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Rapid pace of, and urgent need for, energy transition

Main theme of 2023 OSIG Conference

Growth in offshore wind capacity over decade: 2,000 to 3,000 GW (=>%$2tn foundations) by 20507
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Foundation ageing behaviour: key factor to consider from design to decommissioning



Vertical bearing behaviour over time

Field observations at clay, chalk (carbonate silt) & sand sites

Supported by characterisation, analytical & model studies

Part 1
Shallow foundations, effects of long-term loading

Part 2
Driven steel piles, ageing after installation

Full exposition: see written paper

Includes pile ageing under maintained load & load-displacement responses



Factors considered

Consolidation
Effective stress & strain changes due to excess pore pressures dissipation

Creep

Variations of strains and/or stresses over time under steady loading, independent of consolidation

Micro-to-macro fabric & structure
Bonding, sensitivity; grain contacts, soil-interface system, residual fabric, fissures & fractures

Chemistry
Particle bonds & corrosion reactions



Shallow foundations on clay

Soft, low YSR clays

Mats for light structures
Deep skirts for higher loads

WIND TURBINE D6

J-tube
sand infill

Stiff, high YSR clays

May carry heavier structures
Thornton Bank wind turbines on Gravity Base (GBS)
foundations offshore Belgium; Piere et al. (2009)

gravel layer

I ©50.00m |



https://nainamania.files.wordpress.com/

Soft Clay ageing under load: Jardine et al. (1995), Lehane & Jardine (2003)

Bothkennar, Scotland, 1990 to 2001 o
Levelling pin (West)\

Kentledge blocks

Original (1990) ground level

Levelling pin (East) l
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Instrumented, 2.2 & 2.4m (B) square pads
2.
Simple consolidation theory: ty,s = 4 B?/c,
¢ 4 EXT2
Test A: Defined initial g, f;i 3
2 6]
Test B: Loaded to 2/3 q,,; for 11 years 21
8-
Test C: Defined age-enhanced q» EXT — Extensometer
10J 1 = Inclinometer

SC2

111

SC = Spade cell and piezometer

PZ = Piezometer

& Clayey silt crust
[l Shelly layer

Soft clayey silt; some shells
I, =30%, I =0.6

Soft black silty clay
with fine mottling &

occasional silt laminae
Ip = 50 to 30%, I, = 0.6 to 1.0

Later modelling with elastic visco-plastic (EVP), Modified Cam Clay (MCC) Bodas Freitas et al. (2015)

Calibrated to advanced laboratory testing Smith (1992), Smith et al. (1992)



Site Profile 13 Geotechnique papers, June 1992

Holocene silty soft clay, open fabric & light bio-cementing

YSR = 0’,,/07,

0= 2 @ 2m, falling to 1.25 @ 20m

I, = 40 £10%, 2-7% organic, 0.6 =1, =< 1.0, Sensitivity S, = 7/

Water content: %
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Clay fraction: %
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Load-displacement outcomes

Test A back analysis: operational S, = %2 peaks from CAU tests on Sherbrooke samples

35% of long-term settlement developed after all pore pressures dissipated; tg: = 1 year

Test C: g, 20% higher than predicted by ‘standard’ MCC modelling: hence EVP analysis

1990 Test A, initial g,;;; = 138 kPa
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Other predictions from rate-dependent (EVP) MCC modelling

Shear strength beneath pads

Undrained strength, S,, (kPa)
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d Predicted S,, profile
after 11 years
(before Test C)

Initial S, profile
before Tests A & B)

Loading response before, during & after ageing
Well predicted
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Less significant g, gains for high YSR cases MCC less applicable if clays form residual shear fabric see paper



Shallow foundations on chalk

Widespread across NW Europe, North & Baltic Seas & elsewhere — even Texas!

Fractured very weak biomicrite CaCO; rock

Dominated by discontinuities, as recognised in GSI &
other rock engineering approaches

Often high mass permeability, rapid consolidation
Can support GBS structures

71 (7 MW) turbines at Fécamp, offshore NW France, 2022

Photo: Heerema Marine Contractors

Properties: consider first lab tests on high-quality intact cores



St Nicholas at Wade (SNW) cores: low-to-medium density, CIRIA B3/B2 chalk

Locally instrumented triaxial tests Vinck et al. (2023), Liu et al. (2023)
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Prone to creep



Field response: Mundford test, Norfolk UK, with 183kPa loading: Ward et al. (1968)
|<— ® =18.30m —>|

Lord et al. (2002) macro-fabric
grading

Mortimore (2022)

Stratigraphy
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Broad trends from Mundford, 1.8m plate tests at 3 sites & ALPACA pile tests

Matthews & Clayton (2004), Jardine et al. (2023)

240
Grade  Max Field E"/Lab E’ About 160 h after
A ~ 0.7 200 - onset of loading + 0.5 mm
B ~ 0.25 §  Frreiemeooooeeooes e
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|
|
Grades B to D: permanent strains & stiffness 0 A T SR
gains through gradual fracture closure 0.0 0.4 0.8 1.2 1.6
Settlement, mm

Macro-fabric also dominates

creep

2.0



Behaviour under higher loads
1.8m plate tests on CIRIA Dc to B3 chalk at LE, NO and NE sites Matthews & Clayton (2004)
FE analyses: Pedone et al (2023) model based on B2 SNW chalk lab tests Kontoe & Jardine (2023)

Post-rupture max

Peak core properties: highly non-conservative " ’
pProp gnly 2000 c’, o' &lab E'/4
Crucial to recognise fractures & brittleness Predictions from SNW
2500 Chalk properties
Divide lab E’ by factors of 4 to 40 depending Post-rupture max
on Grade g 2000 c’, ¢’ &lab E’/40
o
X
Degrade shear strength with strain: from - 1500
post-rupture ‘maximum’ to ultimate @’ 2 NO1
(@)
1000
FE predictions then bracket field response at NED
weathered (Dc to B3) plate test sites 500
; /

60 920 120
Settlement , mm

Macro fabric also limits capacity



Shallow foundations on silica sand

0.71m square, 0.7m deep, pad tests at Labenne, SW France

Laboratoires des Ponts et Chaussées (LPC): Amar et al. (1985), (1994), Canépa & Garnier (2003)

Borehole log CPT g, MPa CPT f,, MPa
0 O 2 4 6 8 10 O 30 60 90 120150
0
Fine-medium light ]
4 LA| brown uniform sand 1 Site used for ICP tests

Lehane et al. (1993)

- Some clay

2 | traces 2 _
A Loose-to-medium dense dune sand
e [ 127% E 3 Mean sand I, = 55%
£ [ ] e z
g Q ICL stress path tests:
s | . Strongly non-linear stiffness
A Critical state ¢’ ., = 33°
6 6 Peak ¢’ varying with state




q, kPa

Load-settlement-time
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Impact of densification on bearing capacity?

oy i
®  Test A (480 kPa) o
| ®m  Test B (650 kPa) “n i
O  Test C (220 kPa)
0 Test D (208 kPa)
2 4 6 8 10

Time, years

Simple analysis suggests =40% q, gain for Test B, enhanced further by micro-fabric effects?

Scale effects? 100 by 50m nuclear power station raft showed similar creep under q,,,.,, = 320 kPa

Not checked experimentally

See paper & Jardine et al (2005)
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Summary

Consolidation
Major capacity benefits with low YSR clays
Can capture with critical state models; residual fabric cases need special attention

Creep
Provides additional benefits: accurate EVP modelling demonstrated for soft clay
Similarly important with chalk & sand, rarely addressed in practice

Fabric & Structure
Open void structures, residual fabric, fissures & fractures proven influential in clays & chalk
Micromechanical features likely to affect response in sand

Chemical bonding
Adds to field stiffness, yield stresses, shear strength & brittleness



Part 2 — Steel piles driven in clays, chalks & sands

Focus on ageing trends provoked by driving
Consider =200 ‘micro-to-mega’ piles

Essential
High quality Sl, including CPT profiling

Good 15t time tests-to-failure at known ages

Reliable pore water pressure dissipation estimates
Desirable

Installation resistances to define setup /A = Q(t)/Q(t=0)
Local stresses: shaft shear 7, 0, & pore water pressures u
Interface fabric observations

Supporting numerical & physical modelling




ICP tests: 1984-2015 Bond 1989, Lehane 1992, Chow 1997, Pellew 2002, Buckley 2018
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Parallel studies on open driven piles

Installation; equalisation &

mlio]

NEE

loading to failure

102mm D
h/R=72

h/R=50
< SSTs at 4 h/R levels
measure shear T, radial
stresses 0, & pwps u

h/R=27

h/R=8



Installation pore pressures & dissipation at Canons Park Bond & Jardine (1991)
ICP tests in high 1, high YSR, London clay 400

Fissures & laminations Concentrated near the tip
Water content %  Triaxial S, kPa s 300! 2
: g W e % o 0 20 % S
g B -] 0
- L 0 200 H Leading instruments §
_ | > S
- 1} 0 =
© b n 'g
S § L 100} T
4 o\ o i
© | Following instruments ... = =—=—=—= v
3 cdf I : 5 | s T
o % Profile based on
3 - | unconsolidated
o S undrained triaxial
§ % k- L compression tests -100 . I . A R
K 3 0 12 24" 40 44
;;?) g 3 - Shipiei o Time, hours
2 S af i Equalised in 2 days
5 1D Cavity Expansion & 2D Strain Path analyses
5 i i Struggled to match ICP observation sets
g | | { Benchmarks to test large-displacement FE analyses?
= \ Staubach et al. (2022), Previtali et al (2023)



Field effects of scale & geometry on dissipation: Cowden glacial clay till

Low I, high YSR: Lehane & Jardine (1994a), Zdravkovic et al. (2020), Ushev & Jardine (2022)

CPTu & ICP tests and

2m D by 10.5m open piles PISA (2015)

Sensor
160 Linstallation

Pore pressure

Pile
driving

Depths
— 525mA - 9.50mA

-— 525mBlee—= 9.50m B

PISA & ICP pressures far greater
near tip than higher on shaft

Hyrostatic conditions

Jan
2015

Apr July
2015 2015

Predictions from CPTu tests after Carter et al (1979)

tos/[tes]“"" = [D*/D]?

If coring D* = [Dzouter - Dzinner]o'5 = 2R*
If plugged D* =D

Near-tip tys times, in days

Measured Predicted
102mm ICP ~7 6.4
2m PISA pile ~100 ~114
3m diameter, 50mm t,
coring offshore pile ~256



Near tip tys projections, in days, for 3m piles from other pile test site records

Test Measured tg 3m tyg projection

Pentre, LDP, 762mm ~0.3 1
Low Ip, low YSR

Laminated clay-silt
Clarke 1993

WD58A, 762mm ~180 1020
High I, low YSR

Gulf of Mexico clay

Bogard & Matlock 1998

Canons Park, 102mm ICP 2 110
High I, high YSR (closed)

Fissured & laminated clay

Bond & Jardine 1991

Baltic Femern, 500mm ~1500 3500

High I, high YSR clay (plugged)
Karlsrud et al 2014

Dissipation could take years offshore, much faster if laminae or fissures are present



Shaft capacity (Q.) setup / ratios due to consolidation

N\ = static capacity at t = ty; / rate-corrected installation resistance

Examples from cases with installation data, all with 30 < L/D < 55

Low YSR, high k
Laminated clay-silt

Low YSR, low k
Organic high 1,

High YSR, high k
Fissured, high I,

High YSR, low k
Low I, till over
high 1, Oxford clay

Pentre, LDP, 762mm
Clarke 1993

Bothkennar, ICP, 102mm
Lehane & Jardine 1994

Canons Park, ICP, 102mm
Bond & Jardine 1994

Tilbrook Grange, LDP, 762mm
Clarke 1993

N
2.4 Very short tgg

/\ cut by partial drainage?

3.6to4.1
Reducing with L/D

1.1
Similar at Cowden

1.3 Note tys ® 300 days
/\ boosted by corrosion?

Short-term A up to 1.5 at
offshore scale: see paper

‘Consolidation A’ most important in low YSR clays with sensitive fabrics, may reduce with L/D



Otherwise: use capacity predictions to track shaft capacity-time trends

1) Effective stress ICP-05 method; Jardine et al. (2005)

Coulomb failure o0/;=0.80", 0 .=K.0,, h/R =relative pile tip depth R = radius

K. = [2.2 + 0.016YSR — 0.87 log,, S;] YSR (h/R*)02 h/R* > 8

Needs reliable YSR, S;and &’ from high-quality SI & interpretation
Often unavailable for published case histories

2) ‘Unified’ CPT-approach calibrated to 0.1 to 1.5m OD pile dataset; Lehane et al. (2020)

T..= 0.07 F, q, (W/R*)©025  h/R* > 1

Much simpler & less ‘operator dependent’, but lacks site-specific 0’ & S, information



Importance of interface shear angles Bond and Jardine (1991), (1994)

Local ICP shaft 7., - 0’, paths

Plus shear zone fabric studies

Prove Coulomb shaft failure

_ !
T =g’ tand
rzZf rf

400 -
300

©

2 200

P

100

London clay, Canons Park -7 P'es = 22
Fast jacked ICP _ -
§ = 14°
I 5 =7°
@,
Q
e | |
200 | 400 19 600 800 1000

Near-residual interface fabric: 0/, = 13° falls post peak to o', = 8°

ICP tests in I, = 40£10% Bothkennar clay showed 0’ ., = 29° = 0, Lehane and Jardine (1994b)

Field 6’ governed by grain shapes & minerals

0’ correlates poorly with I, but closely matches ‘ICP-style’ lab ring-shear interface tests



Application to open steel, driven piles: 0.76m ‘LDP’ & 0.5m ‘NGI’ ageing JIP tests
Clarke (1993), Karlsrud et al. (2014)

Normalised by ‘Unified’ Normalised by ICP-05
Only needs q; Parameter derivation: see paper
. ICP
1.8 - Qs(t)/leJmﬁed Stjordal 1.8 Qi(D/Qs
1.5 Onsoy 1.5 P
Femern I _0

1.2 - Cowden 1.2 - oc_ - Cowden
' L\ ' Tilbrook  _ _ - --- o

L e . == -p/\
10 - 10 10 e emernl_o
0.9 |- Pentre _ . _.—-=0-- TP 0.9 e

o/~ Tilbrook / Pentre O/ _ |
0.6 _/ 0.6 4 , Stjorda

/ i ] !

Stjordal tyg { , .

0.3 [ 0.3} _ \ -
0.0 Y N 0.0 S Y NN

1 10 100 1000 1 10 100 1000

t, days t, days

Different spreads & method bias

0.15 < Q. gain/log cycle <0.25 at t > ty for five sites, but not Stjordal



1.8

1.5

1.2 -

0.9

0.6

0.3

0.0

Stjordal & other outlying sensitive ‘low 1,’ cases

Q.(t)/Q!P Low YSR clay-silt: 7% <l,< 15%, high ¢’
g Very low tg; capacity Q. & marked growth over next year

Q.()/QP = 1.0 Explanation?

Arching slowly released by creep?

Stjordal Karlsrud et al. (1993), Ridgway & Jardine (2007)

i 1 Explains short-term driving setups of large offshore

1 10 100 1000

tys = 65 days piles in North Sea glacial tills?
T | See paper & Hampson et al. (2017) Clair cases

t, days

Identify ‘outliers’ from CPTu parameters? Ridgway & Jardine (2007), Lehane et al. (2020)

Reduce project risks with: CPT design method & reduction factors, or field tests: Schonberg et al. (2023)

Returning to more ‘typical’ clay sites, what role does corrosion play in post-ty; setup?



Steel corrosion in the ground

Osaki (1982) - 7500 steel loss measurements on 126, 15m long, piles driven in ten profiles

Corrosion product growth Ar far exceeds steel At, loss: added non-ferrous mass & lower densities

0.12

0.09

0.06

Steel loss, mm

0.03

0.00

Mean +/-
) one Standard
Deviation

)

8 12 16

t, years

20

Tends to slow or stabilise with 5 years
Giving < 1mm of corrosion product over 10 years

Rates marginally faster: above the water table; in
clays than sands; & in low pH groundwater

Impact on steel driven piles investigated in
London Clay at Canons Park

Pellew (2002), Pellew & Jardine (2008)



Canons Park: 168mm closed steel pile

Driven to 6.4m, then tested in compression over 3.1 years; Wardle et al. (1992)

Brittle post-peak response on Day 1, reflecting 0’.,« = 13° reducing towards ductile residual 8°

Head Load, kN

400

300

200

100

Marked gains in residual capacity after each extended pause

Pellew’s tests, after 14 year pause

- |—O0— 1130 days

—&— |nitial 1 /
- |—o— Initial 2 z045/log cycle Q. gain

—&— |nitial 3
—/— 108 days
—&— 496 days

2-3 rates with larger D NGI & LDP piles

Parallel bored r/c pile: no setup

—=—-6200 days
Sampling around shaft from strutted pit
Index & chemical testing
SEM & thin section image analyses
| In-situ p” distributions measured
10 40

Displacement, mm Pellew & Jardine (2008)



Clay fabric & in-situ stresses

Residual shear surfaces
0.5mm thick, FeS annulus, expanding out to Ar/R = 0.6%

Sulphate reducing bacteria assist reactions
& modify clay index properties

Tens of suction /@ measurements
Around 3.3 m depth

7
168 mm OD pile

// after 17 years
///// Profile around similar pile, one month

o', = 217 kPa) after driving Bond & Jardine (1991)
_

p', kPa

.
7 er ears:
////////////%//////////////// e Near shaft mean p’ zZ'.A\SfttimleZ 3rﬁigher

Residual shaft capacity =2.4 times higher
Due to corrosion-driven cavity expansion

5 J Drivlen 10.2 mm OiD pjlé aftlervl rlnonthlv .
2 4 6 8 10
r/R

=



Corrosion-Cavity Expansion (CE) setup mechanism

lllustrate referring to self-boring 600
pressuremeter test from same depth _ .
. _ 500
Ao, = 230 kPa after Ar/R = 0.6% cavity strain § '
while pile Ap” = 270 kPa 5 400 |
| -
Final field p” = 450 kPa comparable to cavity ﬁ 200
expansion limit p;;,,? o - T
Q
Cavity strains invoked by given corrosion Ar g 200 1 Ao, = 230 kPa
increment scale with 1/D ©
- 100 -
So 0. & Q. gains will fall with diameter E
0O+
Analogy is not perfect T [, =0.6%
_100 L | L | | L | L | L |

-2 0] 2 4 6 8 10 12

Drained non-linear FE analysis presented later, _ _
Cavity strain ¢, , %

incorporating pile installation stage

Jardine (1985)



Piles in low-to-medium density Chalk
After Mortimore 2013

Widespread, fractured, sensitive very soft CaCO; rock

Heavily damaged by impact driving
Soft putty annuli & fractured zones form around shafts

Captured in PFEM analyses Previtali et al. (2023)

~, H
N—————_

CIRIA 574: 20 kPa T, for open driven piles, based on A

very limited information

Onerous consequences, led to closer investigation

. Troughs

Extent of chalk

........ . Uplifted Wealden
deposits

Large-scale offshore testing: Wikinger, German Baltic

Linked research at St Nicholas at Wade

Buckley (2018) L1
' ilometres




Wikinger: trial pile tests in 40m water Barbosa et al. (2015), Buckley et al. (2020)
7 Nine 1.37m piles, driven to 30.7m

Driving, tension & dynamic tests
after 93 x£15 days show strong setup

Field Q. far exceeds CIRIA estimate

Pile Details
20000 —+ D=1.37m
Restrike | —
18.3MN® # Glacial Till
I S (silty sand/
16000 - Equipment limit g sandy silt)
I %44 10.3mbsf
12000 -+
Low to
medium
density
| chalk
8000 Grade
End of Dfiving AL/AZ
4.8MN °
4000 - CIRIA C574 (2.95MN) 30.7mbsf
0 4 T
0] 5 10 15 20 25

Displacement: mm



Dynamic data from 2.7m & 3.76m D Wikinger production piles

Mean /A > 4 at 100 days

Tentative Chalk ICP-18, analogous to sand
ICP-05 Buckley (2018), Jardine et al. (2018)

But extensive checking required as:

Tension Q. exceeded rig capacity
Incomplete Wikinger CPT profiles
Till & chalk Q. split?
Compression response?

Setup mechanisms?
Lateral loading?

ALPACA & ALPACA Plus JIPs

6

w Ea ol

Set up factor, A

N

0

Labels show % of pile
penetration in chalk

Trend for 669
high h/R*®

78

Average trend

- = - -—-—

Trend for 18%
low h/R* ¢

17
4

L] L MR | L MRS | L MR | L MR |

|

144 m

10 days 100 days
Time since last blow

1 day

1

1000 days



ALPACA & ALPACA Plus JIPs at SNW with Oxford 2017-2022

Forty-three driven piles: 0.14 to 1.8m D, range of geometries & materials Jardine et al. (2023a, b)

All with PDA sensors,
most with FBG strain
gauges

Driving data
And 13 re-strikes

Monotonic axial tests
on 27 piles

Local T, profiles on

driving & testin : -
Driving 508mm piles, Nov 2017 J 9 1.22m & 1.8m piles, Oct 2020

Parallel cyclic & lateral loading programmes



Low-to-medium density, B2/B3 grade, chalk

Weathered layers removed by
earlier quarrying

CPTu profile for each pile,
dissipation tests

In-situ pressuremeter &
geophysics profiling

Geobore-S & block sampling

Level (m AOD)

Comprehensive lab testing
Vinck et al. (2022)

Analysis of fabric damage
caused by impact driving

-10 |
12 |

14 |

d, (MPa) f, (MPa) u, (MPa)
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Pile driving damage to chalk fabric

Up to 10MPa pore pressures near tip as chalk ‘de-structures’
Dissipation aided by chalk fractures

Putty annulus =t thick, reconsolidates & governs axial response

Putty chalk under SEM
Livia Cupertino Malheiros

Long-term corrosion
at interface, faster
above water table
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Additional fracturing to
~10 t, from shaft




Local shaft shear stresses on 1.8m by 19m TP1 pile

Trzi

or 1. (kPa) g, (MPa)
0O 100 200 300 400 500 o5 50

0 1 0
0 | | | | - -
End-of-driving (EoD) signal matches & 0 §
FBG gauges in tension test after 371 days i §
0 |
T,,+ proportional to q,, falls steeply with h/R S VWT e N
Chalk ICP-18 works for driving SRD ~
S’ i
Compression shaft capacity = double tension EppbL® I L |
= —o— TP1 EoD
{
‘Like-for-like’ A = 4.3, less with higher L/D piles & | ¢ TPIAST) -

Long-term Chalk ICP-18 non-conservative, r
especially in tension & below water table
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Setup of primarily submerged piles

Consolidation A most marked for L/D <15

Corrosion A only with mild steel piles,
none with stainless steel or concrete

Cavity expansion process, as with clays <

Contributes most to low diameter piles
above the water table

Arching creep setup active after ty; & In
advance of long-term corrosion?

[

Consolidation to ty

tys from CPTu dissipation

Ly

1h < tys < 2h : o
ALPACA Plus 1 Labels: L/D
3h <ty < 6h oo S Z
Wikinger Corrosion setup
« 3 14.5
%
o =100"

Arching creep setup?

1072

1071 10V 101

ays after driving



Re-calibrated axial design method Jardine et al (2023a)
lrzf = ful o7c + Aoyg] tan &'

f, = 2/3 tension, 4/3 compression, ‘fully rough’ 8’ = ¢@’,, = 31 to 32°

Aoty = 4GopeT/D
G,pe Varies with fabric Ar = dsg, Ao, varies with 1/D

0rc/qr = frip X 0.025 x (h/R)™*?h/R 2 0.5 below water table, different expression above

Mean Q,,/Q. = 1, CoV = 0.16 for t = 120 day SNW tests CIRIA 574 gives mean Q,,/Q. = 3

Independent checking
7 static & 7 dynamic tests: 0.6-1.5m steel piles at five other ‘submerged’ sites
Confirm fitness-for-purpose, CIRIA still more conservative: see paper



Pile ageing in sand

Lehane (1992), Lehane et al. (1993)
Chow (1997)
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Starting with short-term ICP tests

Local 7,,¢ = f[ o7c + Aoyg] tan &’
Led, with open Dunkirk pile tests, to ICP-05: Jardine et al (2005)

o, = 0.029¢.[0,0/P,1°13(h/R*)~%38 with h/R* > 8
Ag/; = 2 GAr/R , base q, linked to q,

Good predictions for 80 (0.2 to 0.8m) piles, plus 2m Tokyo Bay
case, with mean 35 day age, Yang et al. (2017)

‘Unified’ A,, expression fitted to agreed database, gives lower CoV

Gl = %Agf [Max[l, (h/D)]]_O'4 Lehane et al. (2020)

Effects of prolonged ageing?



Ageing of open steel piles tension tests normalised by ICP-05

1st tests on 457mm x 19m piles, dense Dunkirk sand Similar 340 & 500mm piles
Re-tests show different, staggered, trends Loose silty Larvik & dense Blessington sands
Jardine et al. (2006) Karlsrud et al (2014), Gavin et al. (2015)
------------------------------- _ 3.0 p———rrrr————rrrr T ——— e
Tension, kN ' [ updated IAC :
3000 235 days 25F i 4
2.0F ]
2000 | S | ]
g 15 _ ]
000 | © 10} ]
1 EoD [ > ]
1 2/31CP 51" * Dunkirk - Jardine et al. (2006) |
: - Blessington - Gavin et al. (2013)) ;

/ ; [ = Larvik - Karlsrud et al. (2014)
"""""""""" 0.0." PRI | PP | PR | o uaaad]

0O 10 20 30 1 10 100 1000 10000
Pile head displacement, mm Time after installation: days

EoD resistance = 2/3 ICP, long-term = 5/2 ICP Mechanics? Why the plateau? Effects of scale?



Potential setup mechanisms

Consolidation — discounted

Creep-arching: Seen with 0., Sensors on medium scale piles
Ng et al (1988), Axelsson (2000), Gavin et al. (2015)

Mixed evidence: direct measurement challenging, scaling uncertain

Fabric: Dense ‘crust’ with crushed grains around shafts: Kolk et al (2005), Yang et al (2010)
Interface dilation in lab tests & field 0,4 data boosted by ageing: Chow (1997), Gavin et al. (2015)

Impact of dilation reduces with D as Ao,; = 2G Ar/R

Corrosion cavity expansion: as with clay & chalk, impact likely to reduce with D

Concrete driven piles also show setup
Tavenas and Audy (1972), Axelsson (2000), Rimoy et al. (2015)



‘Micro-to-mega’ pile investigations

Heavily instrumented model tests in Fontainebleu sand

Stainless, 36mm D, mini-ICPs jacked into I; = 75% pre-
pressurised fine sand, Jardine et al. (2013 a,b)

Shaft roughnesses (Rq ,). grain breakage & density studied
Clear evidence of o0’, arching around pile shaft
Capacity: ICP Q. available at end of installation

No growth over months of ageing under pressure
Rimoy et al. (2016)

Tests explored by advanced numerical modelling
Zhang et al. (2014), Yang et al (2014), Ciantia et al. (2020)

ALE, MPM, PFEM & DEM large displacement analyses

Calibrated to high-quality lab tests on NE34 sand

.
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0./ . (%)

PFEM analysis example ve et al (2023)

Grain crushing, cyclic loading, open-ended geometry analyses; see paper

End of installation o’ profiles, normalised by (computed & measured) CPT q,

LI T T l T T T T

I

T T T T I T T T T

L B AL L R L L L
——h/R=5.6 |
— h/R = 20.6 1
- h/R = 31.1 1

h/R = 40.67]

(a) Numerical results

i 1 1 1 I 1 1 1 1 I 1 | 1 1 I 1 1 1 1 l 1 1 1 1

o

5 10 15 20
r/R

25

4

(b) Experimental results

T I L] | |

h/R=16-21
h/R=31.1
h/R=40.6

» [ O 071

1 1 rrr
h/R=5.6

v =D OO0

r/R

Captures most features of model tests well; quantifies & explains arching

But over-predicts 0’,. & does not capture dilative interface shearing response

Return to field to investigate ageing

25



Open micro-piles driven at Dunkirk, Blessington & Larvik 50-60mm by 2m; Carroll et al. (2020)

3.5

Dunkirk
3.0 | o
Q/Q -
L 457mm
i piles
20 -
1.5 ICP £ 8
- 1.5§ =cx
) ®
(O  Dunkirk (MS-corroded)
1.0 [~ ¥x  Dunkirk (MS-fresh, Ry, 2um)
= ¥  Dunkirk (MS-fresh, R,, 10um)
05 |- ©  Dunkirk (SS-smooth & shot-blasted)
' Updated IAC,
» Rimoy et al. (2015)
0.0 Lol Ll Ll Ll L
(b) 0.1 1 10 100 1000 10000
Time, days
Plugging, Q. = 1.5 Q,.p achieved 2hrs after driving Exhumed after 2 years above water table
O Stainless piles show no further setup, like lab Bonded sand grains, anoxic shaft conditions
*OMiId steel piles setup markedly to similar final Micro-fabric?

Q./Q,cp as 457mm piles, but lower /N Impact on interface dilation?



Micro-fabric near shaft of corroding Dunkirk piles

Sketch of 1mm shaft length SEM from dense ‘crust zone’ Livia Cupertino Malheiros

Corroding steel Corrosion products
pile shaft l cementing grains

% g

N
I‘ | ~ 100pm

Shaft failure mechanism pushed out into surrounding sand
Interface shear tests show dilation displacement steps up from 2R , to exceed ds, see paper



Full-scale offshore ageing behaviour

Track shaft resistance with
Stress wave matches of EoD & re-strikes

after ageing periods

Borkum Riffgrund I, German North Sea
2.13m OD, 38.5m piles in very dense sand

Six-day re-strike: shaft A = 1.45
Jardine et al. (2015)

Courtesy P van Esch, Heerema
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Followed by PAGE JIP



PAGE JIP Cathie et al. (2022)

25 unpublished, well-characterized, offshore cases
76% < I < 100% (mean 85%). Mainly silica sands provide 275% Q. & all Q..

Piles
1.37 to 3.35m diameter: 2.8m mean = 80 times mini-ICP

8 < L/D £53 (16 mean)
18 to 67 D/t, (mean 50)

High-quality driving & restrike PDA data pairs, known hammers, dates
Signal matching with rigorous QA & independent checking

Plus 22 supplementary dynamic & static tests on other piles, mostly with D < 0.8m

New analyses of published EURIPIDES, Horstwalde, Tokyo Bay, Los Angeles port & other cases

Base resistances: dynamic far lower than static

Static & dynamic shaft resistances: broadly consistent at equivalent ages



Shaft ageing, offshore, cases normalised by ICP-05

Mean EoD shaft resistance =0.5*ICP-05 — then double to ‘recover’ ICP-05 over 1st month

I A CAPWAP
i m IMPACT Mean D = 2.8m
2.5 7 o WEAP
Q./Q,cp - PAGE trend
50 L PAGE trend +/- SD (CoV=0.23) I
15 - - !
: e SOt T ] Long-term
10 8 oo - ! | <= resistances ‘flat-line’
I at ICP Q, values
EoD mean
_ = 0.5
= 0.5 ICP
0.0 1 1 lllllli 1 1 lllllll 1 1 lllllli 1 1 lll]lld
0.1 1.0 10.0 100.0 1000.0

Time after installation (days)



Shaft ageing offshore normalised by Unified method

Mean EoD resistance = 0.7*Unified, long-term close to 1.35*Unified

Surprising 35% difference with ICP explored by Scarfone et al. (2023)

3.0 ————r —————rr —————r
2.5 + :
/ B i ——PAGE trend
Q/Qunifies oo £ PAGE trend +/- SD (CoV=0.22)
01 )
n (o]
i g e : .......................... ; .............
1.5 7 . 8 2 | « Long-term ‘flat-line’ is
1.35 * Unified values
............................................. M
___________ sl
0.0 1 1 ll]]]li 1 1 llllll1 1 1 ll]l]lil 1 1 Jlllll_.
0.1 1.0 10.0 100.0 1000.0

Time after installation (days)



Plotting supplementary PAGE case points over offshore trend curves

17 piles with D<0.8m match offshore trend at 20 days, but show higher long-term Q. /Q.

3.0
2.5
QS/Q|CP

2.0

1.5

— - —_—! |

,,,,,,,,,, @ ST
,,,,,, ® ST
I
+ M @® ST

= PAGE trend

Arching creep?

L1 1 1 1 1] 1 11 1 1 111 1 1 | ——

1 11

lllllli 1 1

100

1 10

Time after installation (days)

1000

Two larger diameter Trans Tokyo Bay piles plot closer to offshore long-term PAGE trend

EoD/ICP reductions with D
Imply greater arching?

Leading to greater initial setup of
large D piles by Arching creep?

Marked longer-term A of <0.8m
piles, not seen at offshore scale

Because impact of corrosion &
enhanced dilation scales with
1/D?

Also limited by p;,?



Reconciling multi-scale outcomes see paper for details

Interpretation of dozens of micro-pile tests at 3 sites identified upper limit to mean 0/«
Maximum mean o0’ ;= [3.2 = 0.4] 07, °P

Cavity expansion p;,,, caps Ao, gains from corrosion growth & enhanced dilation

Illustrate by drained PFEM analysis based on Grenoble model case Yang et al. (2023)

6.0 T T T T

45 |

1.5

0_0_||||

T I T T T T
N HR=5.6 1

— hR=31.11

hIR=206 i

hIR=46.6 A

0.00

0.02

0.04 0.06 0.08 0.10
AR

First, model 36mm D mini-ICP installation
Then expand ‘pile’ radially outwards
Steep 07, /q. gains develop initially

Low gradients after 0.5mm
Final p;, = 4.6 (x0.7)% q. =3 0,

Analytical result broadly compatible with limit
interpreted from micro-pile tests
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Next: look for diameter dependency in PAGE data

Q./Q,cp - D trend for all 30+ day age piles with D = 0.45m
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0’ < 3.2 0/, /°" limit for Dunkirk
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5] 51
|
82 52
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3.5 4

1. Apply 0’ < 3.2 0/,.°P limit

Impact on Q./Q,p illustrated for
Dunkirk piles

Less significant when D > 0.5m

2. Assume ICP predicts 1 month
capacities taking Ar = 0.02mm, as

i_ indicated Iin database studies

i 3. Predict subsequent ageing by

raising Ar input in Ao, = 2 G Ar/R

- ICP term



QS/QICP

Adjusting ICP calculations to capture ageing up to 2 years after driving

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0

Q. predictions made raising ICP Ar term from 0.02 to 0.4mm
Keeping mean PAGE I, = 85%, L/D= 16, D/t,, = 50

Plotted over 25 offshore & 19 supplementary PAGE cases

Dunkirk limit Labels: age
In days

2 yrs

——Ar=0.04mm

= Ar=0.1mm
—Ar=0.2mm
—Ar=0.4mm 59

Diameter (m)

Ar = 0.4mm curve is upper
bound to 43 of 44 field tests

Compatible with fully rough
shearing after credible
corrosion product growth

Gains reduce with D, but still
potentially significant

For site-specific predictions:
undertake kinetic modelling
of corrosion & interface tests

See paper for details



Taiwan Strait tests looser silty sands, silts & clays; higher L/D  Shonberg et al. (2023)

Re-strikes after 60 days on 1.5m, L/D = 53, piles with >60% of Q. from ‘sands’

Normalisation: ICP-05 in ‘sand’, UWA-13 in ‘clay’ units Courtesy Orsted
3.5 e
3.0 + Q,/Q. from restrikes
Qs/Qicp : on 2 piles
2.5 + :
: 30
2.0 ——Ar=0.04mm
i : ~——Ar=0.1mm
15 & ¢ v —Ar=0.2mm
=T ——Ar=0.4mm 50
E K W 54 ~ 5
1.0 + 52 =
224 82 52
0.5 -+ 224
0.0 F———
0 0.5 1 1.5 2 2.5 3 3.5 4

Diameter (m)

Outcomes compatible with Ar =0.3mm
Static tests also undertaken, led to large steel savings



Summary for piles

Dissipation & consolidation after driving
Key to setup in low YSR clays & low-to-medium density chalk
May reduce with L/D
Scale-dependent ty times

ALE, CEL, MPM, PFEM & DEM installation analyses becoming feasible

Need to capture fully:
Conditions around open tips
Fabric, sensitivity & anisotropy
Impact of 1000s of driving blow cycles
Rate dependency & creep

Creep-arching mechanism
Appears important in high ¢’ soils
Not seen with micro-piles, more influential with larger piles

Arching captured in mini-ICP sand model tests & ALE, DEM, MPM & PFEM analyses
Can future analyses address arching & its relaxation over time?



Open driven piles, cont’d

Fabric & Structure
Sensitivity: reduces Q. in clays & chalks

Fabric: strong influence on d "angles in clays, fracturing important in chalk
Grain crushing: putty formation in chalk & shear zones in sand; both affect arching
Interface dilation: Ar affected markedly by corrosion in sand; impact scales with Ar G/D

Potential extensions to simplified ‘design methods’ considered
Future incorporation in ‘complete’ numerical analyses?

Chemistry
Sub-millimetre corrosion growth contributes to long-term setup

Impact strongly scale dependent
Reaction rates likely to vary with site conditions

Non-conservative to apply smaller tests in design without adjusting for scale



Closing remarks

Ageing affects “Whole-life” behaviour, including decommissioning

Studies reported identify key mechanisms, suggest simplified predictive approaches
& give benchmark datasets to test modelling advances

Full modelling is feasible for shallow foundations on clay; extension needed to other
geomaterials

Full modelling installation, consolidation & ageing of driven piles remains
challenging, although evolving rapidly

Field testing can be cost-effective in de-risking & optimising design when foundation
performance is uncertain for high-value projects
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