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"Experimental data are believed by everyone, "Experimental data are believed by everyone, 
except the person who did the experiment;except the person who did the experiment;

while theory is believed by nobody, except the while theory is believed by nobody, except the 
person who developed it."person who developed it."

Einstein  .  .  .  .Einstein  .  .  .  .

ConceptualConceptual
ModelsModels

DeducedDeduced
ParametersParameters

DesignDesign

ScienceScience EmpiricismEmpiricism

ThemeTheme

Database

Database

•• Are our conceptual models sound ?Are our conceptual models sound ?

•• Can they be extrapolated outside the database ?Can they be extrapolated outside the database ?
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Scope of LectureScope of Lecture

•• Axial capacity of driven piles (focus: offshore)Axial capacity of driven piles (focus: offshore)
-- Effect of pile size (length, diameter)Effect of pile size (length, diameter)
-- Effect of tip geometry: open or closedEffect of tip geometry: open or closed--endedended

•• Dynamic pile testingDynamic pile testing
-- Dynamic pileDynamic pile--soil interaction modelssoil interaction models
-- Question of uniquenessQuestion of uniqueness

•• Response of pile groups (focus: onshore)Response of pile groups (focus: onshore)
-- Settlement: single piles, pile groups, piled raftsSettlement: single piles, pile groups, piled rafts
-- General loading: significance of nonGeneral loading: significance of non--linear responselinear response
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Driven Piles in Clay Driven Piles in Clay –– Main PhasesMain Phases
InstallationInstallation

EquilibrationEquilibration

LoadingLoading

InterfaceInterface
criticalcritical

DamagedDamaged
zonezone

ConsolidatingConsolidating

SwellingSwelling
Correlations:Correlations:
ττss = = ααssuu

βσβσvovo''
λλ(2s(2suu + + σσvovo')')
μμ√√ssuu σσvovo''

.  .  all show .  .  all show 
effect of L/deffect of L/d
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LoadingLoading
•• StrainStrain--softening associated softening associated 

with with δδresidualresidual = = ξξδδpeakpeak
-- ξξ typically ~ 0.7 (ring shear)typically ~ 0.7 (ring shear)
-- pilepile--soil slip, soil slip, ΔΔwwresres: 30 : 30 –– 50 mm50 mm

•• Progressive failure leads to Progressive failure leads to 
reduction in pile capacityreduction in pile capacity

Sources for Length EffectSources for Length Effect
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Load transfer analysisLoad transfer analysis
(e.g. Randolph, 1993):(e.g. Randolph, 1993):
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IC approach (IC approach (LehaneLehane, 1992; , 1992; 
Jardine and Chow, 1996):Jardine and Chow, 1996):

InstallationInstallation
•• Degradation of interface Degradation of interface 

friction angle, friction angle, δδ
-- rearrangement of clay fabricrearrangement of clay fabric
-- high strain rates, cyclic, low high strain rates, cyclic, low σσrr''

•• Total stress decrease with Total stress decrease with 
distance, h, from pile tipdistance, h, from pile tip
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Radial Stresses Due to Pile JackingRadial Stresses Due to Pile Jacking
Data from Data from LehaneLehane and Jardine (1994)and Jardine (1994)
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1.1. What is mechanism for (h/d) effect on What is mechanism for (h/d) effect on 

σσriri//σσvovo', if no drainage ?', if no drainage ?

2.2. What reduction in What reduction in σσriri//σσvovo' is expected for ' is expected for 
openopen--ended piles, where outward soil ended piles, where outward soil 
movements are much reduced ?movements are much reduced ?
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Radial Displacement Field Around PileRadial Displacement Field Around Pile

OpenOpen--ended pile, d/t = 40ended pile, d/t = 40
Area ratio, Area ratio, ρρ = 0. 1= 0. 1
Equivalent steel volume: (Equivalent steel volume: (rroo))equivequiv = = √√dtdt = r= roo//√√1010

d = 2rd = 2roo

d = 2rd = 2roo

tt

ddequivequiv = 2 = 2 √√dtdt
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Displacements based on cylindrical cavity expansionDisplacements based on cylindrical cavity expansion
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Pore Pressure Dissipation: OpenPore Pressure Dissipation: Open--Ended PilesEnded Piles
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Closed-ended pile
(G/su = 100)

Open-ended piles

d/t = 160 80 4020

•• Typical driven openTypical driven open--ended pile:  d/t ~ 40ended pile:  d/t ~ 40
-- equilibration times ~10 times smaller than for closedequilibration times ~10 times smaller than for closed--ended pileended pile

•• Typical suction caisson:  d/t ~ 160Typical suction caisson:  d/t ~ 160
-- equilibration times ~100 times smaller than for solid pileequilibration times ~100 times smaller than for solid pile
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Increase in Shaft Capacity with TimeIncrease in Shaft Capacity with Time

Coefficient of consolidation: Coefficient of consolidation: cchh ~ 12 m~ 12 m22/yr/yr
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Data from Antonio Data from Antonio AlvezAlvez (PhD student, COPPE)(PhD student, COPPE)
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Centrifuge Model Suction CaissonCentrifuge Model Suction Caisson
Data from Data from CaoCao et al (2002)et al (2002)
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Consolidation Effects During InstallationConsolidation Effects During Installation
•• Significant (20 %) consolidation occurs for T ~ 0.1Significant (20 %) consolidation occurs for T ~ 0.1

-- offshore (openoffshore (open--ended: dended: doo ~ 2 m), t~ 2 m), t2020 ~ 0.5 to 5 days~ 0.5 to 5 days
-- onshore (d ~ 0.5 m), tonshore (d ~ 0.5 m), t2020 ~ 0.3 to 3 days~ 0.3 to 3 days
-- small field (d ~ 0.1 m), tsmall field (d ~ 0.1 m), t2020 ~ 0.3 to 3 hours~ 0.3 to 3 hours

•• Partial drainage during installation will increase Partial drainage during installation will increase 
degree of damagedegree of damage
-- reduction in radial stress (apparent h/d effect)reduction in radial stress (apparent h/d effect)
-- greater damage to soil fabric adjacent to pilegreater damage to soil fabric adjacent to pile

•• Anomalous low shaft friction (Anomalous low shaft friction (ττss//σσvovo' values) in low ' values) in low 
plasticity claysplasticity clays
-- partial consolidation during installation a key factorpartial consolidation during installation a key factor
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Total Stress Relaxation During EquilibrationTotal Stress Relaxation During Equilibration
•• Stress relaxationStress relaxation

-- ideally, ideally, ΔσΔσrr = 0;  = 0;  ΔσΔσrr' = ' = --ΔΔu  during equilibrationu  during equilibration
-- in practice,  in practice,  ΔσΔσrr' < ' < --ΔΔu,  due to reduction in total stressu,  due to reduction in total stress

Data from Chow (1997)Data from Chow (1997)
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E.g.E.g. swellingswelling

ConsolidatingConsolidating
regionregion

pilepile

•• Hypothesis for stress relaxationHypothesis for stress relaxation
-- field data:  |field data:  |ddσσrr'/du|  decreases during equilibration'/du|  decreases during equilibration
-- AssumeAssume: total stress reduction varies with current yield : total stress reduction varies with current yield 

stress ratio (yielding of inner soil stress ratio (yielding of inner soil →→ arching around pile)arching around pile)

Total Stress Relaxation During EquilibrationTotal Stress Relaxation During Equilibration
•• Stress relaxationStress relaxation

-- ideally, ideally, ΔσΔσrr = 0;  = 0;  ΔσΔσrr' = ' = --ΔΔu  during equilibrationu  during equilibration
-- in practice,  in practice,  ΔσΔσrr' < ' < --ΔΔu,  due to reduction in total stressu,  due to reduction in total stress
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Stress Relaxation During ConsolidationStress Relaxation During Consolidation

Assuming varying Assuming varying ddσσrr'/du'/du
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•• Offshore West Africa: active development areaOffshore West Africa: active development area
-- soft, high plasticity, clays with high water contentssoft, high plasticity, clays with high water contents
-- uncharacteristically high friction angles (undisturbed)uncharacteristically high friction angles (undisturbed)

•• Generic soil propertiesGeneric soil properties
-- shear strength: shear strength: ssuu ~ 1.5z kPa~ 1.5z kPa
-- effective unit weight: effective unit weight: γγ' ~ 3.5 kN/m' ~ 3.5 kN/m33

-- yield stress ratio: yield stress ratio: R ~ 2R ~ 2
-- sensitivity: sensitivity: SStt ~ 4~ 4
-- plasticity index:plasticity index: PI ~ 100 %PI ~ 100 %
-- friction angle: friction angle: φφ' ~ 35' ~ 35°°
-- interface friction angle: interface friction angle: δδ ~ 20~ 20°° (residual ~12(residual ~12°°))

Example Application: New HorizonsExample Application: New Horizons
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Typical Pile DimensionsTypical Pile Dimensions
•• Conventional driven pileConventional driven pile

-- diameter: diameter: d = 2 md = 2 m
-- wall thickness: wall thickness: t = 0.05 mt = 0.05 m (d/t = 40)(d/t = 40)
-- area ratio: area ratio: ρρ = 0.1= 0.1
-- embedment: embedment: L = 100 mL = 100 m (L/d = 50)(L/d = 50)

•• Suction caissonSuction caisson
-- diameter: diameter: d = 6 md = 6 m
-- wall thickness: wall thickness: t = 0.03 mt = 0.03 m (d/t = 200)(d/t = 200)
-- effective area ratio: effective area ratio: ρρ = 0.01= 0.01 (suction installation)(suction installation)
-- embedment: embedment: L = 20 mL = 20 m (L/d = 3.3)(L/d = 3.3)
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Shaft Friction Profiles: Driven PileShaft Friction Profiles: Driven Pile
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LoadLoad--Displacement Response: Driven PileDisplacement Response: Driven Pile

0

10000

20000

30000

40000

0 0.02 0.04 0.06 0.08 0.1

Pile head displacement (m)

Pile head 
load
(kN)

IC method

Proposed 
method

Ideal
capacities

Progressive failure: Capacities ~ 10 % lower than ideal

L/d = 50L/d = 50



CENTRE FOR OFFSHORE FOUNDATION SYSTEMS

1st C.W.Lovell Lecture, Purdue University [Randolph] 10

Purdue: May, 2003  Slide 19

Shaft Friction Profiles: Suction CaissonShaft Friction Profiles: Suction Caisson
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Summary: Pile Shaft Capacity in ClaySummary: Pile Shaft Capacity in Clay
ScienceScience

•• Analytical modelsAnalytical models
-- installation (SP, CE)installation (SP, CE)
-- equilibration (radial cons)equilibration (radial cons)
-- loading (load transfer)loading (load transfer)

•• Adjustment for openAdjustment for open--
ended pilesended piles
-- reduction in installation reduction in installation 

stresses by stresses by ssuuln(ln(ρρ))

EmpiricismEmpiricism
•• Database correlationsDatabase correlations

-- radial stress changes for radial stress changes for 
each phaseeach phase

-- h/d effect (distorted by h/d effect (distorted by 
partial consolidation)partial consolidation)

-- hypothetical dependence of hypothetical dependence of 
ddσσrr'/du on '/du on σσrr''

•• Consolidation parameterConsolidation parameter
-- scale scale cchh from piezocone from piezocone 

measurementsmeasurements
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Capacity of Driven Piles in SandCapacity of Driven Piles in Sand

•• Base capacityBase capacity
-- effect of pile diametereffect of pile diameter
-- openopen--ended pilesended piles

•• Shaft capacityShaft capacity
-- friction degradation during pile friction degradation during pile 

installationinstallation

•• Comparison of predicted and Comparison of predicted and 
measured pile capacitymeasured pile capacity
-- Euripides pile testEuripides pile test

Purdue: May, 2003  Slide 22

0

0.2

0.4

0.6

0.8

1

0 1 2 3 4
Normalised displacement, w/d

qb/qc

cbb

cb
q/q1

1
E
q5.0

d −
≈

δ

(Fleming, 1992)

qbo = 0.7qc

0.3qc
Limit based onLimit based on
average qaverage qcc
e.g. from 2e.g. from 2--4d 4d 
above, 2above, 2--4d4d
below pile tipbelow pile tip

Small displacementsSmall displacements
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00 0.10.1 0.20.2
w/dw/d

qqbb/q/qcc
qqbobo = 0.7q= 0.7qcc

qqbobo = 0.3q= 0.3qcc

Jacked pilesJacked piles
Driven:closed endedDriven:closed ended
Driven: openDriven: open--endedended
BoredBored

Base Capacity of Piles in SandBase Capacity of Piles in Sand
•• Base capacity, Base capacity, qqbubu

-- link to cone resistance, qlink to cone resistance, qcc
design value of qdesign value of qcc considering several pile diametersconsidering several pile diameters

-- consider limited displacements (e.g. 10 % pile diameter)consider limited displacements (e.g. 10 % pile diameter)
residual stresses importantresidual stresses important
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Jacked piles: Residual base stress ~ 0.5 Jacked piles: Residual base stress ~ 0.5 –– 0.8q0.8qcc
Driven piles: Residual base stress ~ 0.3 Driven piles: Residual base stress ~ 0.3 –– 0.7q0.7qcc ??

Jacked piles
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for estimated 
residual loads
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Alternative Interpretation of DatabaseAlternative Interpretation of Database
Courtesy of Dr David White (2003)Courtesy of Dr David White (2003)

0

0.2

0.4

0.6

0.8

1

1.2

0 0.2 0.4 0.6 0.8 1

Pile diameter (m)

Normalised
base 

capacity 
qbu/qc

CPT values
from SPT

wb/d ~ 2.5%

Re-assessment
of qc

Purdue: May, 2003  Slide 26

Database for OpenDatabase for Open--Ended Piles Ended Piles in Sandin Sand
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•• Plugging of open pilePlugging of open pile
-- arching in pile leads to arching in pile leads to 

potentially high internal potentially high internal 
frictionfriction

-- moderate soil plug lengths moderate soil plug lengths 
(h(hpp//ddii) sufficient for high ) sufficient for high qqplugplug

•• Deformation controlled by:Deformation controlled by:
-- residual stresses induced in residual stresses induced in 

soil plugsoil plug
-- densification below pile tipdensification below pile tip

Base Capacity for OpenBase Capacity for Open--Ended PilesEnded Piles

ip d/h4

vtip

plug e
q β≤
σ′

ττ = = βσβσvv''
dz

σv'

σv' + dσv'

γ'

Pile wallPile wall

ββminmin ~ 0.15 ~ 0.15 –– 0.20.2
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Design Base Capacity for OpenDesign Base Capacity for Open--Ended PilesEnded Piles
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LehaneLehane & Randolph (2001):& Randolph (2001):
•• Combining compression in soil plug and below pile baseCombining compression in soil plug and below pile base
•• Adding load from soil plug and pile annulusAdding load from soil plug and pile annulus
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Imperial CollegeImperial College
model pilemodel pile

6 m x 106 m x 1022 mmmm

Load cells:Load cells:
radial and radial and 

shear stressshear stress

Data from Data from LehaneLehane et al (1993)et al (1993)

Cone resistanceCone resistance
qqcc/100/100

h/d = 25h/d = 25

h/d = 14h/d = 14
h/d = 4h/d = 4

Shaft Capacity of Piles in SandShaft Capacity of Piles in Sand
•• Shaft friction broadly proportional to cone resistanceShaft friction broadly proportional to cone resistance
•• Magnitude at any depth degrades as pile advancesMagnitude at any depth degrades as pile advances
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Mechanism for Friction DegradationMechanism for Friction Degradation
•• Volumetric compression in shear zone adjacent to pileVolumetric compression in shear zone adjacent to pile

• Grains crushed as pile tip 
passes

• In shear zone D50 reduced 
by factor of 2

• Zone of fines migrate away  
from shear zone

• Densification due to cyclic 
shear stresses as pile 
penetrates further

After White (2001)After White (2001)

PilePileUnbroken soilUnbroken soil
Shear Shear 
zonezone

Stiffness ?Stiffness ?

10 mm10 mm
interfaceinterface
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Models for Shaft FrictionModels for Shaft Friction

•• Imperial College: MTD Imperial College: MTD (Jardine & Chow, 1996)(Jardine & Chow, 1996)

-- openopen--ended piles: replace d by ended piles: replace d by ddequivequiv

•• Exponential decay Exponential decay (e.g. Randolph et al, 1994)(e.g. Randolph et al, 1994)

where where KKminmin ~ 0.3~ 0.3 ;  ;  KKmaxmax ~ 1 to 2 % of q~ 1 to 2 % of qcc//σσ''vovo ;  ;  μμ ~ 0.05 to 0.1~ 0.05 to 0.1

-- openopen--ended piles: reduce ended piles: reduce KKmaxmax

Loading in CompressionLoading in Compression

cvrd

38.013.0

a

voc
s tan

h
d

p45
q

δ
⎟⎟
⎟

⎠

⎞

⎜⎜
⎜

⎝

⎛
σ′Δ+⎟

⎠
⎞

⎜
⎝
⎛

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ σ′
=τ

( )( ) cvvo
d/h

minmaxmins taneKKK δσ′−+=τ μ−

Dilation duringDilation during
shearingshearing

Purdue: May, 2003  Slide 32

Euripides Pile TestEuripides Pile Test
•• Major joint industryMajor joint industry--sponsored instrumented pile testsponsored instrumented pile test
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MTD Method
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Load Profiles from Euripides Pile TestLoad Profiles from Euripides Pile Test

•• Computed load profiles range above and below dataComputed load profiles range above and below data
•• Measured tension/compression shaft friction: 0.6 to 0.9Measured tension/compression shaft friction: 0.6 to 0.9

Data at
wtop/d = 0.1
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Summary: Pile Capacity in SandSummary: Pile Capacity in Sand
ScienceScience

•• Conceptual modelsConceptual models
-- weighting of qweighting of qcc

-- estimation and allowance estimation and allowance 
for residual loadsfor residual loads

-- diameter independencediameter independence
-- friction degradationfriction degradation

•• OpenOpen--ended pilesended piles
-- soil plug mechanicssoil plug mechanics

EmpiricismEmpiricism
•• CorrelationsCorrelations

-- base capacity with qbase capacity with qcc

-- diameter dependencediameter dependence
-- maximum shaft friction maximum shaft friction 

with qwith qcc

-- rate of degradation of rate of degradation of 
shaft friction with h/dshaft friction with h/d

•• ConservatismsConservatisms
-- strainstrain--hardening base response: plunging hardening base response: plunging qqbb ~ q~ qcc

-- increase in shaft capacity with time (50 to 100 % gain)increase in shaft capacity with time (50 to 100 % gain)
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Dynamic Pile TestingDynamic Pile Testing

•• Uncertainty in pile capacity necessitates reliance on Uncertainty in pile capacity necessitates reliance on 
load testing of piles load testing of piles 
-- static load testing (external or internal reaction)static load testing (external or internal reaction)
-- dynamic load testing (~1 % of cost of static load testing)dynamic load testing (~1 % of cost of static load testing)
-- StatnamicStatnamic (fast load test using accelerated reaction mass)(fast load test using accelerated reaction mass)

•• Interpretation of dynamic pile testingInterpretation of dynamic pile testing
-- 'continuum' model of dynamic pile'continuum' model of dynamic pile--soil interaction to soil interaction to 

replace empirical model of Smith (1960)replace empirical model of Smith (1960)
-- explicit modelling of soil plug in openexplicit modelling of soil plug in open--ended pilesended piles
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PrinciplesPrinciples of of DynamicDynamic Pile Pile TestingTesting

hh

ll

vvoo

InstrumentationInstrumentation::
accelerometersaccelerometers

strain cellsstrain cells
00 2h/c2h/c 22ll/c/c

DownwardDownward
travellingtravelling

UpwardUpward
travellingtravelling
(reflection(reflection
from base)from base)

ReflectionsReflections
from shaftfrom shaft
resistanceresistance

TimeTime

DepthDepth

11

Shock Shock 
wavewave WaveWave

speed: cspeed: c

Pile Pile 
impedance:impedance:

Z = EA/cZ = EA/c

Computer SimulationComputer Simulation
•• Measured Force (F) and velocity (v) Measured Force (F) and velocity (v) 

-- factor velocity to give "force", factor velocity to give "force", ZvZv
-- downward travelling wave: downward travelling wave: 

FFdd = 0.5(F + = 0.5(F + ZvZv))
-- upward (reflected) wave:upward (reflected) wave:

FFuu = 0.5(F = 0.5(F –– ZvZv))

•• Simulation: downward wave as inputSimulation: downward wave as input
-- aim to match computed and measured aim to match computed and measured 

upward wavesupward waves
-- adjust soil parameters to optimise matchadjust soil parameters to optimise match
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PilePile--Soil Interaction Along ShaftSoil Interaction Along Shaft

Pile nodePile node

Far field:Far field:
radiation dampingradiation damping

Pile shaft:Pile shaft:
viscous slidingviscous sliding

lim
sv

v
d
wG τ≤⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+≈τ

⎥
⎥

⎦

⎤

⎢
⎢

⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ Δ
α+τ=τ

β

o
slim v

v1

ViscousViscous
dashpotdashpot

PlasticPlastic
sliderslider

ElasticElastic
springspring

InertialInertial
dashpotdashpot

Continuum model: Novak et al (1978)Continuum model: Novak et al (1978)
Randolph & Simons (1986)Randolph & Simons (1986)

Empirical adjustmentEmpirical adjustment
of limiting frictionof limiting friction
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Typical Response of "Continuum" ElementTypical Response of "Continuum" Element
Element at midElement at mid--shaft along 610 mm diameter pileshaft along 610 mm diameter pile

Slip starts at displacement of 0.08 mm,Slip starts at displacement of 0.08 mm,
when inertial dashpot force is 97 % of totalwhen inertial dashpot force is 97 % of total

0

0.5

1

1.5

2

2.5

3

0 5 10 15 20 25
Local pile displacement (mm)

SShearhear
stressstress
ττ//ττss

Local pile displacement (mm)Local pile displacement (mm)

TotalTotal

SpringSpring

Inertial dashpotInertial dashpot

Viscous dashpot Viscous dashpot 



CENTRE FOR OFFSHORE FOUNDATION SYSTEMS

1st C.W.Lovell Lecture, Purdue University [Randolph] 20

Purdue: May, 2003  Slide 39

SoilSoil--Plug Model for OpenPlug Model for Open--Ended PilesEnded Piles

After After HeeremaHeerema & de & de 
JongJong (1979)(1979) Soil plugSoil plug

ExternalExternal
soilsoil

Pile wallPile wall

ShaftShaft

BaseBase

Soil responseSoil response
modelmodel

Base responseBase response
modelmodel
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Case Study: Narrows Bridge, PerthCase Study: Narrows Bridge, Perth

sandsand
fillfill

softsoft
clayclay

densedense
sandsand

3333 mm

0.60.611 mm

annular annular steelsteel
diaphragmdiaphragm

Steel Steel 
pipe pipe 
pilepile

SoilSoil
plugplug

6 m6 m

•• Steel pipe pile: 0.6Steel pipe pile: 0.611 m diameter m diameter 
with 1with 12.72.7 mm wall thicknessmm wall thickness

•• Soil plug limited by annular Soil plug limited by annular 
diaphragm at diaphragm at 66 m from tipm from tip

•• Soil Soil stratigraphystratigraphy::
13 m of sand fill overlying 13 m of sand fill overlying 
soft clay, above dense sandsoft clay, above dense sand

•• Load test: Load test: 7 7 tonnetonne drop hammerdrop hammer

Stratigraphy:Stratigraphy:
South PierSouth Pier
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-1

-0.5

0
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1

1.5

2

2.5

3

0 10 20 30 40
Time (ms)

MeasuredForce
(MN)

Smith (closed-ended)

Continuum
(closed-ended)

Continuum
(open-ended)

StressStress--Wave Matching: Different ModelsWave Matching: Different Models
•• Downward travelling wave used as inputDownward travelling wave used as input
•• Match computed and measured upward travelling wavesMatch computed and measured upward travelling waves

Purdue: May, 2003  Slide 42

Comparison with Static Load TestComparison with Static Load Test

0

1

2

3

4

5

6

7

8

0 20 40 60 80 100 120
Displacement (mm)

MeasuredForce
(MN) Computed

(from dynamic 
test results)

Range of Range of 
reasonable fits reasonable fits 
to dynamic testto dynamic test

Dynamic TestDynamic Test
QQextext = = 2.432.43 MNMN
QQintint = = 3.973.97 MNMN
QQbasebase = = 0.940.94 MNMN
Total = Total = 7.347.34 MNMN
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Comparison with Static Tension TestComparison with Static Tension Test

Note: Note: Expect tensile capacity 70 to 80 %Expect tensile capacity 70 to 80 %
of compression (shaft) capacityof compression (shaft) capacity

Range of reasonable Range of reasonable QQextext from from 
dynamic test (total ~ 2 MN)dynamic test (total ~ 2 MN)

1.0 to 1.5 MN1.0 to 1.5 MN

sandsand
fillfill

(15 m)(15 m)

softsoft
clayclay

16.516.5 mm

0.6 m0.6 m

Steel Steel 
pipe pipe 
pilepile

SoilSoil
plugplug

1010 mm

0

0.2

0.4

0.6

0.8

1

1.2

0 10 20 30
Displacement (mm)

Measured

Computed (dynamic test)
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Summary: Dynamic Pile TestingSummary: Dynamic Pile Testing
ScienceScience

•• Dynamic pileDynamic pile--soil modelsoil model
-- stressstress--wave theory for wave theory for 

pilepile--soil interactionssoil interactions
-- continuum model for soil continuum model for soil 

beyond pilebeyond pile--soil interfacesoil interface

•• OpenOpen--ended pilesended piles
-- explicit modelling of soil explicit modelling of soil 

plugplug

EmpiricismEmpiricism
•• PilePile--soil interfacesoil interface

-- dependence of dependence of ττlimlim on on 
displacement ratedisplacement rate

-- must progress beyond must progress beyond 
Smith modelSmith model

•• OpenOpen--ended pilesended piles
-- division between internal division between internal 

and external frictionand external friction
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•• Aim to minimise dependence on pile capacityAim to minimise dependence on pile capacity
•• Use deformation criteria for both serviceability and Use deformation criteria for both serviceability and 

ultimate limit stateultimate limit state

Design of Pile GroupsDesign of Pile Groups

Pile capacity determinedPile capacity determined
by soil conditions justby soil conditions just

around pilearound pile

Pile group stiffnessPile group stiffness
determined more bydetermined more by
farfar--field conditionsfield conditions
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•• MylonakisMylonakis & & GazetasGazetas (1998, 2000)(1998, 2000)
−− elegant expressions for pile head stiffness based on elegant expressions for pile head stiffness based on 

Winkler approximation for soilWinkler approximation for soil
−− closed form expressions for (a) interaction between pilesclosed form expressions for (a) interaction between piles

and (b) ratio of Winkler spring stiffness to shear modulusand (b) ratio of Winkler spring stiffness to shear modulus

Vertical Pile Stiffness & InteractionVertical Pile Stiffness & Interaction

( )
( )Ltanh1

LtanhAE
w
P

K pp
t

t
λΩ+
λ+Ω

λ==

ΩΩ = base stiffness factor= base stiffness factor
λλLL = dimensionless pile length= dimensionless pile length

( )
( ) ( )Ωλξ=α ,L

d/r2ln
s/rln

m

m

PP

ww1t1t

11 22
LL

ss

ααww1t1t



CENTRE FOR OFFSHORE FOUNDATION SYSTEMS

1st C.W.Lovell Lecture, Purdue University [Randolph] 24

Purdue: May, 2003  Slide 47

Deflection Profiles for Pair of PilesDeflection Profiles for Pair of Piles

0
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0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1

Depth
z/L

Normalised displacement, w(z)/w1t

Pile 1

Pile 2
log. decay
α = 0.58

Pile 2
adjusted
for pile
stiffness
α = 0.38

Ep/G = 500
ν = 0.3

α = 0.376

PP

ww1t1t

11 22
20d20d

3d3d

ααww1t1t
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Interaction Adjustment FactorInteraction Adjustment Factor

PP

ww1t1t

11 22
LL

ss

ααww1t1t

( )
( )d/r2ln

s/rln

m

mξ=α

MylonakisMylonakis & & GazetasGazetas (1998)(1998)

base stiffness factorbase stiffness factor
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Interaction 
adjustment 

factor, ξ

Dimensionless pile length, λL

Ω = 0 (fully floating pile)0.05
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1

Ω = ∞ (end-bearing pile)
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0
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Normalised width of pile group, B/L

Group
stiffness

K/GB

Stiffness of Square Pile GroupsStiffness of Square Pile Groups

s/d = 2

s/d = 3

s/d = 5
s/d = 10 RaftRaft

stiffnessstiffness

L/d = 25
Ep/G = 1,000

Square arrays of piles: 2 x 2 up to 30 x 30Square arrays of piles: 2 x 2 up to 30 x 30
Spacing to diameter ratios: s/d = 2 to 10Spacing to diameter ratios: s/d = 2 to 10
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Stiffness of Square Pile GroupsStiffness of Square Pile Groups

RaftRaft
stiffnessstiffness
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•• Conventional pile groups: groundConventional pile groups: ground--contacting pile capcontacting pile cap
−− little effect on stiffness, but pile cap (raft) can take up tolittle effect on stiffness, but pile cap (raft) can take up to

20 20 –– 25 % of total load25 % of total load

•• Optimal piled raftsOptimal piled rafts
−− optimal design comprises raft foundation with central pile optimal design comprises raft foundation with central pile 

support (support (HorikoshiHorikoshi & Randolph, 1998)& Randolph, 1998)
−− aim to minimise differential settlements, without increasing aim to minimise differential settlements, without increasing 

bending moments in raftbending moments in raft
−− piles may operate at > 80 % of ultimate capacitypiles may operate at > 80 % of ultimate capacity

Raft FoundationRaft Foundation Piled FoundationPiled Foundation Piled Raft FoundationPiled Raft Foundation

Piled RaftsPiled Rafts
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Example Example –– 33--Dimensional F.E. AnalysisDimensional F.E. Analysis

Loading configurations:Loading configurations:

Piles:Piles: 1 m diameter1 m diameter
6 m spacing6 m spacing
30 m long30 m long

Pile group occupiesPile group occupies
central 25 % of raft)central 25 % of raft)

3388 mm

3388 mm 6 m6 m
11

22

UniformUniform

Core:edge (50:50)Core:edge (50:50)

3300 mm

3 m3 m

((ReulReul & Randolph, 2003)& Randolph, 2003)
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Bending Moment Profiles: Raft CentreBending Moment Profiles: Raft Centre--LineLine
((ReulReul & Randolph, 2003)& Randolph, 2003)

-0.010

-0.005

0.000

0.005

0.010

0.015

0.020

0.025

-0.5 -0.3 -0.1 0.1 0.3 0.5
Position across centreline of raft, x/B

Normalised 
moment, 
My/Ptotal

UnpiledUnpiled raftraft
uniform loaduniform load

UnpiledUnpiled raftraft
corecore--edge loadedge load

Piled raftPiled raft
uniform loaduniform load

corecore--edgeedge
loadload

Maximum differential settlements < 1 % of average settlementMaximum differential settlements < 1 % of average settlement
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Case Study: My Case Study: My ThuanThuan Bridge , VietnamBridge , Vietnam

•• "Empirical" (observational) design approach"Empirical" (observational) design approach
−− relatively sparse site investigation data at tower sitesrelatively sparse site investigation data at tower sites
−− construction issues a potential factor in pile capacityconstruction issues a potential factor in pile capacity
−− pile tests on shore piers to prove final design penetrationspile tests on shore piers to prove final design penetrations

•• "Scientific" design procedure"Scientific" design procedure
−− rere--distribution of load from highlydistribution of load from highly--loaded pilesloaded piles
−− ultimate limit state essentially deflectionultimate limit state essentially deflection--limitedlimited

•• Crossing of Crossing of TienTien GiangGiang branch of Mekong deltabranch of Mekong delta
−− cablecable--stayed bridge, 350 m central span, 37.5 m clearancestayed bridge, 350 m central span, 37.5 m clearance
−− towers supported on piers resting on large diameter pilestowers supported on piers resting on large diameter piles
−− construction in fastconstruction in fast--flowing 23 m deep riverflowing 23 m deep river
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My My ThuanThuan Bridge: Pile Group GeometryBridge: Pile Group Geometry
•• Group of 16 piles Group of 16 piles 

(8 beneath each (8 beneath each 
tower leg)tower leg)

•• 2.4 m diameter 2.4 m diameter 
bored piles cast bored piles cast 
under bentoniteunder bentonite

•• Base groutedBase grouted
•• Loads:Loads:

V = 315 MNV = 315 MN
H ~ 20 MNH ~ 20 MN
M ~ 320 M ~ 320 MNmMNm

5.5 m5.5 m

s

95 m95 m

2.4 m2.4 m

~ 60 m~ 60 m

xx
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My My ThuanThuan Bridge: Soil StratigraphyBridge: Soil Stratigraphy
0 m0 m

40 m40 m

51 m51 m

83 m83 m

68 m68 m

South Bank Test South Bank Test 
Piles (86.4 m)Piles (86.4 m)

0 m0 m

42 m42 m

56 m56 m

93 m93 m

75 m75 m

23 m23 m

South Pier Pile (96 m)South Pier Pile (96 m)

Osterberg  cellsOsterberg  cells

Silty claySilty clay
((ssuu ~ 200 kPa)~ 200 kPa)

Clayey sandClayey sand
((φφ' ~ 38' ~ 38°°))

Silty claySilty clay
((ssuu ~ 300 kPa)~ 300 kPa)

SandSand
((φφ' ~ 40' ~ 40°°))

WaterWater

Design scourDesign scour
level (47 m)level (47 m)
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My My ThuanThuan Bridge: Method of Pile TestingBridge: Method of Pile Testing

Stage 1Stage 1
Pile BasePile Base

0 m0 m

40 m40 m

51 m51 m

83 m83 m

68 m68 m

South Bank Test South Bank Test 
Piles (86.4 m)Piles (86.4 m)

Stage 2Stage 2
Lower ShaftLower Shaft

valvevalve
openopen

Stage 3Stage 3
Upper ShaftUpper Shaft

valvevalve
closedclosed
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My My ThuanThuan Bridge: Pile Test ResultsBridge: Pile Test Results
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My My ThuanThuan Bridge: Construction IssuesBridge: Construction Issues
•• First test pile showed low frictionFirst test pile showed low friction

−− significant delay between excavation and concretingsignificant delay between excavation and concreting
−− questionable bentonite quality (and suspected caking)questionable bentonite quality (and suspected caking)

•• Improvements:Improvements:
−− reduced delay between excavationreduced delay between excavation

and concretingand concreting
−− improved bentonite quality controlimproved bentonite quality control

and reduce head to 1.5 m aboveand reduce head to 1.5 m above
river levelriver level

−− wire brush used to scarify shaftwire brush used to scarify shaft
edges prior to concretingedges prior to concreting
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My My ThuanThuan Bridge: Pile Group DesignBridge: Pile Group Design
•• Test pile load tests (twin Osterberg cells):Test pile load tests (twin Osterberg cells):

−− shaft friction of 55 kPa (upper) to 90 kPa (lower soils)shaft friction of 55 kPa (upper) to 90 kPa (lower soils)
−− endend--bearing pressure of 4.5 bearing pressure of 4.5 MPaMPa

•• Design conditions assume scour of 47 m Design conditions assume scour of 47 m 
•• Resulting pile capacity:Resulting pile capacity:

−− ultimate capacity of 34.6 MNultimate capacity of 34.6 MN
−− factored design capacity of 0.72 x 34.6 = 24.9 MNfactored design capacity of 0.72 x 34.6 = 24.9 MN

•• Load tests on Tower piles (single Osterberg cells):Load tests on Tower piles (single Osterberg cells):
−− maximum loads of 26 and 27 MN (failing upper 75 m maximum loads of 26 and 27 MN (failing upper 75 m 

section of pile)section of pile)
−− no creep displacements of lower section, confirming no creep displacements of lower section, confirming 

actual capacity in excess of 30 MNactual capacity in excess of 30 MN
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My My ThuanThuan Bridge: Pile Group AnalysisBridge: Pile Group Analysis
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My My ThuanThuan Bridge: Pile Group AnalysisBridge: Pile Group Analysis
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My My ThuanThuan Bridge: NonBridge: Non--linear Responselinear Response
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Summary: Pile Group DesignSummary: Pile Group Design
ScienceScience

•• Settlement of pilesSettlement of piles
-- simple but effective elastic simple but effective elastic 

analytical solutionsanalytical solutions
-- robust analogue models robust analogue models 

such as equivalent piersuch as equivalent pier
-- piled rafts offer a major piled rafts offer a major 

benefitbenefit

•• General loading General loading 
-- redistribution of load redistribution of load 

essential to compensate essential to compensate 
for elastic extremesfor elastic extremes

EmpiricismEmpiricism
•• Soil stiffnessSoil stiffness

-- geophysical methods to geophysical methods to 
measure shear modulus, Gmeasure shear modulus, Goo

•• RRôôlele of pile testingof pile testing
-- observational design observational design 

approachapproach
-- full loadfull load--settlement settlement 

response used in designresponse used in design
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Closure: Axial Pile CapacityClosure: Axial Pile Capacity
•• PositivesPositives

-- robust conceptual models for pile installation, robust conceptual models for pile installation, 
equilibration and loading for piles in clayequilibration and loading for piles in clay

-- cone resistance, qcone resistance, qcc, underpinning pile capacity in sand, underpinning pile capacity in sand
-- focus on measurement of interface parameter, focus on measurement of interface parameter, δδ
-- framework for treatment of openframework for treatment of open--ended pilesended piles

•• IssuesIssues
-- empirical correlations for key stress changes (esp. sand)empirical correlations for key stress changes (esp. sand)
-- resolution of: h/d effect in clay; diameter effect in sandresolution of: h/d effect in clay; diameter effect in sand
-- residual stress conditions for piles driven into sandresidual stress conditions for piles driven into sand
-- time dependence of pile shaft capacity in sandtime dependence of pile shaft capacity in sand
-- pile interface critical: must design around potentialpile interface critical: must design around potential

±30% inaccuracy in predicted capacity±30% inaccuracy in predicted capacity
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Closure: Pile TestingClosure: Pile Testing
•• PositivesPositives

-- incorporation of early pile tests to tune final designincorporation of early pile tests to tune final design
-- variety of alternative testing methodsvariety of alternative testing methods
-- modern numerical models for dynamic pilemodern numerical models for dynamic pile--soil interaction:soil interaction:

-- continuum treatment of farcontinuum treatment of far--field soilfield soil
-- explicit modelling of soil plugexplicit modelling of soil plug

•• IssuesIssues
-- lack of uniqueness in interpretation of dynamic tests: lack of uniqueness in interpretation of dynamic tests: 

engineering judgement and conservatism requiredengineering judgement and conservatism required
-- empirical assessment of displacement rate effects on empirical assessment of displacement rate effects on 

limiting interface frictionlimiting interface friction
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Closure: Pile Group DesignClosure: Pile Group Design
•• PositivesPositives

-- analytical tools for predicting pile group and piled raft analytical tools for predicting pile group and piled raft 
performance performance 

-- ability to allow for nonability to allow for non--linear pile responselinear pile response
-- move towards design criteria based on deformation limitsmove towards design criteria based on deformation limits

•• IssuesIssues
-- guidelines needed for assessing soil stiffness, in particular guidelines needed for assessing soil stiffness, in particular 

factoring of smallfactoring of small--strain shear modulusstrain shear modulus
-- national design codes must adapt to permit highly loaded national design codes must adapt to permit highly loaded 

piles beneath (primarily) raft foundations piles beneath (primarily) raft foundations 

Purdue: May, 2003  Slide 69

AcknowledgementsAcknowledgements
Sincere and heartfelt thanks to many who have Sincere and heartfelt thanks to many who have 

helped form this lecture:helped form this lecture:
•• My wife, Cherry, and sons, Nick & TomMy wife, Cherry, and sons, Nick & Tom
•• Mentors: Mentors: John John BurlandBurland, Peter Wroth,, Peter Wroth,

Andrew Schofield, John BookerAndrew Schofield, John Booker
•• Colleagues:Colleagues: Martin Fahey, Barry Martin Fahey, Barry LehaneLehane,,

Carl Carl ErbrichErbrich
•• Overseas collaborators:Overseas collaborators: Antonio Antonio AlvezAlvez,,

George George MylonakisMylonakis, Oliver , Oliver ReulReul, Dave White, Dave White
•• Staff and students, past and present, of the Staff and students, past and present, of the 

GeomechanicsGeomechanics Group at UWAGroup at UWA


