil
plugging to the internal arching behaviour of grains
in a silo, similar to the shape of the soil layers in
extruded tube samples. He suggested that the silo
effect creates downward concave arches in the soil
plug that increase the soil stresses and therefore t;
near the base. He suggested that as the pile diameter
increases, this arching is less effective and leads to
plug failure (unplugging).

Randolph et al. (1991), suggested that when a load is
applied to the base of the plug, the increasing axial
stress causes an increased lateral stress thereby
increasing 7; (Figure 1). They suggested that this will
increase exponentially with increasing ratio of plug
length to internal pile diameter, Ly, /D;. In their paper,
a 1D plug analysis method for drained, undrained and
partially drained soil is set out. For a drained
cohesionless soil, the end bearing capacity is
normally a result of pile plugging due to arching
action within the plug. For undrained conditions,
where insufficient time is available for drainage, the
excess pore water pressure supports the load but
without an increase in ;.

Experiments by Lehane and Gavin (2001) on model
piles in sand, using a testing chamber, agree with the
method outlined by Randolph et al. (1991). However,
they also suggested that the sand near to the pile tip
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dilates, increasing the internal radial stress and the
internal shaft friction thereby generating a plugged
response.

Soil .
Plug | <. plug AN% |Pile
length, A length,
|..|-I ’ g L
T T

End-bearing
resistance, q,
Figure 1: Pile, plug and base resistance interactions.

The external and internal shaft friction are represented by ,
and T1;, respectively.

Chow (1997) and Jardine et al. (2005), concluded that
plugging in sand is a function of pile diameter,
relative density and the dilation properties of the soil
along the internal pile walls. This research suggests
that the greatest susceptibility to plugging occurs in
small diameter piles installed in dense sand.

2. Industry methods of base capacity estimation
Each of the main design methods make varying
assumptions and use derived relationships from
different databases. The methods, therefore, typically
do not produce equal pile lengths for a given set of
design requirements.

2.1 The API method

The API considers the summation of the shaft
resistance over the internal shaft area of the pile,
[ 7;P;.dz, where P; is the internal pile perimeter
integrated over the full pile length incrementally
through thicknesses of height dz, compared to the
end bearing (EB) capacity of the plug, q,A,p,4. The
lesser of these is added to the end bearing on the pile
annulus, qpAann, to derive the end bearing capacity,

Qp.

0y (nplugeed) = qpdaun+ [ WPz (1)
Qp (plugged) = Qb(Aann + Aplug) (2)
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where g, = end bearing resistance, A,,,,, = area of the
annulus, and Ap,),g = base area of the plug. The end
bearing resistance on the base for sands is related to
the effective overburden pressure by g, = N0y,
(where 8 < Ny <50) and a function of relative
density.

There is no proof that the API base capacity is
reliable, but rather simply, a track record of API
designed piles not failing. Whilst the API has the
advantage of simplicity, drawbacks include:

e This method is unreliable in silts and loose
sands and underestimates capacity in dense
sands (Lehane et al., 2005).

e The radial effective stress, g',, is proven to
change significantly non-linearly with depth
(Jardine et al., 2005) but is assumed to
increase proportionally with vertical effective
stress.

e The stress regimes on either side of the pile
wall are assumed equal even though these are
likely to be different.

2.2 The ICP method

This design method assumes that the total pile
capacity is fully mobilised after a pile head
displacement of 0.1D (where D 1is the external
diameter). The external shaft friction is considered
explicitly but any contribution to base capacity from
the internal shaft friction is lumped together within
the annular end bearing (EB) capacity. Therefore it is
difficult to isolate the mobilisation of the internal and
external shaft friction capacities under gradually
increasing load.

From a small dataset, two criteria were derived to
predict plugged behaviour in cohesionless material.
These are:

D;(m) < 0.02[Dp(%) — 30] 3)
D;/D¢pr < 0.083q./F, “4)

where Dy = relative density, D;pr = diameter of the
CPT cone, q. = cone tip resistance and P, =
atmospheric  pressurc. The corollary of these
cquations is that any pile with D; > 1.4m is
considered to be unplugged.

Pile tests used to derive the ICP method demonstrate
the base capacity, Q,, is about 50% of that from
equivalent sized closed-ended piles. This is due to the
softer response of the base of the soil plug under axial
load. This capacity reduction is therefore applied to
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derive the expression for base resistance, g, in OEPs
that meet the plugging criteria.

Qp (plugged) = q, (Aann + Aplug) Q)
qp = qc[0.5 = 0.25log(D /Dcpr)] (6)

To determine the unplugged resistance, this method
indirectly allows for a contribution from internal shaft
friction, 7;, by the expression

gp (unplugged) = q. (7
This method indicates that q, on the annulus, is
typically 0.7q., due to the different geometry of the
pile tip relative to a CPT cone. The remaining 0.3q,

is taken as the contribution from 7; up 30 to 40 wall
thicknesses (t) above the toe.

The ICP method has been based on the results of
geotechnical testing in the laboratory and in the field.
Although relatively detailed, it is noted that:

e There are no base response procedures.

e None of the interpretations from published
research performed on the plug, such as
Matsumoto and Takei (1991); Randolph et al.
(1991); Salgado et al. (2002), are directly
included in the ICP methodology.

e The method does not consider the length or
the effects of a change in length of the plug to
the behaviour of the OEP under static loading.

2.3 The UWA method

This method originated from research by the
University of Western Australia on the comparison of
the Fugro-04 method (Fugro, 2004), the ICP method
and the NGI-04 method (Clausen et al., 2005) on
behalf of the API Committee.

In the UWA method the soil plug is considered more
directly by the use of the final filling ratio (FFR)
value. This is the final value of the incremental filling
ratio (IFR), the change in plug length to change of
penetration during driving (IFR = ALy /AL,) upon
reaching the target pile penetration depth. When the
IFR = 0, the pile is fully plugged, when 0 < IFR <
1.0, the pile is partially plugged and when IFR = 1.0,
the pile is unplugged. As the FFR cannot be known
before installation, an empirical relationship is
provided for it. The method indicates that if Lp; >
5D;, then the pile will behave in a plugged manner
under static loading irrespective of pile diameter. The
method of computing @3, for an open-ended pile using
the UWA method is as follows:



Qb (plugged) = q,(Agnn + Apiug) (8)
qp = q.10.15 — 0.454,,"] 9)
Ay, =1—FFR(D;?/D?) (10)
FFR =~ min[1, (D;/1.5)%? ] (11)

Limitations of the UWA method include:

e It is adopted for use with sands only.
Approximations have been outlined for thin
clay layers, but this method is not applicable
in typical layered stratigraphies or if the pile
tip bears in a clay layer.

e No consideration of a change in the length of
the plug is adopted in this method.

In addition, in all of these three methods, the pile is
assumed rigid although the empiricism used to
deduce cach method, relies on the compression of the
test pile to derive relationships.

3. Plug specific experimentation

If the behaviour of the soil plug is to be critically
assessed, appropriate forms of pile testing are needed
to isolate the internal and external soil behaviour. A
double walled pile system can effectively separate the
internal, external and end bearing resistances. The
layout in Figure 2 is an example of this arrangement
by Salgado et al. (2002). Similar work has been done
by Paik and Lee (1993); Lehane and Gavin (2001);
Doherty et al. (2010); Ko and Jeong (2015).
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Figure 2: Schematic of open-ended test pile
(Salgado et al., 2002)
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The pile testing performed by Salgado et al. (2002)
used an 8.24m long, instrumented, double walled pile.
The internal pile extended below the external pile to
form the end bearing on the annulus. Their
interpretation of the base capacity mobilisation is
shown in Figure 3. This diagram shows the vertical
load in the soil plug after the final increment of load
is applied. It can be seen that the total base capacity
is distributed between the pile annulus and the plug.
The majority of the plug load is seen to be transferred
between the plug and the pile shaft by friction near
the base of the plug.

Base eapacity

@ Strain gauge measurements s

Annulus capacity

| Plug capacity

Distance from Pile Base

Mobilisation of Base Capacity

Figure 3: Mobilisation of base capacity
(adapted from Salgado et al., 2002; Paik et al., 2003)

Further testing to the same scale was performed by
Jeong and Ko (2015). Their findings were quite
similar to the plug behaviour observed by Salgado et
al. (2002) using this methodology. This behaviour
specifically showed the following process as an open-
ended pile is statically loaded:

e The load is initially taken by the upper part
of the external pile which experiences elastic
compression.

e The annulus resistance starts to mobilise with
the mobilisation of the external shaft
resistance over the entire length of the pile
i.e. when the pile toe moves relative to the
adjacent soil

e The internal shaft friction starts to mobilise
at the same time as the annulus, with
attenuating upward stresses.

None of the main pile design methods capture these
processes directly and therefore do not enable the
mobilisation and distribution of the internal and
external shaft and annulus resistances to be identified
seperately. This process can, however, be captured
using a mathematical model which can be solved by
using a finite element method. A modelling approach
for this purpose is described below.

631



B osic 2017

4. Analysis

A 1D finite element model is used to solve the
equilibrium equations that balance the load in the pile,
plug, soil, interfaces and on the base. The
arrangement of the FEA is shown in Figure 4. Here
the soil, pile and plug are discretised as 2-noded
elements with the interfaces adopting 4-noded
elements.

‘Ih
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Figure 4: Simple discretised 1D model of pile-plug-soil,
interfaces and bearing components

To validate the output of the FEA, the database
assembled by Chow (1997); Jardine et al. (2005);
Lehane et al. (2005); and Yang et al. (2015), was
used, selecting only driven open-ended pipe piles,
under static compression. The data from these tests
were found to vary considerably. These range from
only total capacity being provided to others where a
detailed breakdown being available. Seven tests that
matched these required criteria and which had at least
a clear separation of shaft and base capacities were
used in the analysis. In addition, the three double wall
pile tests performed by Ko and Jeong (2015), were
included in the analysis requiring q. values to be
correlated from standard penetration test (SPT)
results using Kulhawy & Mayne (1990).

Table 1: Pile load tests considered for the analysis.
Test

Number Site Reference Authors
1 Pigeon creek Salgado et al. (2002)
2—-4 Kwangyang Plant Ko, J. & Jeong, S. (2015)
5 Hoogzand Beringen (1979)
6-9 Euripedes Kolk et al. (2005b)
10 Tokyo Bay Shioi et al. (1992)

The measured site data and test pile lengths were used
to calculate API, ICP and UWA capacities. The
ultimate shaft and end bearing stresses from cach
method were used as input parameters to the finite
element analysis with the non-linear axial load
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transfer methodology adopted from API RP2 GEO
(2011). More specifically the parameters included:

e The external and internal shaft friction values,
7, and t; respectively, with full mobilisation
occurring at a shear displacement of 0.01D in
cach clement. For this assessment, 7, and T;
were assumed equal, with full mobilisation
occuring progressively during the FEA.

e The end bearing of a plugged pile, g, is
applied separately to the annulus area and the
plug area. The peak capacity occurrs at 1% of
the wall thickness (0.01¢t) and 10% of the plug
diameter (0.1D;), respectively.

e Constant values of Young’s modulus were
deduced from interpreted values of shear
modulus, from q., and applicd as the axial
stiffness of the plug per element.

The finite element method was then used to compute
the strains and evaluate the displacements, stresses
and forces in each of the components under
increasing levels of axial load.

5. Results

There are a limited number of tests performed where
the end bearing on the pile annulus and soil plug is
specifically obtained. However, more test results are
available for the total base capacity, Q,,. Figure 5 and
Figure 6 show the values of the ratio of calculated to
measured values (Q./Q,, ) of total base capacity Qp
against the L/D and D/t ratio. The Q. values are
those computed directly from the respective design
method (API, ICP or UWA) and those calculated
using the new FEA (API-FEA, ICP-FEA or UWA-
FEA) at a pile-head displacement of 0.1D. As shown
in the figures, using the Q. values from FEA, the
Q./Q,, ratios are close to unity indicating the FEA
tool predicts base mobilisation more reliably than the
design standards.

Total Base Capacity
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30 * 41CP
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Figure 5: Distribution of Q./Q,, for the total base capacity
against the pile slenderness ratio
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Figure 6: Distribution of Q./@,, for the total base capacity
against the pile diameter to thickness ratio

In Table 2 to Table 4, the ratios of Q./Q,, directly
derived from the design methods are compared to
those derived from the FEA for those sites where
double walled piles have been used. The values are
presented for each component so that their respective
contribution can be clearly seen. The ratios of Q./Q,,
for the end bearing on the pile and the total shaft
friction, are constant, for both the direct calculations
and the FEA as these components are the first
components to be fully mobilised. The base capacity
of the plug, and therefore the total base capacity, is
directly affected by the use of the FEA.

Table 2: Ratio of Q./Qy, for the APl and API-FEA analysis.
Total Total Total End End
LoI:fiton ?{jg: Pile Shaft End  Bearing Bearing

Capacity Friction Bearing  Pile Plug

Pigeon Direct  0.56 0.61 0.54 0.28 0.98
Creek  FEA 0.46 0.61 0.39 0.28 0.57
K. Plant Direct  0.81 0.52 1.21 0.54 4.06
TP1 FEA 0.72 0.52 0.99 0.54 2.94
K. Plant Direct 1.01 0.64 1.48 0.53 4.11
TP2 FEA 0.84 0.64 1.08 0.53 2.62
K. Plant Direct 1.38 0.71 2.96 1.02 5.94
TP3 FEA 1.10 0.71 2.04 1.02 3.62

Table 3: Ratio of Q./Qm for the ICP and ICP-FEA analysis.
Total Total Total End End
LOZ::iton (l){eit(i): Pile Shaft End  Bearing Bearing

Capacity Friction Bearing  Pile Plug

Pigeon Direct 1.14 2.02 0.76 0.40 1.39
Creek  FEA  1.10 202 071 0.40 1.24
K. Plant Direct 0.86 0.89 0.81 0.36 2.72
TPl FEA 085 0.89  0.80 036 269
K. Plant Direct 0.86 0.95 0.74 0.27 2.07
TP2 FEA 0.85 0.95 0.73 0.27 2.02
K. Plant Direct 0.79 0.84 0.67 0.23 1.34
TP3  FEA 079 0.84 067 023 1.34
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Table 4: Ratio of Q. /Qu for the UVA and UWA-FEA analysis.
Total Total Total End End

LoI:iton ?{i?: Pile‘ Shaﬁ Enél Beefring Bearing
Capacity Friction Bearing  Pile Plug
Pigeon Direct  1.24 1.42 1.16 0.60 2.11
Creek  FEA 095 1.42 0.74 0.60 0.98
K.Plant Direct _ 1.06 0.78 1.44 0.64  4.84
TPl FEA 0091 0.78 1.09 0.64 3.00
K.Plant Direct _ 1.05 0.80 1.37 0.49 3.82
TP2  FEA 089 0.80 0.99 0.49 237
K. Plant Direct  0.86 0.68 1.28 0.44 2.57
TP3  FEA 080 0.68 1.08 0.44 2.07

For the tests at Kwangyang Plant, Ko and Jeong
(2015), both the UWA direct and UWA-FEA
methods display a better match to the measured total
capacity, whereas both the ICP direct and ICP-FEA
methods display a better match to the end bearing on
the plug. The tests performed at Pigeon Creek,
Salgado et al. (2002), provided soil plug and annulus
stress-displacement and force-displacement results.
The UWA-FEA was the closest match to the stress
and force distributions, and is presented in Figure 7
and Figure 8 below. These diagrams show the
mobilisation of stresses and forces in the annulus and
plug which were directly measured or estimated by
the FEA. The ‘BASE’ term is the stress averaged over
the entire base area, or the summation of the total
force provided by the pile annulus and plug. The
results in Figure 8 can be matched to those in the
UWA-FEA method in Table 4 for the pile annulus,
plug and total base results. The plug stress
mobilisation from the UWA-FEA method agrees well
with the measurements. However, the FEA analysis
over-estimates the initial stiffness of the annulus
response and under-estimates the ultimate annular
end bearing. Refinements can be made to reduce these
differences.

14.0 Annulus H\-'h.';l.'-ur_\:f!]_ T L
120
10.0
_r:g 5.0
=
= . I
g0 Br ot
0.0

0 10 20 30 40
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Figure 7: Comparison of measured base stress and UWA
(FEA) estimates vs pile head settlement. Data from the Pigeon
Creek test site (Salgado et al., 2002).
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Figure 8: Comparison of measured base capacity and UWA
(FEA) estimates vs pile head settlement. Data from the Pigeon
Creek test site (Salgado et al., 2002).

Table 5 presents a comparison of the data from the
four test sites where double walled piles are used.
This includes the Area Ratio (Agnn/Apiug) and the
ratio of the measured end bearing forces on the
annulus and plug (Qp,ann/Qp piug)- These two values
are observed to be quite different.

Table 5: Comparison of D /t, L/D, Area and EB Force Ratios.

Area Measured EB
. Teif RDQ RL/:? Ratio  Force Ratio
ocation atio atio
(Aann/Aplug) (Qb,ann/Qb,lJ]“g)
Pigeon
11 20 0.49 1.70
Creck
Kwangyang
Panctel 0V 0-36 -
Kwangyang
PantTP2 416 036 =7
Kwangyang
PlancTPz 017 027 o

6. Discussion

The methodology used to estimate the end bearing
capacity in the API, ICP and UWA design methods is
different. Each has been based on the results of
various investigations on base capacity. From the
tests on double walled piles, the isolation of the
internal, external and base capacities was possible
and with this a better understanding of the stresses
near to the pile tip. As indicated by Salgado et al.
(2002), due to the exponential increase in the value of
7;, the values of end bearing on the annulus can be
misinterpreted due to the high compression of piles at
this level.

As a simplification, the process of applying the
computed base stress over the entire base area has its
merit due to the complexity involved in estimating the
contribution of the soil plug under an applied load. To
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consider the pile response accurately however, a
model that integrates t; over the active plug length,
as load is applied, is required. This can be done using
finite elements or a similar medium. Here, the
individual components can be sequentially mobilised
under incremental load. It has been demonstrated, in
Figure 5 and Figure 6, that the established pile design
methods, especially the ICP and UWA produce data
scattered about unity for the ratio of Q./Q,, on base
capacity. The mean values are 0.95 and 1.65
respectively. A close inspection however of Table 2
to Table 4, in general, shows that the end bearing
values on the pile annulus have Q./Q,, values that are
less than 0.5 and end bearing values on the soil plug
that are much greater than 1.5. This suggests that the
design methods for OEPs underestimate the
contribution of the pile’s annulus and overestimate
the contribution of the soil plug. These effects may
compensate for each other to produce an improved
estimate of the base capacity; however, the overall
distribution of base capacity is inadequately
proportioned between annulus and plug. Table 5
shows a clearer representation of the extent of this
unequal distribution. If the distributions of stress were
similar over the entire base, then the area ratio and the
measured EB force ratios would be similar, and as can
be seen, they are not.

The FEA can model the compression of the pile and
plug separately under an applied static load. As
shown by the results of many researchers, the
response of an OEP is analogous to that of a pile-
within-a-pile. None of the design methods directly
consider this, and as can be seen from Figure 5 and
Figure 6 combining the ICP and UWA methods with
the FEA tool, in general, does improve the estimation
of total base capacity. Using this finite element
method to compute the pile capacity has shown that
the response of the components of pile resistance can
be obtained but further work needs to be done on its
implementation so that it best captures the base
response of OEPs.

7. Conclusions

It has been shown that the CPT based design methods
may be good at predicting the overall base capacity of
an OEP but the reliability of these base capacity
predictions is limited. Also, the distribution and rate
of mobilisation of these capacities may not be
accurately captured. The double walled pile test data
shows that the stress at the base of the plug is much
less than is attributed to it by the design methods and
the opposite occurs for the end bearing on the pile.
The authors present a means of capturing this
behaviour more accurately using a finite element



procedure which effectively isolates the individual
components. Some comparisons with the measured
data from these tests are also presented. Further work
is still required to accurately refine this finite element
procedure to ensure that its full capabilities are
demonstrated and that it improves our ability to
estimate OEP response.
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One-dimensional finite element analysis of the soil plug in open-ended
piles under axial load

T.M. Joseph, H.J. Burd & G.T. Houlsby
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P. Taylor
Atkins Ltd., Warrington, UK

ABSTRACT: In the offshore industry, open-ended steel piles are primarily designed using one of three
pile design methods: the API (2011), the ICP (2005) and the UWA (2005). The soil plug, inside the pile, is
considered differently in each of the methods, producing different pile lengths due to the varying assump-
tions adopted. A one-dimensional finite element method has been used to analyse the behaviour of the
resistive components of the soil-pile-plug system. This adopts the principle of virtual work to solve the
coupled differential equations enabling the contribution of each component to be isolated. Using this
method, a more realistic axial pile response can be modelled which directly influences the behaviour of
the soil plug. Predictions from the method have been compared to the results of double walled pile tests
which show the mobilisation of the external shaft friction from the top downwards, and the internal fric-

tion from the base upwards.

1 INTRODUCTION

Many different methods are used to design off-
shore open-ended piles (OEP). Few of these con-
sider the contribution of the soil plug directly
and none of these methods model its behaviour
accurately. Investigation of the behaviour of
the soil plug has shown that the plug is mobi-
lised from the base upwards. The compression
of instrumented piles has been used to estab-
lish empirical pile design methods. However, in
design, a rigid pile is often assumed, thereby sim-
plifying the process. Improved modelling which
captures the different responses of the soil, pile
and plug, and the interaction between them, can
only be achieved using a numerical approach,
where a mathematical procedure is used to solve
the equations of equilibrium that governs the
soil-pile-plug response. A one-dimensional finite
element (FE) procedure of this sort is presented
in this paper.

The FE procedure has been used in combina-
tion with three pile design methods: the API (2011)
method, the ICP (2005) method, and the UWA
(2005) method, to produce a FE variant of each.
A case study is presented which examines the pre-
dicted response from each FE variant and com-
pares these to published pile test data.

2 FINITE ELEMENT ANALYSIS

2.1 Open ended pile model

Consider an OEP as shown in Figure 1 with an axi-
ally applied load F.. In this system, the clastic pile
is assumed to be in equilibrium as the load applied
at the pile head is balanced by the summation of
the external and internal shear stresses, 7,(z) and
7,(z), respectively, plus the end-bearing resistance
q,, on the base of the pile annulus. The action of
7,1s supported by the end-bearing resistance across
the base ol the plug, ¢,,,. Each of these compo-
nents has separate stiffnesses which are mobilised
at different rates to support the pile. These stiff-
nesses and the relative displacement across the
interfaces dictate the mobilisation of the inter-
face shear stresses, and the end bearing resistance.
In this model, zero thickness interface layers are
assumed.

2.2 Strong and weak forms of the equations of
equilibrium

For the resistive components for the OEP, the axial
stress, 0,, that acts on the cross-sectional pile area,
A, satisfies the following strong (differential equa-
tion) form (compression positive):
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do
~A,+7,P +7F =0 )

z

where 7,, 7, = shear stress in the external and inter-
nal interfaces, respectively; and P,, P, = external
and internal perimeter of the pile, respectively. The
plug satisfies the separate equilibrium equation
(compression positive):

do—pl
_Apli)[iB:O (2)

z

where, 0,, = the axial stress in the plugand 4, = the
cross-sectional area of the plug.

Equations (1) and (2) are converted to the
weak (virtual work) form by multiplying by an
arbitrary set of virtual displacements, éw, and
integrating over the pile length (L) and plug
length (L—L,) as appropriate. The application
of the boundary conditions at the limits of the
pile and plug is then used to obtain an expres-
sion which balances the virtual work associated
with the applied load and the sum of the internal
virtual work terms, giving:

é‘w )
ow ( é‘w,,,,F],,, .[(. [ = ]dz
L d 5W
+é‘]v”l'b1;;’[’b_J‘L7L O'I,[AP[{ (dzpl)}dz 3)
+J ow Tsz+.[ éivp—é‘wp,)eridz
+J0 é\vﬂ—é‘ws)sz;dz
where dw, = pile head virtual displacement;

6w,, = pile base virtual displacement; dw, = vir-
tual displacement along the pile shaft; 6w, = plug
base virtual displacement; dw,, = virtual dlsplace-
ment along the soil plug; 5ws = external soil vir-
tual displacement; and 7, = shear stress in the soil.
Equation (3) may be expressed as:

0=oW, + W, “4)

where W, and W, are expressions for the exter-
nal and internal virtual work, respectively.

The external virtual work is associated with the
applied load at the top of the pile:

W, =—(ow,F)) (%)

The internal virtual work is associated with the
internal stresses in the pile, the plug and the inter-
faces. This is given by:

F,
Zv ........................ -
Soil _
Plug plug Pile
length, N length,
Lpl Te 1. T Te L
Soil RN
Pile
A T T T A
q b q b
p qpl_b P,
Figure 1. Pile, plug and base resistance interactions.

(o, ]dz

L
W, = é‘wp,th,b - J-o 0-,7'4,{ A

+§‘V1,1,;,F,;1,h—J‘L 0,4 (d(é‘wm)}dz (6)

L=ty P dz
+J.0L ow, 7. Pdz + J.LI L ow,
) -
+[ (o, - o ) Prd

3 FINITE ELEMENT PROCEDURE

The virtual work equations specified above are
used to determine a set of discretized 1D finite
element equations using the standard Galerkin
approach. The OEP is discretised as a series of
finite elements along its entire length. The pile,
plug and soil are modelled as sets of 2-noded line
elements. The pile-soil and pile-plug interfaces are
modelled as 4-noded, zero-thickness, interface ele-
ments; these interface elements are used to connect
the pile elements to the (internal) plug elements
and the (external) soil elements. The end-bearing
of the pile and plug are modelled as lumped ele-
ments. Figure 2 indicates diagrammatically the
general form of the finite element model.
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Figure 2. Simple discretised model of pile-plug-soil,

interfaces and end bearing components.

The axial displacements within each element are
related to the nodal displacements via Lagrang-
ian shape functions The displacements and strains
determined using this approach are:

w=Nw, and y Bw, (7

where N is the shape function matrix; w, is the
vector of element nodal displacements; and B is a
matrix formed from the derivative of the element
shape function, V.

3.1 Pile base

The pile base is a lumped element and therefore
adopts the value of an equivalent point load:

fp.b = Fp,b (®)

3.2 Pile

The virtual work term for the pile is:

d(sw,)

I

Adopting the Lagrangian shape functions and
their derivatives, and on the basis of the Galerkin

dz ©)

approach, the virtual work associated with the pile
is approximated by:

L
Y ow’[ BoA,.d: (10)

pile elements

The internal force within each pile element is
determined from:

-,:'Iwnunl.p = J’ BT O-pAp 'dZ ( l 1 )

elements

3.3 Plug base

The plug base is also a lumped element and adopts
a point load value as:

fpl,b = F})l,b (12)
34 Plug
The virtual work expression for the plug is:
L d(ow,)
ijI oA, | ——— |dz (13)
Converting to the Galerkin form gives:
S ow’| Bo,4,.d (14)
¢ - pl“tpt =

plug elements

The internal force within each of the plug ele-
ments is then determined from:

fimmn=] B'o,A,d (15)
3.5 Soil
The virtual work expression is:
L
J.O ow.7,Pdz (16)

This gives the Galerkin form as:

o[ NTZP.dz

soil elements

The internal force within each of the soil ele-
ments is determined from:

-/;Iemen/..v = j clements NT Ztv Pp 'dZ (1 7)
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3.6 Internal interface

Adopting the Langrangian shape functions, the
virtual work (Galerkin form) of the 4-noded inter-
nal interface elements is:

L
ow," | Lo, NTaDdz (18)

int=int elements

The internal force within each 4-noded internal
interface element is:

Lonnin=] . NTTP.dz (19)

elements

3.7 External interface

Similarly, adopting the Langrangian shape func-
tions, the virtual work (Galerkin form) of the
4-noded external interface elements is:

é’wf-[ UL NTz,P.dz

ext—int elements

(20)

The internal force within each 4-noded external
interface element is:

f:’lmm’nr. ext—int J NT Z.II)I 'dZ (2 1)

elements

3.8 Assembly

The global internal force vector (F,,,) is obtained
by assembling the individual forces of the nodes
for each element and the base node for the pile and
the plug. A similar assembly process is performed
for the virtual displacement vector (dw). This proc-
ess is performed by using an assembly function

The external virtual work is assembled in the
same manner, giving:

oW, =—ow'F,, (25)
From Equation (4):
0= o WT( Frvr = Fexr ) (20)

As the virtual displacements are arbitrary on the
basis of the first lemma of variational calculus:

G=0= ( FIN'I‘ - Fk‘.\"l ) (27)

The vector equation, G = 0, is solved using the
modified Newton-Raphson method.

4 CASE STUDY

The selected case study consists of a double wall
pile test that was performed in Pigeon Creek,
Indiana, USA. The soil comprised predominantly
gravelly sand to a depth of 13 m. CPT data avail-
able for the site is presented in Figure 3. The test
pile was 8.24 m long with dimensions as shown in
Figure 4. This was driven to the required depth
and loaded incrementally to failure. The separa-
tion of the pile walls and the installation of strain
gauges over their lengths allowed the differential
response of both pile walls to be measured. The
results of these tests are published in Salgado et al.
(2002) and Paik et al. (2003). Using this published

Cone Resistance
(MPa)

Sleeve Friction
(kPa)

[°] which populates the internal forces vector, dis- 0 5 10 1520 2530 0 50 100 150 200
placements vector and the stiffness matrix employ- 0 ———— —— s
ing an appropriate degree of freedom mapping: —C, —c,
1 _
—C, —c,
Fp = A[ fp,h] - AI: felpmz»m.p] 2t b
+ A[ _/;;1,[:] - A[ f:»lemen/.pl] (22) 3 F d
+ A[ f:’k’mcm‘,s] + AI: /:’Ifm('n/,in/—in/] ’g 4 i
+ A[ -f:'h'm:'m,z',\'t—inr] £
g5 .
o)
Jw:A[JwM]—A[ pr]+A|: b‘wwy]—A[ é'wp,] 6r i
+ A[é‘ws] + A\[qu]+ A[é‘wu] (23) 7 F -
8 F i
The internal work is now written as: o .
W, = ow' Fyy, (24) Figure 3. ¢, and /.. measurements (Salgado et al., 2002).
1496

®

5/28/2018 6:39:29 PM



) ) 32
= - Axial strain gauges

Welding .
Wire for ‘ _740
measuring I l 500
plug length F ¥
.i 1000
Light PP y
weight 1000
LL] | 1 —
Angle for 1000
protection of il
strain gauges ' ;i 3
1000
i 1000
Inner pipe — P
1000
500
Outer pipe — iE 3
2 I 1000
& 600
Silicone seal
292 300
356

Figure 4. Double-walled open-ended test pile (Salgado
et al., 2002).

data, a comparison is made of these results and
those estimated by the FE procedure adopting the
input parameters of the design methods to obtain
their FE variants.

The ultimate external shaft friction, 7,, and
the ultimate end bearing resistance, ¢,,, are input
to the FE procedure from the design methods. By
using the design methods directly, without the FE
procedure, each predicts a plugged pile, therefore
q.,1s applied over the area of both the annulus and
the pile plug.

In addition, the Q-z and t-z soil reaction curves,
taken directly from the API, are specified as con-
stitutive models in the finite element analysis and
employed for the ICP and UWA methods. The t-z
soil reaction curves are applied to both the external
and internal sides of the pile with 7, applied as the
limiting resistance on both sides.

The computed pile head load-displacement
responses are presented in Figure 5. Here it is
shown that the estimated capacity from the API-
FEA significantly underpredicts the capacity at
a pile head displacement of 0.1D, where D is the
external pile diameter, with the ratio of calculated

Load (MN)
0.0 0.2 0.4 0.6 0.8 1.0 12
i A
5 Qy;D=1.03MN
SEE
10 \i
- H
£ :
é 15 = Measured Settlement
1S
5 ~==-Load in API FEA :
E 15 . 2
8 — ~Load in ICP FEA :
= \
& 55 || = =—Loadin UWAFEA i
[=] o 3
: )
30 3
‘. £
\ 9
35 Rennnhniite \
0.1D=35.6mm
40
Figure 5. Load displacement responses using FE vari-

ants of the API, ICP and UWA design methods.

to measured capacity, 0/Q,= 0.45. The ICP-FEA
and UWA-FEA methods both estimate the capac-
ity to within 10% of the measured value.

Using the FE model, the mobilised base capac-
ity, which includes the internal shaft and annular
end bearing capacity on the pile, can be extracted
under the action of loads applied at the pile head.
This has been done for each of the three design
methods and presented in Figure 6 to Figure 8.
The dotted lines represent the FE estimated values
and the solid lines are those measured. These fig-
ures demonstrate the ability of the FE model to
mobilise the soil plug from the base upwards; a
characteristic not currently possible with the exist-
ing design methods.

From Figure 6 the API-FEA does not mobi-
lise the full measured internal loads, as the overall
capacity is lowest, therefore a smaller load is attrib-
uted to each component. The ICP-FEA (Figure 7)
and the UWA-FEA (Figure 8) both demonstrate
an improved but under-estimation of the develop-
ment of the base capacity although this is not fully
developed to match the measured loads.

The external shaft friction developed along the
pile can be extracted from the FE model and com-
pared to the load measured along the external pile
in the pile tests. These comparisons are presented
in Figure 9 to Figure 11. During the installation,
some of the strain gauges below 4 m and 5 m were
damaged resulting in missing data.

For a pile head load of 1130 kN, the resulting
shaft friction measured along the pile ranged from
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Figure 6. Comparison of measured base capacity to
estimates using the API-FEA procedure with axial pile
head loads.
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Figure 7. Comparison of measured base capacity to
estimates using the ICP-FEA procedure with axial pile
head loads.

approximately 320 kN to 240 kN in the pile seg-
ments. The API-FEA procedure (Figure 9) shows
that the full load measured in the pile was not
mobilised as the maximum FEA value estimated
was 440 kN. The ICP-FEA procedure (Figure 10)
estimates a maximum of 500 kN in the top seg-
ment of the pile. The UWA-FEA (Figure 11) esti-
mates a similar load of approximately 500 kN in
the top segment, however this is achieved under a
smaller pile head load. This comparison demon-
strates that, with the assumptions adopted, whilst
ICP and UWA provide good estimates of total pile
capacity (Figure 5), none of the design methods

Base Capacity (MN)
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0 T T T [ T I (
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Figure 8. Comparison of measured base capacity to
estimates using the UWA-FEA procedure with axial pile
head loads.
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Figure 9. Comparison of measured load distribution
along external pile to estimates of external shaft capacity
using the API-FEA procedure with axial pile head loads.

predict the relative contributions from the base
and shaft identified by the FEA.

Figure 12 to Figure 14 compares the mobilisa-
tion of the end bearing capacity. The API-FEA
comparison shows that the base capacity of both
the annulus and the plug is underpredicted; the
total base capacity is approximately 40% of that
measured. The ICP-FEA improves the accuracy
of model with an estimation of total end bearing
of about 70% of that measured. The total base
capacity from the UWA-FEA method is the best
approximation with 75% of the measured capac-
ity estimated. In these plots however, the distribu-
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Figure 10. Comparison of measured load distribution
along external pile to estimates of external shaft capacity
using the ICP-FEA procedure with axial pile head loads.
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Figure 11. Comparison of measured load distribution
along external pile to estimates of external shaft capac-
ity using the UWA-FEA procedure with axial pile head
loads.

tion of base capacity between the annulus and soil
plug, from the FE analysis, is somewhat different
to that measured.

5 DISCUSSION

The equation of equilibrium used to represent a
loaded open-ended pile has been solved using a
finite element procedure. This method has been
unique in that the soil-pile-plug model has been
incorporated. The use of the Galerkin method
with Lagrangian shape functions is used to repre-

BASE (Measured)

o0 .
s

L2 \Plug (FEA)

0 10 20 30 40

Settlement (mm)

Figure 12.  Comparison of measured base capacity and
API-FEA estimates vs pile head settlement.
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Figure 13.  Comparison of measured base capacity and
ICP-FEA estimates vs pile head settlement.
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Figure 14. Comparison of measured base capacity and
UWA-FEA estimates vs pile head settlement.

sent the various components of the model. Three
existing pile design methods were used in the FE
model to estimate the capacities and response of
these components.

The design methods have derived their capacities
based on detailed studies of existing pile test data.
These relate the ultimate compressive capacity of

1499

NUMGE18_Book_Vol 2.indb 1499

®

5/28/2018 6:39:36 PM



NUMGE18_Book_Vol 2.indb 1500

the pile to detailed soil test results and derived
behaviours of the interface and end bearing. These
were deduced for general use by the industry with
a rigid pile assumption. The true behaviour of
the pile under loading however, is to compress
and modelling this response in design is usually
an unsophisticated process combining simple soil
reaction curves and an elastic pile in a Winkler-
type analysis. The finite element model presented
here, however, enables a forensic examination of
the responses of the individual pile components.

Using the geotechnical engineering database,
such as Yang et al. (2015), the ICP and the UWA
pile design methods have been shown to provide
improved estimates of pile capacity. This tendency
was also found in the case study presented in Fig-
ure 5 where these methods estimate the measured
pile capacity within 10% accuracy.

The end bearing behaviour is difficult to predict.
Each of the pile design methods presented adopts
a different approach to estimate this behaviour
since each considers the response of the pile tip,
plug base and internal shaft friction differently. In
each method, if the pile is considered ‘plugged’, the
base resistance is applied over the full base area.
In the case study, the measured resistance at the
base of the pile was approximately 14 MPa which
is similar to the measured ¢, values. As shown in
Figure 6 to Figure 8, with small loads applied, the
pile tip provides the only contribution to end bear-
ing. As more load is applied, this quantity rapidly
increases demonstrating the high stiffness of this
component.

The mobilisation of the plug’s capacity was
clearly observed in the case study due to the dou-
ble walled pile configuration. As shown in Figure 6
to Figure 8, as the load increases, the plug capacity
is gradually mobilised. This behaviour was repli-
cated in the FE model. Essentially, the plug con-
veys load from the pile to the soil beneath the base
of the plug. The interaction between the pile and
the internal plug will therefore influence the end
bearing capacity. If the efficiency of load transfer
is considered perfect, all the load that is resisted by
the internal plug-pile interface is supported by the
end bearing of the plug. Also, as demonstrated by
Randolph et al. (1991) and other researchers, for
drained sandy soils, the compression from the base
of a confined soil plug will cause lateral expansion
thereby increasing the internal interface stress from
the pile tip, attenuating upwards the pile shaft.

The stiffness and capacity of the plug’s base
is difficult to determine due to the parameters
involved in the mobilisation. Again considering
sandy soils, these parameters include: the inter-
face friction angle, J,,, between the pile and plug,
accounting for the interface roughness between the
two materials; the effective stress in the soil, ¢,

which depends on the density and length of the
plug; a factor that considers the dilatant behaviour
of sand when subjected to shearing, K,; and the
confinement stress of the plug, which is dependent
on the internal diameter of the pile, D, This con-
finement stress increases with a reducing D,, and
influences the end bearing resistance. Therefore, in
sands:

1
Aoy = f(é‘mo':meE} (28)

Due to the number of factors included in mobi-
lisation, the plug stiffness is much lower than that
of the pile tip. Current estimates of plug capacity,
such as Lehane et al. (2015) suggest 0.2 to 0.3 of
the measured ¢..

The mobilised resistance of the external shaft
friction is shown in Figure 9 to Figure 11. The
UWA demonstrates the best match of the meas-
ured to estimated data followed by the ICP and
then the API method. However, both the ICP and
UWA methods appear to significantly over-esti-
mate the external shaft capacity.

In general, the pile design methods have been
shown to underestimate the end bearing capacity.
Figure 14, which highlights the base response of the
UWA method, shows that the use of the ultimate val-
ues coupled with the API’s Q-z soil reaction curves
has the best comparison to the values measured. Fur-
ther work is to be done to improve on this trend.

It is therefore observed from the use of the FE
model that the design methods do not readily pre-
dict the base and shaft capacity contributions in
open-ended piles.

6 CONCLUSIONS

The numerical procedure presented herein has been
able to demonstrate that by using finite elements, a
critical analysis can be performed on the behaviour
of the individual components of an open-ended pile.
A case study is presented which compares published
results from physical testing using a double walled
pile, to those estimated by a simple one-dimensional
FE procedure, adopting the ultimate design param-
eters from three pile design methods, coupled with
the APT’s axial soil reaction curves. The procedure
has shown that with the ICP and UWA parameters
adopted, the overall capacity is well estimated, how-
ever the mobilised distribution of load across each
of the resistive components is not well matched.
In addition, the true response and capacity of the
soil plug is not well captured by the design methods
considered. Further work is therefore necessary to
ensure that the mobilised stiffness of the individual
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components required to support axial loads are
accurately considered in design. One approach to
achieving this is by further improvement of the soil-
pile-plug model using a FE procedure.
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Appendix C — Manual:
VIRTUPLUG Program Manual with Source
Code
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