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Vorwort des Herausgebers

Die im Zusammenhang mit der Energiewende beschlossene Installation von
Windenergieanlagen auf dem Meer bzw. Offshore hat neue Herausforderungen fir die
Geotechnik gebracht. Aufgrund der speziellen Belastungsbedingungen von Offshore-
Windenergieanlagen (grofRe Wind- und Wellenlasten auf Strukturen mit relativ geringem
Eigengewicht) treten neue Fragestellungen hinsichtlich der Bemessung der Griindungselemente
in den Fokus.

Zumeist wurden und werden Offshore-Windenergieanlagen bislang auf Monopiles, d. h.
einzelnen Stahlrohrpfédhlen mit sehr groRen Durchmessern, gegriindet. Fir solche Pféhle
bestehen offene Fragen hinsichtlich des geeigneten Berechnungsverfahrens. Ublicherweise
kommt in der Praxis die p-y-Methode zum Einsatz, welche ein Bettungsmodulverfahren mit
nichtlinearen Federkennlinien ist. Die Federkennlinien (,,p-y-Kurven“) sind von den
Eigenschaften des Bodens abhangig und im Allgemeinen auch tiefenabhangig.

Bestehende p-y-Ansatze fir bindige Bdden sind nicht ohne Weiteres auf die speziellen
Belastungsrandbedingungen von Offshore-Windenergieanlagen und auf die groRen
Durchmesser der eingesetzten Monopiles Ubertragbar. Herr Terceros hat sich der Aufgabe
gewidmet, eine neue p-y-Methode fur Monopiles in bindigen Bdden zu entwickeln, welche fir
beliebige Rand- und Lastbedingungen eine realistische Prognose des Tragverhaltens
gewabhrleistet. Als Methode zur Problemldsung hat er die numerische Simulation mittels der
Finite Elemente-Methode gewahlt. Durch die Nachrechnung verschiedener in der Literatur
dokumentierter Feldversuche mit dem von ihm entwickelten numerischen Modell weist er nach,
dass das Simulationsmodell das Verhalten von Pféahlen in bindigen Bbéden sehr zutreffend
beschreiben kann.

Im Anschluss wird das Simulationsmodell zur systematischen Analyse bereits vorhandener
p-y-Ansétze eingesetzt. In umfassenden Parameterstudien werden Belastungsbedingungen,
Pfahlgeometrie und Baugrundbedingungen variiert und die Ergebnisse von p-y-Ansatzen mit
denen der numerischen Simulation verglichen. Damit kann deutlich gezeigt werden, dass keiner
der bestehenden p-y-Ansétze geeignet ist, um das Systemverhalten fiir beliebige Parameter
hinreichend genau zu erfassen. Konsequenterweise entwickelt Herr Terceros schliellich einen
neuen p-y-Ansatz und weist nach, dass mit diesem im gesamten von ihm untersuchten
Parameterraum gute Ubereinstimmung mit den Ergebnissen der numerischen Simulation erzielt
wird. Der Ansatz besteht aus einer Basis- p-y-Kurve, die iiber einen ,,y-multiplier* iterativ an
die ermittelte Biegelinie des Pfahls angepasst wird. Hierdurch wird indirekt die gegenseitige
Beeinflussung der Federn des Modells sowie auch der Einfluss einer Scherkraft am Pfahlful}
berlicksichtigt.

Der entwickelte p-y-Ansatz bedarf nattrlich noch der experimentellen Validierung. Er stellt
aber in jedem Fall eine wichtige Weiterentwicklung von p-y-Methoden fir Pfahle in bindigen
Boden dar.

M. Achmus
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Abstract

Offshore wind technology offers great potential to provide clean and renewable energy,
representing a potential alternative to the use of fossil fuels. The main obstacle associated with
its implementation is the high capital cost. An efficient foundation design consequently means
a reduction in cost that ensures the economic feasibility of future wind farms. This thesis makes
a contribution to the optimisation of monopile foundation design subjected to lateral loading
conditions in cohesive soils.

For the geotechnical design of laterally loaded piles, the p-y approaches according to offshore
guidelines such as API (2014) and DNVGL (2016) are extensively used due to their simplicity
and versatility. An assessment of the horizontal load-bearing behaviour of piles embedded in
cohesive soil is carried out to account for a comprehensive analysis of soil resistance. Indeed,
pile foundations can be completely founded on cohesive soil despite its low resistance. The
layered soils are in any case frequently composed at least partially of cohesive soils.

For piles embedded in cohesive soils, a differentiation of the p-y methods is established by
means of the soil consistency, i.e. the p-y methods proposed by Matlock (1970) for soft clay
and Reese et al. (1975) for stiff clay differ considerably in their complexity from each other.
However, the p-y curves specified in the guidelines are based solely on the exponential function
proposed by Matlock, whereby different linearisations are recommended by API (2014) and
DNVGL (2016) for its general application.

Various experimental and numerical investigations demonstrate, however, considerable
inadequacies of the stated basic function to accurately model the behaviour of the pile-soil
interaction for large-diameter piles. In this sense, several alternative p-y approaches, which
explicitly intend to account for the effect of large-diameter piles, are assessed. An extensive
comparative study of static p-y approaches with respect to soft and stiff clays as well as unified
p-y methods is conducted based on more than 900 three-dimensional simulations using the
finite element method. A conclusive validation of the numerical model is accomplished by five
field tests introduced in the literature with various pile geometries and soil conditions.

Taking into consideration that the results of the p-y approach according to Matlock, the linear
approximation according to the API (2014), and the DNVGL (2016) guidelines as well as
further alternative approaches are not generally valid for arbitrary pile geometries and soil
conditions, a new, generally applicable p-y approach for cohesive soils is developed in a
consistent manner, based on the findings from the numerical comparative study.

KEYWORDS: offshore wind turbine, p-y method, clay, monopile, diameter effect



Abstract in German (Kurzfassung)

Die Offshore-Windtechnologie bietet ein groRRes Potenzial flir die VVersorgung mit erneuerbaren
und sauberen Energien und ist daher eine potenzielle Alternative zur Nutzung fossiler
Brennstoffe. Das Haupthindernis bei ihrer Umsetzung liegt in den hohen Investitionskosten.
Eine effiziente Bemessung von Grindungen fihrt daher zu einer Kostenreduzierung, welche
die wirtschaftliche Realisierbarkeit der Errichtung zukunftiger Windparks sicherstellt. Die
vorliegende Arbeit soll dazu beitragen, die Bemessungsaspekte fiir Monopile-Grindungen
unter lateraler Belastung in bindigen Bdden zu optimieren.

Fur die geotechnische Bemessung lateral belasteter Pfahle werden die in den Offshore-
Richtlinien wie APl (2014) und DNVGL (2016) empfohlenen p-y-Ansétze aufgrund ihrer
Einfachheit und Vielseitigkeit weitgehend angewendet. Eine Auswertung des horizontalen
Tragverhaltens der in einen bindigen Boden eingebetteten Pfahle erfolgt, um eine umfassende
Analyse des Bodenwiderstandes zu erméglichen. In der Tat kénnen Pfahlgriindungen trotz des
geringen Bodenwiderstandes vollstandig in bindige Bdden gegriindet werden. Dennoch sind
bei geschichteten Boden hdufig auch bindige Bodenschichten anzutreffen.

Fur in bindigen Boden eingebettete Pfahle wird eine Differenzierung der p-y-Methoden anhand
der Konsistenz vorgenommen, d. h. die von Matlock (1970) fir weichen Ton und Reese et al.
(1975) fir steifen Ton vorgeschlagenen p-y-Methoden unterscheiden sich in ihrer Komplexitat
deutlich voneinander. Dennoch basieren die in den Richtlinien angegebenen p-y-Kurven
lediglich auf dem exponentiellen Ansatz nach Matlock, wobei jeweils unterschiedliche
Linearisierungen nach APl (2014) und DNVGL (2016) zur allgemeinen Anwendung
empfohlen werden.

Diverse experimentelle und numerische Untersuchungen zeigen jedoch relevante
Unzulénglichkeiten der beschriebenen Grundfunktion, um die Boden-Pfahl-Interaktion flr
Pféahle mit groRem Durchmesser genau zu modellieren. In diesem Zusammenhang werden
mehrere alternative p-y-Ansatze, die explizit den Effekt groRer Durchmesser beriicksichtigen
sollen, bewertet. Eine umfangreiche Vergleichsstudie von statischen p-y-Ansétzen fur weiche
und steife Tone wird auf der Grundlage von mehr als 900 dreidimensionalen Simulationen mit
der Finite-Elemente-Methode durchgefiihrt. Eine eindeutige Validierung des numerischen
Modells wird mittels finf in der Literatur eingefiinrter Feldversuche mit diversen
Pfahldimensionen und Bodenbedingungen verwirklicht.

In dem Wissen, dass sowohl die Ergebnisse des Ansatzes nach Matlock, die linearen
Approximationen gemaR der API (2014) und der DNVGL (2016) Richtlinien als auch weitere
alternative Ansatze fiir beliebige Pfahlgeometrie und Bodenbedingungen nicht generell gultig
sind, ist ein neuer, allgemein anwendbarer p-y-Ansatz fr bindigen Bbden, basierend auf den
Ergebnissen der numerischen Vergleichsstudie, in konsistenter Form entwickelt worden.

SCHLAGWORTE: Offshore-Windenergieanlage, p-y-Ansatz, Ton, Monopile, Durchmesser-
Effekt



CONTENTS Page |

CONTENT

1 INTRODUGCTION ..ottt sttt bbb 1
I R |V o] £V oo SO PO RPUTRPRPRPR 1
1.2 PIODIBM ottt bbb 2
IR T O o] 1= ox £ YOS 2
I S 1o [V 1 o] ISR 2
2 FOUNDATION STRUCTURES FOR OFFSHORE WIND TURBINES ............... 5
2.1 GBINEIAL ...ttt bbb r e ne e 5
2.2 Typical 0ffShore SUDSLIUCTUIES .......cceeiiiiie et 6
2.3 MoNopile TOUNALION ........ceiiiiiiecie e 9
2.4 Geotechnical design of MONOPIIES .........cceiviiiiiiiic e 9
2.4. 1 GBNEIAL ...ttt bbbttt bbb reane e 9
A ¢ VA 1111210 o SRR 11
2.4.3 Distinction of p-y approaches for different load conditions ............cccccevviieieciecnenne. 12
2.4.4 GEO-2 design proof fOr ULS ... 13
2.4.5 GEO-3 design proof fOr ULS ..ottt 14
2.4.6  SLS VEITICALION. ....uiiiiiciieieiee ettt ene s 16
3 THEORETICAL BASIS FOR LATERALLY LOADED PILES...........cccveovnuenne. 17
K T0 A €T - - | SO PPPRPRPR 17
3.2 Analysis methods of laterally loaded pPiles..........cccoviieiieiiiiciieece e 17
3.3 The p-y Method @nalySIS .......cc.civeiiiiiiiice e 19
3.4 COMPONENES OF P-Y CUINVES.....eiiiie ettt e et e e sbe e sreeeaeeeneas 22
35 INItIAL SEFFNESS Ki 1o 23
3.6 Ultimate bedding reSIStANCE Pu......euveieeiieie et 24
3.6.1 Wedge failure mechaniSm ..........ccccooiiiii i 25
3.6.2  Flow-around failure MeChaniSM............cooiiiiiiiiiiie e 29
3.7 Response of rigid, flexible, and semi-flexible pile-soil systems...........c.cccceovevviiinenen. 30
3.8 Limitations OF P-Y CUIVES ....coviiiie ittt et saae e nae e e ene e 33
3.9 Influence of the diameter on p-y apProaches ..........ccccvevveiie e 35
4 THE STATE OF KNOWLEDGE OF SEMI-EMPIRICAL P-Y CURVES.......... 37
O © 1= T - | PSSP ORI 37
4.2  Subgrade reaction method according to DIN 1054: 2010-12 .........ccocevvevieiiieiieeinns 37
4.3 Non-linear p-y curves for SOft Clay ..o 38
4.3. 1 MatloCK (1970) ...ttt ae e 38
4,32 AP (2014) .ottt reareareenes 40
O B TN AV €1 20 1 ) OSSPSR 42
4.3.4 Stevens & AUIDEIt (1979) ..o e 43



Page 11

CONTENTS

4.3.5
4.3.6
4.3.7
4.4

4.4.1
4.4.2
4.4.3
45

45.1
4.5.2
4.6

5.1
5.2
5.3
5.4
54.1
54.2
543
5.4.4
5.4.5

6.1
6.2
6.3
6.3.1
6.3.2
6.3.3
6.3.4
6.3.5
6.3.6
6.3.7
6.4
6.4.1
6.5
6.6

7.1
7.2
7.3

Kim €t al. (2009) .....ooiiiieiieie et ne s 45
KIrsCh €t al. (2014) .....oo ittt sre e 46
Jeanjean €t al. (2017) ...cceoieiie ittt 48
Non-linear p-y curves for Stiff Clay .........ccoov i 49
REESE & COX (L975) .ueiiiieiiieie sttt ettt sttt sre e et ereenbe e e nreenns 50
Dunnavant & O NEill (1989) ....cuoiiiiiiiiiiieee e 52
Pisa design MOUEI (2016) .....cueieiieeieiieiiee ettt 54
Non-linear p-y curves for the unified Method ... 58
Sullivan et al. (1980) .....ccveiiiieiieii e et 59
Gazioglu & O NEIIL (1984) ..oveeieiie et 62
Pile design programme (IGtHPIIE) ..o 64
NUMERICAL MODEL FOR SHORT-TERM LOADING........ccccccvieiiiniriieinns 67
[C 1= 0T | SR 67
CoNSEITULIVE MOEI ... 68
UNAraingd ANAIYSIS ..ottt 71
Back-calculation Of field teSIS........couviieiiiie e 73
Lake AUSEIN TIEIA TEST ......oiveeiece e 74
T Lo T 3 [0 ] SR 75
Incheon Bridge field test (driven Steel pile) .........ccoveiiiiiiiiiiie 76
Incheon Bridge field test (drilled Shaft) ..........ccocoiiiiii 77
T a0 g 1= [0 (] PSSR 78
EVALUATION OF EXISTING P-Y APPROACHES .......ccooo i 81
1= T - | SR 81
Results for @ referenCe SYSIEM.........ooi i 81
Parametric study with undrained shear strength s, constant over depth ....................... 84
Variation of pile diMENSIONS .......ccuiiiiiiie s 84
Variation of 10ad 8CCENTIICITY N...ovoiiieiiie s 89
Variation of Wall thiCKNESS T.......c.ooieiieece e 91
Variation oOf Clay CONSISTENCY ......ccoiuiiiiiiiiieieee s 91
Variation of the plastiCity INAEX Pl ........cocvviiiiiicie e 93
Variation of the over-consolidation ratio OCR..........ccccooiiiiiiiiieniec e 94
Variation of individual SOil Parameters..........ccocveiieiiiecie e 96
Parametric study with linearly increasing undrained shear strength s, over depth....... 98
Results for a referenCe SYSEM........cccuii i 99
Requirements for a new, generally applicable p-y approach .........c.ccccoovviiiiiiennn, 104
INEEITM CONCIUSTON ... e 104
DEVELOPMENT OF A NEW MODELLING APPROACH.......ccccccoviiiiiiinnnn. 107
(G- T | SRR UPTUR PP 107
Limitations of common pP-y approaches. ... 107

Conception of the new modelling approach ..o 110



CONTENTS Page 111

7.4  Determination of ultimate bedding resiStanCe Pu .......ccocevvririiinieicies e 111
7.5  Derivation of the initial StFfNESS Ki.........cooviiiiii 115
7.6 Derivation of “DasiC P-y CUIVES” ....ccciiiiiiiiiiieieeie et 117
7.7 Consideration of the pile tip effect and pile deflection line ..........c.ccooeiiiiiiiininnne 124
7.8  Summarised calculation ProCeaUre ..........cooviiiieiirere e 127
8 EVALUATION OF THE NEW MODELLING APPROACH .......ccccoviniincnns 129
8.1 GBNEIAL ... 129
8.2  Comparison between numerical and analytical SOIUtIONS ............cccooeviiiiiiiiiiiiiens 129
8.2.1 Parametric study for evaluating the new modelling approach ...........ccccccveevvrvnnnnnne 133
8.2.2 Undrained shear strength sy linearly increasing over depth ... 140
9 DISCUSSION ..ottt bt abe e 147
10 CONCLUSION AND PERSPECTIVE ......cocoiiiiieteees s 149
REFERENQCE ...ttt bttt nb et sttt b 153
APPENDIX A okttt b ettt b et b et benr s 161
APPENDIX Bttt ettt bbbt b et e 167

APPENDIX € et 173



Page IV CONTENTS

List of Figures

2-1: Main components of an OWT with a monopile foundation ............cccoceveiiiii i 5
2-2: Typical foundation concepts depending on the water depth.........ccccceceveiieie i 7
2-3: Schematic representation of p-y relationships for static, cyclic and reloading conditions........................ 13
2-4: GEO-2 for ULS design proof according to German standard DIN 1054:2010-12

(after Thieken et al. 2013)......ciiiieieiee bbbttt 14
2-5: GEO-3 for ULS design proof according to DNVGL (2018) guideling..........cccoveieireneieneniinenecieee 15
2-6: Graphical estimation of elastic and plastic rotations ............ccciereiiriieii e 16
3-1: Assumed model of the subgrade reaction method (left) and set of p-y curves (centre) as well as the

soil pressure around the PIle (FGNL) ..o e 20
3-2: Iterative process to adjust the secant stiffness 0f P-y CUIVES ........ccoviiiii i 22
3-3: Typical non-linear p-y curve (left) and resulting subgrade reaction modulus (right) ........c.cccceevevviienen. 22
3-4: Three-dimensional failure mechanisms of laterally loaded piles for gapping (left) and no-gapping

(oto] o To [T To] g TSI (4 [0 41 SRR 25
3-5: Schematic three-dimensional diagrams of the passive wedge failure (left) and its respective

simplified model (right) for clay soils (after Reese et al. 1958)........cccoiireriiiniiiiie e 26
3-6: Forces acting on the soil wedge failure for gap (left) and non-gap (right) conditions

(Bfter REESE €L Al 1958) ...ouiicieiie ettt bbb bbbttt et be e 28
3-7: The flow-around mechanism for deep lateral resistance in cohesive soil for square pile (left) after

Reese (1958) and upper bound solutions (right) after Randolph et al. (2011) ........cccceoviriivinenciiee 29
3-8: Schematic variation of the failure mechanisms of laterally loaded piles for rigid (left) and flexible

(right) pile after Broms (1964) .........cuiiieiie ettt te e te e be s e sneestaenbaenteesaeesaeaneas 32
4-1: Subgrade reaction method for pile foundations subjected to monotonic loading conditions.................... 37
4-2: Exemplary p-y curves according to Matlock (1970), the variation of the stiffness parameter eso

(left) as well as the ultimate bedding resistance parameters sy and J (right) ..o, 40
4-3: Exemplary p-y curves (left) and secant bedding stiffness (right) according to Matlock (1970),

AP (2014) @NA DNVGL (2016) ......ooveceereeeeeeeseseeseessiessesiessessesses s s sessses s sessessss s sssnss s ssnnenns 41
4-4: Related initial stiffness from the p-y curve NEariSation ............cooviieiiiiiiicinee e 43
4-5: Exemplary p-y curves by alternative approaches for small and large diameter pile.........cc.ccoovevervrernnne. 44
4-6: Bedding stiffness Epy = p /'y for soil parameter related to 4-5 with normalised displacement

Y I D = 0.0005 ...ttt h ettt b r e bt he et bRt b et e R e ebe et R e b e eren e e benrenearerenen 47
4-7: Exemplary p-y curves (left) and secant bedding stiffness (right) according to Jeanjean et al. (2017)

under NO-gap and gap CONTITIONS .......c.eiiiiiieitiie ettt ettt b e b sb e bt ene e e e b b sae 49

4-8: Characteristic shape of p-y curves according to Reese & Cox (1975) for stiff clay subjected to
Static 10adiNG CONTITIONS ....c..eiiiiieie e bbbttt bbbt st e et e e e bt sne 50

4-9: Exemplary p-y curves according to Reese & Cox (1975), variation of the stiffness parameter eso
(left) as well as the undrained shear strength Sy (FIGNL) ..c.ooeiiiiiii e 52

4-10: Bedding stiffness Ey = p /'y for soil parameter according to Fig. 4-14 with normalised head
displacement ¥ / D = 0.0005 .....cooiueiirereiieeeiete e e ste e se e e et eae et a e et nresre e enee e e nrenrenreas 54

4-11: Comparison of the key features of the proposed analysis models: traditional p-y analysis (left),
assumed soil reactions (centre) and analysis model (right) according to PISA (2016)......c..cccccevevvrnnnnns 55



CONTENTS Page V

4-12: Influence of the various components of soil reactions according to PISA (2016) on the computed

response of pile-soil system for h /D =5and D/t =90 ......ccccveiieiiiiieie e 58
4-13: Characteristic shape of p-y curves according to Sullivan et al. (1980) for the unified method

subjected to static 10ading CONAITIONS ..........oiiiiiiiiiici e 59
4-14: Exemplary p-y curves for stiff clay and unified approaches for small and large diameter piles ............ 61
4-15: Characteristic shape of p-y curves according to Gazioglu & O’Neill (1984) for a unified method

subjected to static 10ading CONAITIONS ..........ciiiriiiiiici e 63
5-1: Finite element mesh of the pile-soil system used for SIMUIAtIONS ...........c.cooeiiiiiciiienee 67
5-2: Approximation of the soil stiffness in Plaxis 3D for the consideration of the stiffness exponent m,

Aes and Ao (reference system of the FEM StUAY) ......cccviviieiieiieiesc e 70
5-3: Stress paths depending on the respective undrained analysis with HSsmall constitutive model .............. 71
5-4: Comparison of the depth-lateral deflection (left) and bending moment (right) for the

“Lake AUSEIN TIELA TEST ..vivuviiiiiiiiiee it esie sttt e e sb et e st e e st e e s b e e s be e e be e e beeebe et 75
5-5: Comparison of the depth-lateral deflection (left) and bending moment (right) for the

“SabiNe RIVET™ fIE1A TESE .eevvviiiviiiieeiiiesie sttt b et e st e e s be e e be e s beeebeeeees 76
5-6: Comparison of the depth-lateral deflection (left) and bending moment (right) in the

“Incheon Bridge” field test (driven Steel Pile) .........ccoviiiiiiiiiiiiie e 77
5-7: Comparison of the depth-lateral deflection (left) and bending moment (right) for the

“Incheon Bridge” field test (drilled Shaft).........ccooiiiiiiiiiiiii e 78
5-8: Comparison of the load-deflection (left) and bending moment (right) for the “Manor” field test............ 79
6-1: Load-displacement curves (top) and moment-rotation curves (bottom) for the reference system............ 82
6-2: Pile deflection lines (left) and secant bedding stiffness (right) of the reference system............ccccceeee.e. 83
6-3: Quotient of lateral stiffness K,y / Krem based on the approaches by Matlock (1970) and FEM.............. 85
6-4: Quotient of lateral stiffness K,y / Krem based on the approaches by API (2014) and FEM.................... 86
6-5: Quotient of lateral stiffness K,y / Krem based on the approaches by DNVGL (2016) and FEM ............. 86
6-6: Quotient of lateral stiffness K,y / Krem based on the approaches by Stevens et al. (1979) and FEM ...... 87
6-7: Quotient of lateral stiffness K,y / Krem based on the approaches by Kim et al. (2009) and FEM ........... 88

6-8: Quotient of lateral stiffness K,.y / Krem based on the approaches by Kirsch et al. (2014) and FEM........ 88

6-9: Quotient of lateral stiffness K,.y / Krem for varied load eccentricity based on the reference system
OF tNE FEM STUAY ..eveieieiee bbbt b e bbb ekt b et sb et ebenb e ebenbe e 90

6-10: Quotient of lateral stiffness K.y / Krem for varied wall thickness based on the reference system of
TNE FEM STUAY ..ottt bbbt b et b bt n bt s bt e e b s 91

6-11: Quotient of lateral stiffness K,y / Krem for a varied clay consistency based on the reference
SYStEM OF the FEM SEUAY ..ot bbb ettt e e bt sne s 92

6-12: Quotient of lateral stiffness K,y / Krem for a varied plasticity index P1 based on the reference
SYSEEM OF the FEM SEUAY ..ottt bbb e et sn bt nne 94

6-13: Quotient of lateral stiffness K,y / Krem for a varied over-consolidation ratio based on the
reference System Of the FEM SEUAY ..o e 95

6-14: Secant bedding stiffness for separately varied soil parameters based on the reference system of
TNE FEM STUAY ...ttt bbbttt b bbbt b e bt n bt n e b e s 97

6-15: Load-displacement curves (top) and moment-rotation curves (bottom) for the reference system
(D =6 m, L =36 m) with linearly increasing parameters over depth ..........ccccvevveieienievinvinnin e 99

6-16: Pile deflection lines (left) and secant bedding stiffness (right) for the reference system
(D =6 m, L =36 m) with linearly increasing parameters over depth .........cccccovevvrivivninninciencsere e, 100

6-17: Quotient of lateral stiffness K,/ Krem for varied parameter with linearly increasing parameters
LoV o [T o UV UP ST 101



Page VI CONTENTS

7-1: Impact of pile bending on bedding soil resistance (D =6 m, L =36 m, softclay)..........ccccceeeveninnnnns 108
7-2: Influence of the pile bending on the p-y curves (D=6 m, L =36 m, soft clay)........cc.ccocvrvveveveniennnnnns 109
7-3: Course of the load-bearing capacity factor N, resulting from the FEM analysis and p-y approach

recommended by OGLs, as well as the new modelling approach..........c..cccoeverreneiiinenciseeee 113
7-4: Comparison of the load-bearing capacity factor N, depending on the soil consistency and pile

diameters for two referenCe deptiS ..........oociiiiii i 114
7-5: Initial stiffness ratios for the pile foundations embedded in different cohesive soils with varying

diameters for two referenCe deptis ..........ooiiiiiciie e 116
7-6: Derivation of the empirical factor Fac by varying the ratio of the dynamic shear modulus G to

static SOil StFFNESS MOAUIUS k... .....viveiveeeeeeeses sttt 119
7-7: Comparison of the p-y curves obtained from FEM and new modelling approach for a pile with

constant horizontal displacement (D =1 m, SOft ClaY) ......cccooiiireiiiincie e 120
7-8: Comparison of the p-y curves obtained from FEM and the new modelling approach for a pile with

constant horizontal displacement (D =6 M, SOft Clay)........ccceeveii i 122
7-9: Influence of undrained behaviour on the p-y curves obtained from the HSsmall constitutive

material model by applying the “undrained analysis B .........cccccooiiiiiiiiiniieseee e 123
7-10: Comparison of secant bedding stiffness obtained from FEM and new modelling approach based

on Multy =1.0 (D=6 m, L=36 M, SOt ClaY) .......coceiiriiiriiice e 125
7-11: Definition and equations for the new modelling approach ...........cccccveev i 128

8-1: Evaluation of the results obtained from the FEM, API (2014) and the new modelling approach for
a slender pile foundation (D =1 m, L= 12 m, medium SOft Clay) ........cccccererireriinineireee e 130

8-2: Evaluation of the results obtained from the FEM, API (2014) and the new modelling approach for
a monopile foundation (D =6 m, L=36 m, medium SOft Clay) .......cccceouririiiriniinee 132

8-3: Quotient of lateral stiffness K.y / Krem based on the new modelling approach and FEM without
APPIYING Y-MUIIPIIEIS ..ttt e st e saestesreereeneeneeneeneenee e 134

8-4: Quotient of lateral stiffness K,y / Krem based on the new modelling approach and FEM applying
AV (11011 0] T £ OSSR 135

8-5: Parameter study for the evaluation of the new modelling approach based on the variation of the
remaining geometrical Pile PAramMELErS .........vciiiie et e e et enreens 137

8-6: Parameter study for the evaluation of the new modelling approach based on the variation of the
remaining SOil CONAItION PAFAMELEIS ......c.viiiiiiiirie bbb 138

8-7: Parameter study for the evaluation of the new modelling approach based on the variation of
coupled Soil CONAItION PAFAMELEIS........ciiiieirie ettt s 139

8-8: Evaluation of the results obtained from the FEM, API (2014) and the new modelling approach for
the reference system with linearly increasing undrained shear strength sy (D=6 m, L =36 m)............ 141

8-9: Quotient of lateral stiffness Ky.y / Krem based on the new modelling approach and FEM for varied
parameters with linearly increasing undrained shear Strength Sy.........cocoeoeiiieeiiieie i 143

8-10: Parameter study for the evaluation of the new modelling approach based on the variation of
coupled soil condition parameters with linearly increasing undrained shear strength Sy ......cccccooevenee 144



CONTENTS Page VII

List of Tables
3-1: Recommendations for the lateral bearing capacity factor Ny at deep depth ........ccovvveveiiiniiiienciieen, 30
3-2: Relationship of the coefficient of the subgrade reaction K to undrained shear strength of stiff
OVEr-CONSOITALEA ClAY .....vevveiitee ettt et b et eb et b bbb ebenn e 31
4-1: Initial stiffness values of K; for static loading conditions according to Reese & Cox (1975) .......ccc.c...... 51
4-2: Representative values of esp according to Reese & COX (1975) ..cuvvvviviiiriiiiinieieee e 51
4-3: Normalisation of pile reaction components according to PISA (2016) .......cccccvveviiireinineneineeenieae 56
4-4: Method parameters for monopiles in stiff clay at Cowden site PISA (2016) ........cccoovevvinennenenieenieae 57
4-5: Typical values for Ks according to Sullivan et al. (1980) .........cccooviriiiiiniiiineeere e 60
4-6: Typical values for eso according to Sullivan et al. (1980).........ccviieiieiiiiiiiiiee e 60
4-7: Typical calibration factors according to Sullivan et al. (1980) ........ccccviieiieriieeieece e 60
4-8: Soil degradability factor F according to Gazioglu & O’Neill (1984) for static loading ..........cccccverenene 63
5-1: Soil parameters used for back-analysis of the field teStS .........ccvvvieiie i, 74
6-1: Clay parameters used for reference systems and parametric StUdY .........cccovvevveveeiieniesiie s 81
6-2: Clay parameters used for the parametric study regarding the clay consistency.........c.cccccoeeviveviveieiieennnn. 92
6-3: Clay parameters used for the parametric study regarding the over-consolidation ratio.............cccccceuenee. 95

6-4: Clay parameters used for simulations with linearly increasing parameters over depth ...........c.cccceevrenen. 98



Page VIII

CONTENTS

List of Symbols

Latin alphabet symbols

Symbol

As
B

Eph

Ha,uit

Dimension / Unit

1
1
[F]
[F-L?]
[F-L7
[F-L7
[L]
[L]
[F-L7
1
[F]
[F-L7]
[F-L7]
[F-L?]
[F-L7
[F-L7
[F-L7
[F-L7

Description

Non-dimensional coefficient (stiff clay)
Skempton coefficient

Characteristic effect of action

Characteristic effective cohesion

Characteristic undrained shear strength

Average undrained shear strength

Pile diameter

Reference diameter

Flexural stiffness

Void ratio

Resultant passive horizontal earth pressure force
Secant stiffness in a standard drained triaxial test
Tangent stiffness for primary oedometer loading
Modulus of elasticity of steel

Static oedometric soil stiffness

Dynamic oedometric soil stiffness

Undrained oedometric soil stiffness

Un- and reloading stiffness from a drained triaxial test

Soil degradability factor
Empirical factor

Dynamic shear modulus
Unloading shear modulus
Load eccentricity

Based shear force
Characteristic lateral load
Ultimate load-bearing capacity
Empirical coefficient

Exponent of the OCR



CONTENTS

Page IX

ko

K’

Ki

Ks

K

Ky
Kw

L

Mk
Ms
Multy
Np
OCR
Pu
Pres
Pref
Psteady
Pexc
Pw

Pl
QK

t

[F-L7
[F-L7
[F-L7
[F-L
[F-L7
[F-L7
[F-L7
L]
[FL]
[FL]
1

1

[1]
[FL7]
[F-L7
[F-L7
[F-L7
[F-L7
[F-L7
1

[1]
L]
[F]
L]
L]
L]
L]
L]

Coefficient of horizontal earth pressure at rest

Effective bulk modulus of the soil skeleton

Initial stiffness

Initial stiffness (used for stiff clay)

Subgrade reaction modulus
Undrained bulk modulus
Bulk modulus of pore water
Embedded pile length
Characteristic moment load
Base Moment

y-multipliers

Load-bearing capacity factor
Over consolidation ratio
Ultimate bedding resistance
Residual bedding resistance
Reference stress

Steady state pore stress
Excess pore water pressure
Pore water pressure
Plasticity index

Quotient of lateral stiffness
Wall thickness

Weight of the soil

Lateral displacement
Reference displacement

Depth below surface

Depth of rotation point (also termed as zero-deflection point)

Critical depth



Page X CONTENTS

Greek alphabet symbols or symbols including Greek alphabet symbols

Symbol Dimension / Unit  Description

a [-1 Pile-soil adhesion factor
gv [-1 Volume expansion
Yoz [-] Reference shear strain at 72.2%
Y [F-L3] Unit weight of soil
Y [F-L3 Buoyant unit weight of soil
Vs [-1 Partial safety factor for effective cohesion
Ysu [-] Partial safety factor for undrained shear strength
Yo' [-] Partial safety factor for effective soil friction angle
YE [-] Partial safety factor for effect of action
YR [-] Partial safety factor for resistance
Ys [F-L3] Unit weight of steel
Tw [F-L2 Unit weight of water
€50 [-] Strain at 50 % of maximum stress
Oelastic [°] Elastic head rotation
Operm ] permanent (plastic) head rotation
Opermmax  [°] Maximal accumulated permanent head rotation
Ootal [°] Total head rotation
Aeoed [-] Stress exponent of Egeq
hGo [-] Stress exponent of Go
v [-1 Poisson’s ratio
Vu [-1 Undrained Poisson’s ratio
c [F-L7] Total stress
c [F-L7] Effective stress
6’m [F-L? Main effective principal stress
o’y [F-L? Overburden pressure
& [-1 Empirical coefficient related to the degree of clay consolidation
QK ] Characteristic effective soil friction angle
Ou ] Friction angle of the undrained soil
\ ] Soil dilatancy
Legend:
[Dimension]: L : Length M : Mass T:Time F=M-L-T?: Force

[Unit]: °: Degree rad : Radian



CONTENTS

Page XI

Abbreviations:
Abbreviation

ALS
API
BSH
BMWi
BS-P
EEZ
ESP
FE
FEM
FLS
GBS
GW
HSsmall
NFA
OGL
OWT
SDM
SLS
TSP
ULS

Description

Accidental limit state
American Petroleum Institute

Federal Maritime and Hydrographic Agency

Federal Ministry for Economic Affairs and Energy

Persistent design situation
Exclusive economic zone
Effective stress path

Finite element

Finite element method
Fatigue limit state
Gravity-based foundations
Gigawatt

Hardening soil model with small-strain stiffness
Natural frequency analysis
Offshore guidelines
Offshore wind turbine
Stiffness degradation method
Serviceability limit state
Total stress path

Ultimate limit state



Page XII CONTENTS




Chapter 1 Introduction Page 1

1 Introduction

1.1 Motivation

In the last decades, the effects of global warming mainly due to the greenhouse gas emissions
released by the burning of fossil fuels, have given rise to environmental awareness. Energy
politics have clearly turned towards renewable energy sources such as wind power, solar energy
and hydropower. The energy transition conducted by Germany has well established targets over
time, e.g. an increase of renewable energy from 55 to 60 percent of the gross electricity
consumption in Germany until 2035 as stated by EEG (2017). For this purpose, the amount of
offshore wind turbines (OWTSs) has to be increased considerably through the construction of
offshore wind farms along the North and Baltic seas. The installed capacity of offshore wind
energy is expected to expand from 6.5 GW in 2020 to up to 15 GW in 2030 in order to achieve
the requested targets set by the EEG.

The geotechnical design of OWTs is mainly based on the experiences of the offshore industry
regarding oil and gas platforms. Nevertheless, these design methods and recommendations
suggested by this sector are not fully transferable to the OWT foundations, mainly due to the
discrepancy in the loading conditions, i.e. the vertical loads are considerably smaller than those
of typical offshore platforms, resulting in horizontal loads of similar magnitude to the vertical
loads.

The foundation structure for OWTSs is an essential component for the appropriate performance
of the turbine during its life span. The monopile is currently the preferred foundation concept
for the OWTs at water depths less than 40 meters due to the cost-effectiveness in terms of mass
production and installation process. The large-diameter monopile consists of a single steel tube
driven into the seabed. The discontinuous lateral loads and overturning moments generated by
the extremely cyclic nature of wind and waves acting on the superstructure are transferred into
the subsoil across the complete pile length of the shaft surface as well as at the tip of the
monopile foundations.

For the geotechnical design of OWTs, the requirements such as the foundation stiffness and the
cost-effectiveness play a significantly greater role compared to the previous application of the
offshore foundation in the petroleum industry. The cost of the offshore foundation structure,
e.g. the construction and installation process, constitutes around 25 percent of the total cost of
an offshore wind farm project according to RAB & DTI (2007).

An optimisation of foundation structures in terms of geotechnical design aspects is highly
desirable to ensure economic feasibility. Therefore, the development of new calculation
methodologies for analysing the pile-soil interaction is definitely required. The feasibility of
carrying out comprehensive parameter studies is currently a reality due to the growing
capability of numerical modelling. Consequently, it is possible to have an accurate
comprehension of the behaviour of a pile-soil system (cf. Achmus et al. 2014, 2016 and 2017a).
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1.2 Problem

For the design of monopile foundations, the p-y method is traditionally employed to describe
the relationship between the bedding resistance p, acting against the pile wall, and the lateral
deflectiony of the pile. The large diameter piles (D = 6 - 10 m) used for the monopile foundation
provide an approximately rigid behaviour with a quite small slenderness ratio
(L /D <5), which is located outside of the original range of its usual application. The traditional
p-y methods which were adopted for the offshore oil and gas industry, are invariably calibrated
for flexible piles with small diameters, i.e. slender piles (D < 1 m). Numerous experimental and
numerical investigations have already demonstrated relevant shortcomings of existing
p-y curves for piles with large diameters (such as monopile foundations) embedded in cohesive
soils (e.g. Stevens et al. 1979, Kim et al. 2009, Haiderali & Madabhushi 2013 and Kirsch et al.
2014). Reliable calculation methods for the design analysis are therefore required to overcome
this lack of knowledge.

1.3 Objectives

The present thesis contributes to the efforts to fulfil the requirement for research with regard to
the description of the load-bearing behaviour of laterally loaded, large-diameter pile
foundations embedded in cohesive soil.

The main task is to develop a new, generally valid p-y approach for the design of laterally
loaded pile foundations embedded in cohesive soil used for arbitrary pile dimensions, as well
as different load levels. In this regard, the lateral bearing capacity obtained from the pile-soil
interaction has to be predicted quite realistically. It is noteworthy that the proposed
p-y approach is limited to the exclusive treatment of short-term monotonic loading conditions.
However, its referential character has a direct influence on all geotechnical aspects of the
monopile foundation design.

1.4 Solution
The following steps are required to achieve the objective described above:

- Establishment of a theoretical basis to the analysis of pile foundation behaviour subjected
to lateral loading conditions

- Suitability analysis of the p-y approaches used for the design of single laterally loaded piles
embedded in cohesive soil according to the API (2014) and DNVGL (2016) guidelines, as
well as further alternative p-y approaches introduced in the literature

- Development of reliable three-dimensional numerical models from its validation by several
field tests for predicting the load-bearing behaviour of piles with a large diameter subjected
to short-term lateral loading conditions

- Evaluation of the impact of pile dimensions, as well as soil conditions on the pile-soil
system to identify the crucial parameters by using comprehensive parameter studies



Chapter 1 Introduction Page 3

- Proposing a new analytical method based on validated three-dimensional numerical models
to obtain an optimal correlation between soil reactions and the lateral deflection of the pile
foundation

- Verification of the proposed p-y approach used for arbitrary pile dimensions, soil
conditions and diverse load levels

Note that all p-y approaches used for the analysis of laterally loaded piles embedded in soft
clay and stiff clay, as well as the new p-y method proposed in this thesis, have been successfully
implemented in the in-house code IGtHPile design programme (cf. Terceros et al. 2015), which
is based on object-oriented programming techniques.
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2 Foundation structures for offshore wind turbines

2.1 General

From a general point of view, OWTs are complex systems formed by structural and mechanical
elements exposed to extreme boundary conditions on the seas. Extremely salty air, salt water,
powerful wind forces, strong currents, and the waves are some of the main conditions that
offshore wind energy turbines must be designed to withstand.

Fig. 2-1 shows the main components of an OWT with a monopile foundation. A wind energy
turbine basically consists of the substructure, the tower, the nacelle, and the rotor, which is
composed of three blades and a central hub. The largest component of a wind turbine is the
tower, generally built with tubular steel sections, providing structural support to the nacelle
which is coupled to rotor blades. The main components required for the operation of a wind
power plant are located in the nacelle. The substructure refers to the transition piece, the
foundation and the scour protection. It is noted that modern OWTs with a capacity of 8 to 14
megawatts are very large structures. The tower can reach heights of over 100 meters. In
Germany, currently used rotors have a diameter between 107 and 126 meters, although the most
recent turbines have rotor diameters of about 150 meters, as stated by BMWi (2015a, 2015b).

A
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Rotor / 2
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Fig. 2-1: Main components of an OWT with a monopile foundation
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2.2 Typical offshore substructures

The substructure is an essential component that must ensure the optimal functionality of OWTs.
Its design mainly obeys site-specific conditions. Critical factors such as water depth,
geotechnical site characteristics, the load conditions, as well as the potential impact on the
marine environment must be taken into account when selecting an appropriate foundation
concept (cf. Lesny 2010). Obviously, the foundation design has a strong influence on the
technical feasibility of offshore wind energy turbines.

The different loading conditions acting on the OWT structure (i.e. the vertical and the horizontal
load under dynamic conditions) are transferred to the surrounding soil. The selection of the type
of foundation concept mainly depends on water depth. The fixed bottom foundations are used
for shallow water and transition, whereas the floating foundation concepts correspond to deep
water. Bottom fixed foundation concepts have a part of the substructure submerged in the water
and directly transfer the loading conditions in general to the subsoil. Monopile, gravity-based
foundations (GBS), tripod, jacket and suction bucket belong to this group. Floating foundation
concepts are only suitable if fixed foundations are not feasible mainly due to the limitation of
water depth. A floating wind energy turbine is commonly anchored to the seabed. Fig. 2-2
shows the previously listed substructure foundation concepts. In the following, the
aforementioned concepts of substructures for offshore wind turbines will be briefly described
to obtain a clear overview.

Gravity-based foundations (GBS)

Gravity-based foundations were initially developed as an alternative to deep pile
substructures where pile foundations are not feasible due to the site’s soil conditions.
Gravity-based foundations are basically large reinforced concrete shell structures that rest
on the surface of seabed characterised by a high load bearing capacity. Environmental lateral
loading condition and overturning moment are transferred via distribution of contact
pressures on the base. The self-weight and also the corresponding foot-area are thus of great
significance for this foundation type. In order to avoid pumping effects, skirts are usually
provided around the foundation. Interior skirts could also be provided under the base if the
foundation area is very large. The installation method is performed with the construction of
the concrete structure on a dry dock. Afterwards, the structure is floated out and towed to the
final place, where it is filled with additional ballast, causing the foundation to sink and to
become embedded in the seabed. Sub-base grouting is carried out around the foundation to
maintain the platform level to obtain uniform stresses across the foundation. Grouting also
becomes important whenever the seabed is uneven or sloping.
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Fig. 2-2: Typical foundation concepts depending on the water depth

Monobucket foundation

Monobucket is also known as monopod foundation or suction caisson. This concept consists
of a steel cylindrical bucket closed at the top by means of a sealed lid and opened at the
bottom. Large diameters and shallow penetration depths characterise a bucket foundation.
Along with side friction on the skirt and suction pressure, the soil’s weight encompassed
within the bucket helps the foundation to withstand tension loads. Compression loads are
transmitted to the soil through side friction and end bearing. The stability of the structure
under wave loading is ensured due to the low period of a wave, whose short-time duration is
not enough for the bucket to be pulled out from the soil, resulting in the so-called boot effect,
for further details see Nielsen et al. (2017). The installation of a suction bucket foundation
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consists of two phases. The self-weight installation phase occurs when the substructure sinks
into the seabed. The suction installation phase occurs by reaching the required penetration
depth by pumping the water enclosed within the bucket using a submersible pump. Pumping
of the water generates a differential pressure through the sealed lid, which develops a suction,
I.e. negative hydrostatic pressure. Suction inside the bucket leads to seepage whereby the
effective stresses on the outer soil increase whilst the effective stresses inside the skirt
decrease; the end bearing of a skirt tip also decreases, facilitating the skirt penetration.
Advantages of monopods are the low level of noise and vibration during the installation as
well as the possibility to easily remove the steel bucket from the seabed once the wind turbine
life ends.

Tripod foundation

Tripod foundations consist of a triangular frame fixed to the seabed by steel pipe piles of
smaller diameter. Each corner is also diagonally and horizontally braced to a transition piece
located in the centre of the structure. The tripod-braced frame provides the foundation with
large structural rigidity and a small, exposed surface. Loading is transmitted to each pile
through the lattice structure. Compression loads are transferred to the subsoil by skin friction
along the pile shaft and end bearing. Depending on the water depth, the piles are driven
through sleeves attached to the base of the structure legs by either above-water hydraulic
hammers or underwater hammers. Once the required penetration depth is reached, the piles
are grouted to the sleeves.

Jacket foundation

Jacket foundation also known as lattice tower structure, consists of a space-braced frame
fixed to the subsoil by four steel pipe piles. This type of foundation has been extensively
used by the oil and gas industry. Load transfer and installation method are identical to the
tripod foundation, being also the axial load crucial for the design analysis. There are
adaptations of substructure concepts from either tripod or jacket foundations that are fixed
by suction buckets. This innovative concept is known as multipod foundation and combines
the advantages of the suction bucket with the structural rigidity of the braced frame.

Floating foundation

Floating foundations have been adapted from the oil and gas industry and developed as a
solution for higher quality wind resources in locations with large water depths, where fixed
foundation concepts are not feasible. The substructure consists of a floating wind energy
turbine spliced through tensioned anchor legs to the selected foundation concept at the
seabed. The floating structure is partially submerged to keep the legs in tension. For this
purpose, either ballast tanks or tension systems are used, as seen in Fig. 2-2 (f). GBS, driven
or drilled piles and suction buckets are commonly used as anchors. The most common
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floating foundation concepts are the spar buoy, the tension-legged platform, the stabilised
buoyancy and the semi-submersible.

2.3 Monopile foundation

The monopile foundation, which is the focus of the present research, currently represents the
most common foundation concept for the OWT structure in German sea regions. For offshore
wind energy turbines with monopile foundation, the wind tower is supported by a large
diameter, thick-walled steel pipe pile through a transition piece (cf. Fig. 2-2 c¢). Monopile
diameters are usually up to D = 6 m with small ratio of embedded length to diameter
L /D <5, however diameters of up to D = 10 m are already being manufactured to be used in
deeper waters. Environment lateral loading and overturning moment are transferred into the
surrounding subsoil by bedding pressures over the shaft surface along the pile foundation and
shear stresses acting at the pile toe. Bedding resistances lead to distributed stress along the pile
length, which also vary around the circumference. In addition, tensile and compression loads
are transmitted to the soil through interface shear stresses and end bearing. Monopile
foundations are characterised by a relatively stiff pile behaviour that ensures almost fully
mobilization of the soil.

Monopiles are usually driven into the seabed by either large impact or vibration hammers.
Although the installation time is relatively short, the impact-driven pile foundation yields high
noise emissions that may affect marine life during the installation phase. As a mitigation
measure, the bubble curtain is one of the most commonly used methods for reducing the noise
related to impact pile driving underwater; for more details see Bohne et al. (2019).

The embedment of a monopile foundation in a marine environment modifies the flow pattern,
resulting in increasing local sediment transport. This leads to scour of the seabed around the
monopile foundation. A significant reduction of the lateral stiffness and ultimate capacity can
be yielded by the effect of scour on monopile foundation (cf. Bayton et al. 2019). Consequently,
scour protections are commonly installed around monopile foundations to prevent the long-
term impact of scour on the bedding resistance of the pile foundations of OWTs.

2.4 Geotechnical design of monopiles

24.1 General

The responsible authority in Germany for verification and approval requirements of offshore
installations within the exclusive economic zone (EEZ) is the Federal Maritime and
Hydrographic Agency (BSH). Therein, special regulations are developed by BSH to define the
minimal design requirements and thus enable the approval of offshore wind farms. The BSH
“Minimum requirements concerning the constructive design of offshore structures within the
EEZ” (2015) is particularly relevant for the geotechnical design of OWT foundations. In
addition, the BSH “Standard Ground Investigations” (2014) refers to geological and
geotechnical site investigations for planning and construction of offshore wind farms.
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The BSH standards recommend the application of German standards (DIN 1054:2010-12),
Eurocode 7 (DIN EN 1997-1:2009-09), and (DIN EN 1997-1/NA:2010-12) as the basis for the
calculation and the geotechnical design of OWTs. Additional regulations as “Recommendations
on Piling” (EA-Pfihle 2012) and “American Petroleum Institute Recommendations”
(API12014) are permissible to accomplish certain specific conditions for the geotechnical design
analysis. The DNVGL (2018) guideline provides an accredited independent certification, but
requires some additional controls. It is remarkable that the consideration of the cyclic load
effects represents a basic criterion for all design aspects as stated by BSH (2015).

For the geotechnical design of monopile foundations used for OWTs, the Ultimate Limit State
(ULS) and the Serviceability Limit State (SLS) design analysis have to be fulfilled similarly to
common pile foundations. The structural integrity of the installation of OWTSs, which is
subjected to extreme events typically occuring during a storm event, has to be ensured by the
geotechnical ULS design proof. According to Eurocode 7 (DIN EN 1997-1:2009-09) the ULS
design proof can be carried out by using either the GEO-2 or GEO-3 design procedure to verify
a sufficient soil strength, i.e. preventing to trigger the failure mechanism of the pile-soil system.
The German standard (DIN 1054: 2010-12 and EA-Pfahle 2012) explicitly stipulates the
application of the GEO-2 proof for the design of laterally loaded piles. In offshore engineering
applications, particularly in an international context, the GEO-3 design proof is commonly
applied for analysing laterally loaded piles, according to DNVGL 2018 (cf. section 2.4.2).

For the SLS design proof, the foundation stiffness and the accumulation of deformations due to
long-term cyclic loading have to be taken into account to ensure the minimal required stiffness
of the foundation structure, and also that the displacements and rotations remain within tolerable
limits to ensure the turbine functionality. Usually, the maximum allowed rotation at the
monopile head must not exceed 0.5°, as exemplified by DNVGL (2018), i.e. the maximum
rotation for the installation process is set at 0.25° and the remaining rotation can be utilised by
long-term cyclic loading condition.

The Accidental Limit State (ALS) design proof may also be required to ensure the structural
integrity of the installation of OWTs when its resistance has been reduced by structural damage
caused by a short-impact accident. In concordance with BSH (2015), the ALS design proof
shall be carried out as far as such conditions are probable (e.g. ship collisions).

In addition, the oscillation behaviour of the overall structure and therewith the foundation
stiffness under periodic loads is also relevant to the geotechnical design analysis. The
foundation stiffness due to operational loads, which also determines the structural dynamic
behaviour, is often a driving aspect that influences the design in terms of monopile diameter
and wall thickness. Herein, the permissible bandwidth of eigenfrequency (NFA), as well as the
structural fatigue of the steel construction are decisive for the design, resulting from the
foundation stiffness yielded by small strains. The Fatigue Limit State (FLS) design proof is
commonly carried out by using the approach “soft-stiff” such that the natural frequency of the
overall structure is located within 1P and 3P of the excitation frequency to avoid resonance
effects that could cause an impact on overall structural load at fatigue loading levels. Therefore,
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an exact prediction of the foundation stiffness for the complete load-deformation ranges
becomes crucially significant. For offshore wind turbine foundations, the SLS and FLS design
proofs are often regarded as the most relevant for the geotechnical design analysis, as outlined
in Sgrensen (2012).

For the geotechnical design practice of laterally loaded piles, the influence of cyclic loads on
soil resistance is generally taken into account by appropriate reduction of the strength
parameters of static p-y curves. The verification of ULS and SLS design proof can be carried
out by using cyclic p-y approaches whose p-y formulation is exposed in the offshore guidelines
such as API (2014) and DNVGL (2016).

In addition to the usual geotechnical verification (ULS) and (SLS), the influence of the stiffness
of the pile foundations on the vibration behaviour of the overall facilities is coming into focus.
The permissible natural frequencies (NFA) in the range of small horizontal displacements are
decisive. This requires an accurate prediction of the pile foundation stiffness to avoid resonance
effects and the associated high fatigue loads. In current design practice, high foundation
stiffness is considered for predicting the un- and reloading behaviour utilizing the application
of static p-y curves (cf. Achmus et al. 2019).

For the geotechnical design of pile foundations of OWTs, the so-called pile length criteria are
commonly applied for calculating the required embedded pile length. Four different pile length
criteria are frequently used, which are directly related to the p-y curves, (cf. Achmus et al.
2017b).

The present thesis focuses on the examination of static p-y curves which have a direct influence
on all geotechnical aspects of foundation design due to its referential character. The innovative
static p-y approach introduced in section 7 can be taken as a basis for the development of a new
cyclic p-y approach whereby the degradation mechanisms of soil capacity must be considered
due to the effect of long-term cyclic loading conditions.

2.4.2 p-y method

For the geotechnical analysis of monopile foundations, the p-y methods are widely applied to
predict the load-bearing behaviour of laterally loaded single piles. To this effect, the non-linear,
depth-dependent load-deformation p-y characteristic of the soil springs (also termed p-y curves)
are utilized for determining the relationship of the lateral soil resistance against the lateral pile
deflection. In other words, a p-y curve is only one of a set of p-y curves, which describe the
lateral-load transfer along the pile length depending on the depth and lateral deflection.

The construction of the p-y curves presented by offshore regulations such as API (2014) and
DNVGL (2016) is a function of the soil type. These have been shown to be reliable and
applicable to the small pile diameters that were commonly used for jacket structures in the
offshore industry. However, the validity of these semi-empirical p-y methods for large-diameter
piles has been questioned on several occasions (cf. section 3.9). However, the p-y curves
proposed by Matlock (1970) are still predominantly recommended in OGLs for cohesive soils.
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To predict the bedding resistance for the analysis of pile foundations supporting the offshore
structures, the p-y curves must be applied taking into account the effects of cyclic degradation
on lateral strength and stiffness. However, according to DNVGL (2018), the application of
p-y methods for piles with diameters more than 1.0 m is subject to validation by using FE
analysis. In practice, such calibration of the p-y curves is occasionally conducted by applying
the p-y multipliers for adjusting both the stiffness and the strength based on the results of the
numerical models.

2.4.3 Distinction of p-y approaches for different load conditions

Small vertical loads, large dynamic horizontal loads and overturning moments usually
characterise the loading conditions on a substructure of offshore wind turbines, as stated by
Malhotra (2011). An OWT structure is a highly dynamic system with significant non-linear
behaviour and dynamic responses that has to withstand static, cyclic, stochastic and transient
loading conditions.

For the application of p-y approaches, three types of loading condition situations can be
certainly identified (i.e. static, cyclic and reloading conditions). Static p-y curves describe the
foundation response caused by monotonic loading conditions. Due to the reference character of
static p-y curves, this represents a reliable basis for defining other types of p-y approaches
related to the design of laterally loaded piles.

Similarly, the long-term cyclic effects on the response of the pile-soil system can be represented
by using cyclic p-y curves. The degradation of ultimate bedding resistance and the accumulation
of deformations resulting from cyclic loading usually comes into consideration by modifying
static p-y curves.

Finally, reloading p-y curves intend to predict the foundation stiffness caused by repeated un-
and reloading. In other words, they describe the foundation stiffness due to passing through an
un- and reloading hysteresis. Numerical investigations in non-cohesive soils conducted by
Achmus et al. (2019) already demonstrated that the reloading stiffness could be described by
using the initial slope of static p-y curves. Obviously, this presupposes that degradation effects
for the reloading stiffness are not to be expected.
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Fig. 2-3: Schematic representation of p-y relationships for static, cyclic and reloading conditions

The three types of p-y approaches (static, cyclic and reloading) illustrated in Fig. 2-3 are
considered in distinct key aspects for the design of OWT pile foundations. The applications of
p-y approaches can be categorised into two groups when it comes to the design of laterally
loaded piles.

- Ultimate Limit State (ULS) and Serviceability Limit State (SLS): The cyclic horizontal
load-bearing behaviour of the pile-soil system is determined by using cyclic
p-y approaches. Consequently, the degradation of ultimate bedding resistance and
accumulation of deformations during the whole lifetime of the OWT is theoretically
included.

- Natural Frequency Analysis (NFA) and Fatigue Limit State (FLS): The reloading
p-y approaches are applied to characterise the horizontal load-bearing behaviour of the pile
foundation due to un- and reloading conditions. It is remarkable that reloading p-y curves
for clay soil do not currently exist and are quite limited for sand. The application of the
initial slope of static p-y approaches is basically feasible and often conducted in practice.
However, this could be considered a poor concept since the foundation stiffness is
implicitly underpredicted. Note that when it comes to the Fatigue Limit State FLS design
proof of OWT structures, neither an overestimation nor an underestimation of the
foundation stiffness is conservative in general.

2.4.4 GEO-2 design proof for ULS

The geotechnical ULS design proof is conducted to ensure the structural integrity of the OWTs,
thereby the GEO-2 limit state must be fulfilled for the design of laterally loaded piles described
by the DIN 1054:2010-12 guideline and EA-Pfahle (2012) recommendations. By doing so, the
partial safety factors ye = 1.4 and yr = 1.35 are usually selected (for persistent design situation
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BS-P) according to the DIN 1054: 2010 -12 guideline that is applied to the characteristic effect
force Bk and the resultant passive earth pressure force Epnk, respectively.

Ephx
Bk"YE = ;— (2_1)
R
By =< Eph,d (2-2)

The GEO-2 design proof essentially verifies that the design value of the effect force Bq must
be smaller than or equal to the design value of the soil resistance Epn g, as seen in Eq. 2-2.
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Fig. 2-4: GEO-2 for ULS design proof according to German standard DIN 1054:2010-12
(after Thieken et al. 2013)

Fig. 2-4 shows a pile-soil system loaded by a characteristic lateral force Hx and its respective
overturning moment M at the pile head. For calculating the characteristic effect force Bk, the
stress reaction p must be integrated from the free surface to the pile pivot (also termed as zero-
deflection point zo of the pile foundation). Similarly, the soil resistance Epnx must be calculated,
considering the integration of the ultimate bedding resistance py, €.g. by assuming the py of the
respective p-y curves. Note that for calculating both cases (i.e. effect force Bk and also soil
resistance Epn k) the application of suitable p-y curves becomes crucial for carrying out a reliable
design proof.

2.4.5 GEO-3 design proof for ULS

According to DNVGL (2018), the GEO-3 limit state corresponds to the geotechnical ULS
design proof for laterally loaded pile. In contrast to GEO-2, the results of the GEO-3 proof are
independent of the pile stiffness, as stated by Achmus (2012a).

In this instance, the partial safety factors vy, ys = 1.15 and ysu = 1.25 recommended by
DNVGL (2018) are applied to the characteristic shear parameters, such as the friction angle ¢’x,
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the effective cohesion s’, and the undrained cohesion sy, respectively. The required p-y curves
for calculating the soil resistance are derived by using the decreased design shear parameters
given in Eqg. 2-3, 2-4 and 2-5.

tan @’
0= tan™! At (2-3)
Yo
s’ Su
S7d=_k ; Su,d= _’k (2-4, 2-5)
Yc’ Ysu

For the design of laterally loaded piles, the applied load is increased until the equilibrium of the
pile-soil system is no longer possible, thus obtaining the design value for ultimate load-bearing
capacity Hq.ur Which results from the failure state. The design pile head load Hq is determined
by applying the partial safety factor ye = 1.35 to the characteristic lateral load H.

Hyvg < Hqu (9745 87038, 4) (2-6)

Hg < Hgu (9745 87058, ) (2-7)

GEO-3 design procedure leads to the comparison of the design pile head load Hq with the
ultimate load-bearing capacity Hq.ut. For that, the Eq. 2-7 gives the governing condition.
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Fig. 2-5: GEO-3 for ULS design proof according to DNVGL (2018) guideline

Fig. 2-5 shows the horizontal load-bearing behaviour of the pile-soil system with a further load
increase until the ultimate load-bearing capacity Hgui is reached (as seen in@). The latter is
evidently asymptotic to the load-displacement curve. For almost rigid piles, the zero-deflection
point of pile moves downwards, while the soil resistance is entirely mobilised with increasing
lateral loading condition.
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2.4.6 SLS verification

The SLS design analysis verifies the permanent rotation of the pile head under characteristic
extreme load cases that have to remain within tolerable limits for the functionality of the turbine.
In this respect, the extreme load level of the characteristic ULS loads is taken into account for
design storms as required by the BSH (2015). In addition, the accumulated deformation due to
cyclic loading must be calculated over the entire structural lifetime, according to the
DNVGL (2018). The typical specific limit of the accumulated permanent head rotation is
normally set to Opermmax = 0.25° at the seabed (i.e. maximum tilting of the pile at the head).
According to common practice, the permanent (plastic) head rotation ©perm is calculated by
subtracting the elastic portion Oejastic Of this rotation from the total head rotation ©xtal after the
applied number of cycles, as given by Eqg. 2-8.

eperm = etotal - eelastic = 6perm, max (2'8)

Fig. 2-6 shows qualitatively the elastic and plastic parts of the pile head rotations, which are
represented graphically by applying a tangent line to the first part of the moment-rotation curve
at the seabed level. Evidently, the initial slope of the non-linear p-y curve becomes decisive for
calculating the permanent head rotation Operm.
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Fig. 2-6: Graphical estimation of elastic and plastic rotations

In fact, the accumulated deformations yielded by cyclic laterally loaded piles can be determined
by applying the cyclic p-y curves according to DNVGL (2016), but the results have to be
verified by using numerical models. Note that the static p-y curves introduced in section 7 could
be adequate to consider the long-term cyclic lateral loading conditions by reducing both the
stiffness and soil strength, certainly leading to an increase of the permanent head rotation ©perm.
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3 Theoretical basis for laterally loaded piles

3.1 General

The analysis of laterally loaded piles essentially requires three-dimensional models to
realistically reproduce the pile-soil interaction. The horizontal load-bearing behaviour of the
pile-soil system is highly non-linear, mainly due to the variation of soil stiffness and strength
over depth. The pile-soil interaction mechanism is influenced by many complexities such as
strength non-homogeneity, pile-soil adhesion, and suction (in the following also termed
“gapping”) at the active side of the pile embedded in cohesive soils according to Murff &
Hamilton (1994).

The laterally loaded pile foundations can be categorised into active and passive piles, depending
on the location of the applied lateral loading. The active piles are subjected to external lateral
load applied at the pile head, such as the OWT foundations and retaining walls. Passive piles
however primarily support loads along the pile length due to earth pressure and are commonly
used for containing instabilities, e.g. piles for slope stabilisation, bored pile walls to support
deep excavation or embankment.

The framework of this thesis is limited to monotonic lateral loading conditions for piles
embedded in a cohesive soil, i.e. active piles loaded laterally. The relevance of static loading
conditions for analysing the horizontal load-bearing behaviour of a pile is quite remarkable
since it is taken as the essential basis to develop future analytical procedures for other types of
loading. In the case of non-cohesive soils, for instance, the un- and reloading stiffness of the
monopile-soil system, which is decisive for the eigenfrequency of the overall structure, can be
approximated by the initial stiffness (slope) of the static load-deflection and moment-rotation
curves as described by Achmus et al. (2019). A further application of the method analysis for
static loading conditions results in the degradation of its shear strength properties to capture a
realistic horizontal load-bearing behaviour of pile foundations subjected to cyclic lateral
loading, similar to all traditional p-y methods recommended by API (2014) and DNVGL
(2016).

This chapter deals with the most relevant aspects of the mechanical behaviour of piles subjected
to static lateral loading. This theoretical basis is mainly focused on the analysis of the laterally
loaded pile foundation embedded in cohesive soils.

3.2 Analysis methods of laterally loaded piles

Despite technological advances, the analysis of pile foundations, in particular of laterally loaded
piles, remains a challenging task for geotechnical engineers. In this section, a general
description of the most significant analysis methods proposed in the literature will be introduced
for providing an overall overview. The methods for analysing laterally loaded piles can
normally be divided into the following categories.
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The elasticity method

Based on the theory of elasticity, Poulos & Davis (1980) proposed the elasticity method for
analysing piles subjected to lateral loading and overturning moment embedded in an ideal
elastic mass. The elastic solution can be used for calculating the displacement and rotation
at the pile head for both free and fixed headed conditions. The theory of elasticity considers
the soil mass as continuous but adopting a linear-elastic behaviour, which is considered
unrealistic since all types of soil behave non-linear elastic-plastic. Therefore, this method
could only be valid for very small strains of the pile, assuming an ideal elastic behaviour of
the soil in this deformation range.

The limit state method

The simplest procedure that currently exists is the limit state method, based mainly on the
determination of the ultimate bedding resistance such as that proposed by Broms (1964a,
1964b) for calculating the lateral displacements at the pile head and the corresponding
maximum bending moment of single laterally loaded piles embedded in the soil. The
application of such methods is basically conducted by manual calculations and tables or
graphics. However, the proposed methods should be applied with caution since the mobilised
soil reactions are generally assumed to be linear elastic-perfectly plastic. There are limit state
methods that only provide the ultimate bedding resistance, such as that proposed by
Randolph & Houlsby (1984) and Martin & Randolph (2006), for instance.

The strain wedge method

Norris (1986) first introduced the strain wedge method to predict the horizontal load-bearing
behaviour of flexible piles, based on the model of a passive wedge forming at the front of
the pile. The response of a three-dimensional pile-soil interaction using the passive wedge is
correlated with the parameters of traditional p-y curves to simplify one-dimensional beam
model. The free-body diagram with the respective forces of the passive wedge used for the
development of this method is quite similar to that used by Reese et al. (1974) for describing
the load-bearing behaviour of the pile-soil system (cf. section 3.6.1). Note that the strength
parameters used to define the behaviour of mobilised soil reactions are derived from triaxial
tests. Furthermore, as stated by Ashour et al. (2002), layered soils can be taken into account
for analysing pile-soil interactions.

The subgrade reaction method

The concept of the subgrade reaction method was originally introduced by Winkler (1867)
for describing the load-bearing behaviour of an elastic foundation based on an Euler-
Bernoulli beam model supported on a set of uncoupled linear elastic spring characteristics
(using Hooke’s law). The soil reaction p and the horizontal displacement y are linearly
related through the application of a subgrade reaction modulus Kyy = p /'y at any point of the
soil-foundation system. The linear dependency between the soil reaction p and the pile
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deflection y, which leads to highly inaccurate analysis, does not allow to predict the ultimate
bedding resistance, for instance. The Winkler modelling approach cannot fully capture the
three-dimensional behaviour patterns of the pile-soil system due to the constant stiffness
against the depth for analysing laterally loaded piles. Subsequently, the p-y method was first
proposed by McClelland and Focht (1958) and later more thoroughly developed by Reese
and Matlock with regard to cohesive soils. The load-bearing behaviour of pile foundations
subjected to lateral loading conditions is calculated, based on the Winkler foundation
analysis with certain adaptations. The pile foundation is modeled as a beam element
supported by non-linear, soil- and depth-dependent characteristics of soil springs acting
orthogonally to the pile axis. The p-y method is merely a non-linear correlation between the
mobilised soil reaction force per unit length p and lateral deflection y along the pile shaft.
However, the independence between adjacent springs has not yet been overcome,
considering soil as theoretically non-continuous (cf. section 3.8).

The finite element method

For analysing the pile-soil interaction, the application of finite element methods allows the
soil to be treated as a continuum (cf. Abdel-Rahman et al. 2005, Achmus et al. 2014).
Furthermore, the non-linear behaviour of soil in terms of deformations and bearing capacity
can be realistically reproduced by using numerical simulations for complicated loading
conditions (e.g. either dynamic loading or arbitrary combinations of axial, lateral, and torsion
loading). Achmus et al. (2016) developed three-dimensional numerical models for capturing
the load-bearing behaviour of laterally loaded monopile foundations embedded in soft clay,
demonstrating that it is feasible to carry out comprehensive parametric studies with the
existing computational capacity. However, the numerical models highly depend on the
application of suitable constitutive material models to correctly reflect the horizontal load-
bearing behaviour of the pile-soil system. The numerical simulations can be used to conduct
extrapolations in terms of either soil conditions and pile dimensions. Its respective
calibration which is based on the comparison with the results obtained from data of field
tests with diverse properties is essential to obtain reliable results.

3.3 The p-y method analysis

The p-y curves (also known as p-y spring characteristics) are most commonly used in practice
when it comes to the general design of laterally loaded pile foundations. The p-y methods
correspond to the classification of semi-empirical correlations since the relationship of the
mobilised soil reaction p against the lateral deflection y of the pile is based on the measurements
from lateral load tests.

For the derivation of p-y curves, the application of electrical resistance strain gauges on the
instrumented pile foundations and the data from soil testing laboratory is quite common, as
stated by Gazioglu & O’Neill (1984).
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The p-y method for cohesive soils generally recommended in the OGLs such as API (2014) and
DNVGL (2016), and extensively used in practice is based on the finding of Matlock, even
though the p-y method proposed was exclusively developed for soft clay, mainly derived from
the lateral load test of Sabine River, as stated by Matlock (1962). Additionally, the construction
of p-y curves for stiff clay proposed by Reese & Cox (1975) was merely appointed by
API (2007) without any further details.

The laterally loaded pile foundation is modelled as one-dimensional beam finite elements which
are formulated on the assumption of either Euler-Bernoulli or Timoshenko beam theory. The
shear stresses in the cross section of the beam are neglected by the Euler-Bernoulli beam theory.
In contrast, the Timoshenko beam theory considers the contribution of shear stresses around
the pile, leading to a redistributed moment. Besides that, the soil around the pile is idealised as
a set of non-linear, depth-dependent spring characteristics at discrete points along the embedded
length of the pile. The idealisation of the laterally loaded pile model, which is applied in several
finite element programmes such as that developed in this thesis to carry out the comparative
study introduced in section 6 and 8, is provided in Fig. 3-1 (left).

The mobilised soil reaction p is described as a non-linear function of the lateral deflection y of
the pile as can be seen in the set of p-y curves illustrated in Fig. 3-1 (centre). The pile
displacements are specified at nodal points over the depths at which the p-y curves are applied,
denoting the influence of the high non-linearity of soil behaviour. Anyhow, the red line
represents the pile deflection line. The increase of soil resistance per unit of length against the
depths is likewise captured to describe the non-linear response of the soil. It is remarkable that
traditional p-y curves exhibit a symmetry between positive and negative displacements in all
depths of the model, including the lower section of the pile, disregarding the high shear strength
at the pile tip produced particularly for rigid piles.
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Fig. 3-1: Assumed model of the subgrade reaction method (left) and set of p-y curves (centre) as well as
the soil pressure around the pile (right)
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Fig. 3-1 (right) shows the initial state of a pile installed in upright position and without bending
stress, describing a uniform distribution of radial stresses, normally applied to the wall of the
pile, but when the pile is pushed laterally through the soil producing a bending moment.
Thereby a region of high stress in front of the pile and low stress at the active side of the pile is
yielded due to a redistribution of stress to obtain the equilibrium of the pile-soil system, which
IS subjected to lateral load at the pile head. The net soil resistance calculated for the
corresponding cross section which is opposite to the existing lateral displacement of the pile, is
obtained by the integration of normal and shear (tangent) stresses around the respective circular
cross section of the pile.

Hetenyi (1946) introduced the derivation of a non-linear, fourth-order differential equation
applied to beam-column elements, representing the idealised model of an elastic pile foundation
subjected not only to lateral and moment loads but also to axial loads. In general, the axial load
on a laterally loaded pile foundation has a relatively small or negligible influence on the bending
moment. However, it is sometimes required to find the buckling load for a pile, and therefore
the axial load is also considered in the derivation. The conventional form of the differential
equation, which is denoted by DNVGL (2016), is taken as a basis for solving the relationship
between the displacement and the stress of the pile at any point along the embedded length of
the pile for arbitrary load conditions applied at the pile head.

d'y dy (3-1)
El—3+Q, — +p(y)+q=0
d-x d-x
. &y dy d*y 3-2
with E1=5+Qu = =Q and BT - =M (3-2)

where E-I is the bending stiffness of the pile, y is the lateral deflection of the pile, Qa is the
axial load on the pile head, Qv is the lateral force at the pile head, p(y) is the lateral soil reaction
derived from non-linear p-y curves, q is the distributed load along the pile, and M is the bending
moment in the pile, x denotes the position along the pile’s axis. The solution of the differential
equation provides all required design information such as pile deflection, bending moment and
shear force along the beam span (as idealisation of the pile foundation).

The laterally loaded pile foundation is basically a problem of the pile-soil interaction whereby
the mobilised soil reaction is a non-linear function of the pile deflection, and similarly the pile
deflection depends on the mobilised soil reaction. The solution must satisfy the aforementioned
non-linear differential equation and compatibility conditions with respect to the p-y curves to
obtain the equilibrium of the pile-soil system. The solution normally requires numerical
methods that are solved by using iterative procedures, e.g. Newton-Raphson method. For
solving the non-linear differential equation of elastic beam model supported by non-linear
springs, the initial stiffness Ky of p-y curves can be applied as starting value for calculating the
displacements y; at the nodal points along the embedded length of the pile. The soil resistance
p1, which must be compared with the existing resistance of known non-linear p-y curves,
corresponds to the calculated displacement y: using the assumed secant stiffness Ki. The
deviation obtained from the soil resistance that is calculated with the existing resistance is used
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for adapting the respective secant stiffness K. for the next iteration, so that the calculation
process is repeated to reach the convergence, as illustrated in Fig. 3-2.
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Fig. 3-2: Iterative process to adjust the secant stiffness of p-y curves

3.4

The typical p-y curve can be characterised by three components that define its attributes at
various load levels. The initial stiffness of p-y curves (also known as initial slope) describes the
highest stiffness that can be assumed as a suitable approximation of the un- and reloading
stiffness for monopile foundations embedded in sand, as stated by Achmus et al. (2019). The
ultimate bedding resistance py implies that the soil behaves perfectly plastic. In cohesive soils,
a degradation of the soil resistance may be produced after the peak of the curves, particularly
for cyclic loading conditions. The shape of the p-y curves which is decisive for the stiffness
response of the soil represents the transition part between the initial stiffness and the ultimate
bedding resistance pu. Note that all traditional p-y methods for cohesive soils were invariably
derived from field load tests under undrained soil conditions.
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Fig. 3-3: Typical non-linear p-y curve (left) and resulting subgrade reaction modulus (right)
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The typical qualitative shape of a p-y curve for cohesive soil that belongs to a set of p-y curves
for a short-term monotonic loading is represented in Fig. 3-3 (left). The initial slope of the
p-y curve, which represents the highest stiffness, is defined by the constant value K; for very
small deflections of the pile. The gradual reduction of the lateral resistance that increases the
pile deflection until it reaches the ultimate bedding resistance, defines the shape of the p-y
curve. The latter is empirically determined, based on the results of the lateral load field test, as
stated by Isenhower et al. (2015). The p-y curves are limited by the ultimate bedding resistance
pu. The perfectly ideal non-linear behaviour of soil is described by py as an asymptotic
behaviour, meaning no more gain of shear strength with increasing pile deflections.

The subgrade reaction modulus Kpy is defined as the secant modulus p / y and varies as a non-
linear function of the lateral deflection y, the soil properties, pile stiffness, the type of load, and
the depth z below the free soil surface. The pile-soil behaviour in terms of displacements and
subgrade reaction modulus Kpy is characterised, which decays with increasing pile deflection
as seen in Fig. 3-3 (right).

The p-y curves for stiff clay proposed by Reese & Cox (1975) describe the degradation of the
bedding resistance after the peak by either static or cyclic loading conditions, where the fully
plastic range begins. The grey lines in Fig. 3-3 represent the degradation (also known as
softening behaviour) of the soil. The level of degradation for stiff clay depends on the number
of load cycles. It is noteworthy that the degradation for stiff clay also exists under static load
but is less pronounced in that case. According to Reese et al. (2001), the degradation takes place
mainly from erosion, as water is pumped out through the gap that is formed around the pile.
Another possible cause of degradation is the removal of clay that surrounds the pile.

3.5 Initial stiffness K;

The initial stiffness that is defined by the initial slope of the p-y curve (i.e. modulus of subgrade
reaction) can be used to approximately calculate the un- and reloading stiffness of the pile
foundation for the overall dynamic simulations of the whole OWT structure, assuming that the
horizontal load-bearing behaviour of the pile-soil system is linear for very small strains. By
doing so, the estimation of the initial stiffness is relevant when it comes to the NFA and FLS
proofs for the design of offshore wind turbines (cf. Thieken et al. 2018b).

The initial stiffness of p-y curves did not receive great attention for defining the traditional
p-y approaches since they were mainly used to verify the ULS design proof of the pile supported
offshore oil and gas platforms. Reese et al. (1975) first introduced the definition of the initial
slope of the p-y curves for stiff clay using an initial straight-line portion as a function of the
average undrained shear strength sy (cf. section 4.4.1).

The parabolic function proposed by Matlock (1970) for soft clay (cf. section 4.3.1) provides
infinite initial stiffness, thereby not allowing its application for very small strains. The
linearisations of the p-y approach developed by Matlock, recommended in the offshore
guidelines such as API (2014) and DNVGL (2016) are generally used to determine the shape
of spring characteristics for cohesive soils. By doing so, the linearisations shall counteract the
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infinite initial stiffness of the p-y curve formulation which is associated with the overestimation
of the bedding resistances for small strains (cf. section 6.3).

Based on the numerical analysis of field and laboratory tests, Kim et al. (2009) developed an
entirely new p-y approach that considered a hyperbolic function to enable the definition of
initial stiffness which is a function of the soil properties and also pile dimensions. It is also
remarkable that Jeanjean (2009) proposed a hyperbolic tangent p-y formulation for soft clay,
based on the results from centrifuge tests and finite element modeling. The dynamic shear
modulus Go is included in the basic p-y formulation for defining the initial stiffness.

In the framework of the Pisa Project (2016), an innovative approach has been developed that
differs from the conventional p-y approaches, considering also rotational springs characteristics
(also termed as m-y curves) along the pile length. For modelling the soil reaction resulting from
shear strength at the pile tip, two additional springs characteristics are also incorporated, which
define the base shear force and the base moment of the pile toe. Interestingly, all of the
aforementioned spring characteristics have a specific definition of the initial stiffness derived
by the calibration function obtained from the numerical analysis validated by the stiff glacial
clay till at Cowden (Byrne et al. 2020). The initial slope of the spring characteristics located
along the pile length are characterised by using a simple depth variation function together with
the respective pile diameter (cf. section 4.4.3).

3.6 Ultimate bedding resistance pu

The ultimate bedding resistance py (also termed ultimate lateral bearing capacity) can be defined
as the maximum mobilised soil reaction force per unit length that the pile-soil system is able to
withstand before triggering the failure mechanism of the soil. The lateral collapse mode of a
single pile was described in detail by Murff & Hamilton (1994) for cohesive soils, proposing
the distinction between two failure mechanisms that develop near the free soil surface in one
case and at deep depth in the other case.

Due to the influence of free soil surface on the soil failure mechanism, only a (conical) passive
wedge failure mechanism is placed in front of the pile at shallow depths, provided that a gap
condition occurs at the active side of the pile as represented in Fig. 3-4 (left). Instead, the
mechanism of active and passive wedge failure would take place in case a no-gap formation
occurs as seen in Fig. 3-4 (right). In isotropic soils, both wedges are identical but at opposite
sides of the pile and counteract each other according to Jeanjean et al. (2017).

At a certain depth, the influence of the free soil surface on the mode of failure no longer exists
and yields a flow failure mechanism of the soil around the pile in a horizontal plane at deep
depths as specified by Randolph & Houlsby (1984). This mode of failure is depicted in
Fig. 3-4 at the bottom of the pile-soil systems. In this failure mechanism, the non-gap formation
between pile and soil is inherent.
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Fig. 3-4: Three-dimensional failure mechanisms of laterally loaded piles for gapping (left) and no-gapping
conditions (right)

The transition depth (also termed critical depth) between both failure mechanisms of soil takes

place at a certain depth in which the ultimate bedding resistance is identical for both failure

modes. When the passive wedge failure mechanism only occurs, the transition depth is usually

deeper than for both active and passive wedge failure mechanisms as reported by Senanayake

(2016), based on the analysis of lateral load tests.

3.6.1 Wedge failure mechanism

A three-dimensional free-body diagram with respective applied forces was proposed by Reese
et al. (1958) to analyse the lateral strength provided by a passive wedge failure generated from
the forward movement of a pile-soil system. The strength properties of strongly over-
consolidated clay used in a full-scale lateral load test of steel-pipes was considered to define
the boundary condition of the analytical model, e.g. an average undrained shear strength sy
over the height z, and also a gap formation (resulting in passive wedge failure only). The free-
body diagram illustrated in Fig. 3.5 presents an overview of all existing forces that impact on

the soil wedge failure.



Page 26 Theoretical basis for laterally loaded piles Chapter 3

Fig. 3-5: Schematic three-dimensional diagrams of the passive wedge failure (left) and its respective
simplified model (right) for clay soils (after Reese et al. 1958)
Based on the assumption that the width of the wedge is identical to the pile diameter D, the
horizontal angle B is set to zero as seen in Fig. 3.5 (right). The equilibrium of forces (Newton’s
first law) along the inclined plane at the bottom of the wedge failure defined by the four vertices
AEFB leads to the equation.

F,-sina=Fg + Fgcosa +2-F, + W-cosa (3-3)

The angle a results from the vertical pile with respect to the inclined failure plane for which the
force Fn lies orthogonal and is thus not taken into account for the equilibrium of forces, but the
friction force Fs acting parallel at the bottom failure plane of the wedge is defined as:

1
cos Q.

(3-4)

Fy=s,a Dz seca =s,, Dz

The friction force Fy, acting on the vertical face of the pile defined by the vertices GEFC, counts
on a reduction factor « for the shear resistance along the pile-soil interface surface.

Fr=xs,, Dz (3-5)

The friction forces Ft acting on both triangular surfaces at the sides of the wedge failure defined
by the vertices AGE and BCF result from:

2
Sua'Z
F,= ’2 .tana (3-6)

The weight W of the soil wedge failure is obviously a function of the soil weight .

B Y'D'Zz

.tano (3'7)

Resolving the above equations, the following expression is obtained for calculating the force
Fp on the sliding surface of the pile.
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Sua' Dz 1 v-z>D
= —=  +Ks,Dzcota +5,,7> - (3-8)
sin o - cos o ’ ’ cos o, 2

Fp

The force Fp is differentiated with respect to the height z of the wedge failure to find the soil
resistance p per unit length of the pile.
Fp_ __SuaD
0z P
The ultimate bedding resistance pu is commonly normalised by the undrained shear strength sya
and the pile diameter D to obtain the dimensionless factor Np for the bearing capacity factor at
shallow depths, which is characteristic for cohesive soil.

1
—— t sy D-cota +2:5, ,,z—— +v:zD (3-9)
sin o, cos o ’ “cosa

p
N, = -
P 5D (3-10)
1 2z ‘Z
P__ - +K cota + + re (3-11)
Sua'D  sina-cosa D-cosa sy,

Factoring the Eq. 3.11, the bearing capacity factor Np proposed by Reese et al. (1958) for stiff
clays in the presence of water assumes the inclination angle o = 45° of the failure plane and the
reduction factor k = 0, thus considering a smooth condition.

2z vz

p= (— + k' cot a) + + — (3-12)
sina - cos a D-cosa sy,
z -z
N, =2+2V2:= + rz (3-13)
D Sua

Matlock (1970) considered a comparable formulation for soft clays, except that a fully rough
pile was implicated, i.e. reduction factor k was set to one for rough conditions, thus increasing
the bearing capacity factor from 2 to 3 on the free soil surface. Additionally, instead of the

theoretical constant of 2+v2 = 2.83, an empirical coefficient J was assumed between 0.5 to 0.25,
based on the calibration from Sabine River and Lake Austin field tests, respectively (cf.
section 5.4). The effect of an active wedge failure was also neglected due to the presumption of
a gap formation at the active side of the pile.
z Yz
N,=3+J]—+— 3-14
P D su. ( )

The total bearing capacity factor Np in isotropic soils used for the determination of the wedge
failure mechanism at shallow depths is indicated in Eq. 3-14 that comes from the equilibrium
of the passive wedge failure that is taken as an essential basis by most of the models exposed
in this thesis.

In the event of no-gap formations, the soil resistance resulting from an active wedge would also
have to be considered in the equilibrium of forces to realistically capture the failure mechanism
of the soil. The forces acting on the passive and active wedge resulting from the failure
mechanism of soil at shallow depths are represented in detail in Fig. 3-6.
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Fig. 3-6: Forces acting on the soil wedge failure for gap (left) and non-gap (right) conditions (after Reese
et al. 1958)

The distinction between active and passive wedge failures is basically that the friction force Fs
acting at the bottom failure plane and the friction forces F; acting on the sides of wedge failure
is applied upwards due to the active wedge pulling down in contrast to the friction forces of the
passive wedge pushing upwards. By resolving the equilibrium of forces on the inclined plane
at the bottom of the active wedge failure, the following equation is derived.

F,-sina=F; — Frcosa +2'F, —W-cosa (3-15)

Similar to the passive wedge, the force Fp on the sliding surface of the pile is obtained by
differentiating the Eq. 3-16 with respect to the height z.
Fp_ _ _SwaD
oz P
Assuming also the inclination angle a = 45° and the reduction factor k = 0, a formulation similar
to the passive wedge failure is obtained, except for the weight component (the negative sign)
which could considerably reduce the bearing capacity factor Np.

— Ky D-cota +2-5,,7 — vzD (3-16)

sino - cosa coS O

1 2z 'z
N, = (— - K cota) + _rz (3-17)
sin o - cos o D-cosa Sua
z Z
N,=2+2v2= - 22 (3-18)
D Sua

It becomes apparent that the average undrained shear strength sy. has a decisive role to
contribute to the resistance of the pile-soil system in this instance. Meaning that if Sya is not
high enough to maintain the stability of the sloping active wedge, this could have a negative
effect on the result of the equilibrium of forces.

The mobilisation of both active and passive wedges due to a no-gap formation yields a
combined effect that is obtained by adding the equations 3-13 and 3-18, resulting in the
simplification of the weight components due to the opposite direction and the duplication of
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shear strength by having the same direction of shear forces. The application of the next equation
is limited to isotropic soils.

N, =2 (2422 %) (3-19)

Similar to the aforementioned analytical development, Senanayake (2016) introduces a limit
equilibrium of forces for calculating the bearing capacity factor Np but considers a linear
increase of the undrained shear strength sy over depth. Despite this, a description of such
calculation procedure will not be undertaken as it does not apply to the examined
p-y approaches of the present study.

3.6.2 Flow-around failure mechanism

The ultimate bedding resistance due to the flow-around failure mechanism at the horizontal
plane was firstly investigated by Reese (1958) and based on the limit equilibrium analysis, i.e.
the impact on eight soil elements which deform around a square pile, was the object of study to
identify some behavioural patterns, as seen in Fig. 3-7 (left). Subsequently, a plastic limit
analysis (based on the theory of plasticity) was introduced by Randolph & Houlsby (1984) and
revisited by Martin & Randolph (2006) that assumed a homogeneous, isotropic, and perfectly
plastic cohesive material with undrained shear strength sy. The bearing capacity factor N, was
determined in the context of lower and upper bound plasticity solutions (i.e. for fully smooth

and fully rough interface conditions) which ranges from 6 + x to 4-v/2 + 2z (i.e. approximately
from 9.14 to 11.94). However, a linear relationship Np = 9 + 3-a was proposed for most
engineering purposes, thereby the adhesion factor a at the pile-soil interface surface lies
between 0 and 1 for a fully smooth and rough pile, respectively.

Pile

—_—
Load
direction

_.+ 4_._

h
4
I P ——

cylindrical shells

Fig. 3-7: The flow-around mechanism for deep lateral resistance in cohesive soil for square pile (left) after
Reese (1958) and upper bound solutions (right) after Randolph et al. (2011)

The flow-around mechanism described by Randolph & Gourvenec (2011) for rough conditions
(i.e. upper bound solution) of an advancing pile consists of the circular sliding of the soil around
the pile by forming a rigid zone at the front and backside of the pile, fan zones adjacent to the
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pile, as well as concentric sliding lines. The orientation of the arrows represents the motion of
soil around the pile as can be seen in Fig. 3-7. A similar behaviour is produced by smooth
conditions (i.e. lower bound solution) but with the exception that no rigid region exists, and in
contrast to the rough conditions, a lower resistance to slip of the soil is yielded.

A summary in chronological order of the dimensionless factor N, of the bearing capacity in the
flow-around failure mechanism is provided in Table 3-1.

Table 3-1: Recommendations for the lateral bearing capacity factor N at deep depth

Reference Pile-soil adhesion Np Range Description

Units - - - -

Matlock (1962) Smooth pile 9 Assumed by industry consense
Broms (1964) Smooth pile 9 8.28 10 12.56 Below a 1.5 diameter
Reese et al. (1975) Rough pile 11

Stevens & Audibert (1979) Rough pile 12 Empirical recommendation
Sullivan (1980) Smooth pile 9

Randolph & Houlsby (1984) 10.5 9.14t0 11.94 Theoretical justification
Dunnavant et al. (1989) Smooth pile 9 Empirical recommendation
Murff & Hamilton (1994) Smooth pile 9

Zhang et al. (2016) Rough pile 11.94 Finite element analysis
Jeanjean et al. (2017) Rough smooth 12

It should be noted that the offshore guidelines as the API (2014) and the DNVGL (2016)
implicitly assumed a smooth pile conditions due to the recommendations of Matlock (1962) for
laterally loaded piles embedded in soft clays when it comes to the flow-around mechanism
failure.

3.7 Response of rigid, flexible, and semi-flexible pile-soil systems

The load transfer mechanism into the soil, as well as the deflection characteristics of the pile
foundation subjected to lateral loading conditions, mainly depends on the flexibility of the pile
foundation, as stated by Briaud et al. (1984). In case of rigid and flexible piles, behavioural
patterns can be clearly identified for laterally loaded piles, as described below.

The almost rigid pile (also termed short pile) provides a nearly linear deflection with a unique
zero-deflection point zo. Along the entire embedded length of the pile, the bedding soil
resistance is mobilised, generating a considerable displacement at the pile tip that comparatively
represents a significant portion of the lateral displacement at the pile head. An increase in the
bending stiffness for rigid piles provides no additional resistance reflected in the foundation
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stiffness at the pile head, but a change of the embedded pile length increases or decreases the
pile head stiffness significantly.

The flexible pile (also termed long pile) is characterised by a curved deflection line with at least
two zero-deflection points zo. A plastic hinge (also known as fracture) which governs the lateral
bearing capacity is generated at the depth of the maximum positive moment of the pile. Above
the plastic hinge, the soil reaction is significantly mobilised but in the lower part of the pile no
displacements occur for an ideal flexible pile, resulting in the pile tip at a fixed position. In
contrast to rigid piles, the bending stiffness of the pile is decisive to define the bearing capacity,
but an increment of the embedded length has no effect on the pile head stiffness.

By a semi-flexible pile foundation, both the bending stiffness and the embedded pile length
affect the stiffness of the pile head. Displacement at the pile toe and moment bending will be
simultaneously generated under lateral loading conditions.

Broms (1964b) developed a simplified method to calculate the displacements and moments of
piles in cohesive soils using the concept of a coefficient of subgrade reaction. By applying this
method, it is possible to analyse single piles of arbitrary length (i.e. both rigid and flexible
piles), with a free or a fixed head pile. The method is limited to lateral loading conditions that
are less than one-third of the ultimate bedding resistance py, assuming that up to that level of
soil resistance its mechanical behaviour is entirely linear elastic.

According to Broms (1964b) the numerical value of the coefficient of the subgrade reaction K
for piles driven in cohesive soils depends on the diameter of the pile, the load distribution as
well as the depth of a particular loaded area of soil that will be considered. In the analysis from
Broms, it is assumed that in case of stiff over-consolidated clays the coefficient of the subgrade
reaction may be approximately constant over depth. For this case, the coefficient of the
subgrade reaction proposed by Terzaghi (1955) shall be used that is based on load-deflection
measurements by using a 30 inch diameter plate. The subgrade reaction values K, from
Terzaghi related to the undrained shear strength sy of the clay are shown in Table 3-2.

Table 3-2: Relationship of the coefficient of the subgrade reaction K to undrained shear strength of stiff
over-consolidated clay

Consistency Firm to stiff Stiff to very stiff Hard
Undrained shear strength s, KN/m?2 50 - 100 100 - 200 > 200
Range of K MN/m3 15-30 30-60 > 60

For normally consolidated clays and silts, it can be expected that the coefficient of the subgrade
reaction increases linearly with depth. In this case, the coefficient K depends on the coefficient
of the modulus variation n, which has been obtained directly from lateral loading tests on
instrumented piles for cohesive soils.

The lateral deflections, bending moments, and soil reactions depend merely on the
dimensionless length -L for which B is determined, as follows:
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4/K-D (3-20)
B = I

4-E-1
Where it depends on the stiffness of the pile section E-I, the coefficient of subgrade reaction K
and the pile diameter D. It is assumed that a free headed pile behaves like a rigid pile when the
dimensionless length B-L is smaller than 1.5. The pile behaves as a flexible pile when the length
B-L is greater than 2.5. Values in between can be expected to belong to semi-flexible piles.

The simplified distribution of the ultimate bedding resistance and the bending moments
suggested by Broms (1964b) are represented in Fig. 3-8, for both rigid and flexible piles. The
bedding resistance, which is approximated by a rectangular distribution, shall be assumed to be
zero from the free soil surface to the depth of 1.5-D, since it is considered that the upper soil
layer does not offer resistance, while the ultimate bedding resistance per meter of the pile
reaches a threshold value of 9-Sy°D in both cases.
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Fig. 3-8: Schematic variation of the failure mechanisms of laterally loaded piles for rigid (left) and flexible
(right) pile after Broms (1964)

Fig. 3-8 (left) shows the failure mechanical for a perfectly rigid pile embedded in cohesive soil.
A unique one zero-deflection point zo exists around which the entire pile body rotates,
mobilising the bedding resistance along the embedded pile length, which leads to the bearing
capacity being defined predominantly by the soil resistance. The location of the maximum
bending moment Mmay is set at f+ 1.5-D.

Similarly, the lateral collapse mode (i.e. failure mechanism) for the flexible pile is depicted in
Fig. 3-8 (right). At least three zero-deflection points zo can be identified by the course of soil
resistance, which is typically for flexible piles. The formation of a plastic hinge is evident and
located at the depth where the maximum positive moment is yielded. Above the plastic hinge,
the displacements of the pile are quite large, while at its lower part of the pile they are relatively
small. It can be confirmed that the bedding soil resistance in the lower part is not fully
mobilised.
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3.8 Limitations of p-y curves

The commonly used p-y approaches are taken as a basis for the analytical calculation
methodology for the analysis of piles subjected to lateral loading conditions. However, the
derivation of such a p-y correlation between the soil resistance p and the pile deformation y is
essentially empirical which results in certain limitations to appropriately describe the pile-soil
interaction. Such limitations of p-y curves are listed here after:

Diameter effect

All traditional p-y methods are generally calibrated on flexible, small diameter piles (i.e.
sand: D <0.61 m, soft clay: D <0.32 m, and stiff clay: D < 0.61) with a focus on the load-
bearing behaviour of the pile-soil system under extreme loads for the ULS design proof, as
stated by DNVGL (2016). Therefore, the validation basis of the p-y approaches
recommended by OGLs such as API (2014) and DNVGL (2016) differs significantly from
the required conditions of large-diameter monopiles (D = 6 - 10 m, L/D = 3 - 5), whereby
the usual characteristic of slender piles becomes questionable at least for such conditions.
The stiff behaviour of the monopile foundations results in the complete mobilisation of soil
reactions along the embedded length of the pile, which does not occur in slender piles.
Experience with monopile foundations with such large dimensions is essentially lacking.
Numerous experimental and numerical investigations have already demonstrated significant
shortcomings of the traditional p-y curves, which are frequently applied for monopile
foundations in sand or clay (cf. section 3.9).

Shearing force at the pile-toe

The shearing force at the pile-toe is particularly relevant for rigid piles according to Reese
& Van Impe (2011), i.e. when a unique zero-deflection point usually exists. The bedding
resistance along the pile shaft is not adequately captured by the traditional p-y methods due
to the lack of the shearing force. Thieken et al. (2015a) proposed a new innovative
p-y method for piles with arbitrary dimensions in non-cohesive soils that considers the effect
of shearing forces at the pile-toe as a function of pile dimensions by using the tip stretching
factor SFpy tip to realistically reproduce the horizontal load-bearing behaviour of the pile-soil
system. Likewise, Byrne et al. (2017) introduce an additional non-linear p-y curve at the pile
toe to capture base shear effects (cf. section 4.4.3).

Soil considering as non-continuum

The soil generally behaves like a continuum, i.e. the deformation of the soil resulting from
an applied loading affects the soil behaviour at other points. The p-y method analysis does
not treat the soil as a continuum due to the use of a series of uncoupled non-linear spring
characteristics. The bedding resistance derived from the p-y curves to achieve the system
equilibrium subjected to lateral loading conditions are independent of each other. The
assumption of a non-continuum of soil could lead to unexpected results, particularly in
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layered soil stratification when the difference of shear forces of the surrounding layers is
substantial. The overlay approach, which considers the interaction effects of soil layering
through the adaptation of p-y curves, was introduced by Georgiadis (1983). Note that the
validation of the aforementioned overlay approach was conducted by using a field load test
on instrumented flexible piles foundations. The overlay approach should also be
experimentally validated for rigid pile foundations.

Thieken et al. (2018a) carried out comprehensive parameter studies in layered, non-cohesive
soil by using three-dimensional numerical simulations to evaluate the suitability of
Georgiadis overlay procedure and concluded that it is generally not an adequate manner to
treat the interaction effects of adjacent soil layers.

Interaction of axial and lateral loading

The influence of axial load on the bedding soil resistance is not generally taken into account
for the design of foundation piles. The lateral and axial bearing behaviour of the pile-soil
system is separately determined by subgrade reaction methods since the p-y and t-z curves
are not coupled at all. Numerical investigations as carried out by Thieken & Achmus (2012)
indicate that the interaction effects resulting from the simultaneous application of both loads
(i.e. axial and lateral directions) for piles in clay under undrained conditions are however
insignificant.

Long-term cyclic loading

The loads usually applied to the OWT structures are typically cyclic in nature due to
changing wind and wave forces. The impact that load cycles may have on the long-term
performance of a monopile foundation is a critical point for geotechnical design. The
procedure adopted in OGLs or the EA-Pfahle (2012) modifies the static p-y curves using
suitable empirical factors to reduce the mechanical soil properties such as stiffness and
strength, but this degradation of static p-y curves was obtained from field tests with a rather
limited number of cycles (e.g. sand: 100 cycles, soft clay: 200, stiff clay: 100). The resulting
p-y approaches are not a function of the number of load cycles, which is quite questionable
for analysing the cyclic behaviour of pile foundations subjected to long-term loading
conditions. Note that Welch & Reese (1972) were the only ones who introduced a cyclic
p-y approach for stiff clay with no free water depending on the number of load cycles, which
results in an increase of lateral displacements with a growing number of cycles (i.e. the
bearing behaviour becomes softer during cyclic loading).
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3.9 Influence of the diameter on p-y approaches

The typical p-y curves developed from the results of long slender piles with diameters of up to
1 m have evidently not been calibrated for large pile diameters such as monopile foundations
for analysing their pile’s load-bearing behaviour. In this respect, DNVGL (2018) recommends
that the results must be consequentially validated, e.g. by FE analysis, in order to recognise this
shortcoming, which is also known as the “diameter effect”.

The suitability of p-y approaches for sand under static loading conditions was thoroughly
evaluated in a comprehensive numerical study by Achmus et al. (2014) and Thieken et al.
(2015b, 2015c). Based on these numerical investigations, it could be demonstrated that the
foundation stiffness of large diameter piles is overestimated for extreme loads (as decisive for
ULS as for SLS proofs), but underestimated for small loads (as decisive for NFA as for FLS
proofs). Based on these findings, a new p-y approach subsequently introduced by Thieken et
al. (2015a) was developed which is able to reproduce validated numerical simulation results for
arbitrary pile dimensions and load levels.

Investigation about the suitability of the p-y approach proposed by Matlock (1970) for soft clay
IS quite common. Stevens & Audibert (1979) concluded, based on seven laterally loaded piles
with pile diameters in the range of D = 0.28 - 1.50 m, that the foundation stiffness is
considerably underestimated by Matlock (1970) approach for large pile diameters. Using the
results of field tests, Stevens & Audibert proposed a modification of Matlock approach to
account for the influence of piles with large diameters more accurately. Kim et al. (2009)
reported the results of two field tests with the diameters D = 1.02 m and D = 2.4 m, which were
carried out in anticipation of the construction of the Incheon Bridge, South Korea. Based on the
theoretical considerations and field test results, Kim et al. (2009) developed a completely new
p-y approach for arbitrary pile dimensions embedded in cohesive soils. Haiderali &
Madabhushi (2013) confirm that the foundation stiffness which resulted from Matlock approach
by using numerical simulations was underestimated. Kirsch et al. (2014) propose a modification
of Matlock’s approach which results in an increase of the foundation stiffness for all pile
diameters. However, neither an experimental nor a numerical verification of the proposed
approach was introduced by the authors.

Based on experimental evaluations of laterally loaded piles with diameters of 0.27 m, 1.22 m,
and 1.83 m in over-consolidated clay, O’Neill & Dunnavant (1984) reported that the soil
response can most effectively be defined by non-linear correlation with the pile diameter.
Gazioglu & O'Neill (1984) state that the distinction between soft clay and rigid clay is virtually
artificial. A new p-y approach is introduced as an integrated clay method, based on a theoretical
analysis and the load test results used for soft and stiff p-y approaches. In contrast to the
threshold displacement which is linearly dependent on the diameter as proposed by Matlock,
the new p-y formulation includes a non-linear relationship with the pile diameter.

Achmus et al. (2016) reported the first results of a comprehensive comparative study to evaluate
six static p-y approaches in soft, normally consolidated clay subjected to static loading
conditions by means of 250 three-dimensional numerical simulations validated by pile load



Page 36 Theoretical basis for laterally loaded piles Chapter 3

tests also used for Matlock (1970) and Kim et al. (2009) to calibrate their respective
p-y approaches. Herein, the suitability of p-y approaches regarding varied pile dimensions was
verified. The results of the comparative study demonstrated that the deviations between
numerical simulations and analytical results strongly depend on the pile diameter by which the
approaches for larger diameters basically become more conservative. It is also found that the
infinite initial stiffness introduced by Matlock’s p-y formulation yields an overprediction of the
foundation stiffness in case of small lateral loading conditions when compared to the validated
numerical results.

Concluding, none of the existing p-y approaches was found to be generally valid for arbitrary
pile dimensions. Based on the knowledge obtained, the requirements for a new p-y method,
which is valid for arbitrary soil conditions, pile dimensions as well as diverse load levels can
be defined.
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4 The state of knowledge of semi-empirical p-y curves

4.1 General

For the analysis of laterally loaded piles, the p-y method has been successfully applied due to
its relatively simple implementation as one-dimensional finite element model. Regarding
offshore applications, the shapes of non-linear spring characteristics applied in the p-y methods
have been determined by conducting field load tests on instrumented piles.

API (2014) and DNVGL (2016) guidelines describe the construction of p-y curves depending
on the soil’s type. The OGLs take as a basis the p-y approach proposed by Matlock (1970) for
cohesive soil. However, several proposals of p-y approaches for either soft or stiff clay have
been introduced that attempt to overcome the shortcomings of traditional p-y methods (cf.
section 3.8). A comprehensive evaluation of the most representative p-y methods introduced in
the OGLs and also literature will be conducted. The deviations for predicting the horizontal
load-bearing behaviour of pile-soil systems shall be identified by using comparative analysis.

4.2 Subgrade reaction method according to DIN 1054: 2010-12

The German standard DIN 1054:2010-12 particularly recommends that the analysis of laterally
loaded piles be conducted by using lateral load tests. The reaction modulus of subgrade K can
be established from the results of such field tests. It is noted that the application of the subgrade
reaction method, i.e. the bilinear function, is only suitable for a rough estimation of pile
deformations, due to its very strong dependency on the modulus of the subgrade reaction K. As
a result, the application is limited to the estimation of bending moments and shear forces as
well as horizontal bearing capacity. The ULS design proof may also be carried out for laterally
loaded pile foundations.
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Fig. 4-1: Subgrade reaction method for pile foundations subjected to monotonic loading conditions
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A comparison of the subgrade reaction method proposed by DIN 1054: 2010-12 with the
traditional p-y methods regarding the shape of spring characteristics is depicted in Fig. 4-1. The
bilinear course of the spring characteristics is merely defined by the subgrade reaction modulus
K and the ultimate bedding resistance pu.

The subgrade reaction modulus K, which presumes arbitrary distribution over the depth, can be
obtained from the ratio between the oedometric stiffness modulus Es and the outer pile
diameter D.

Eq
K== 4-1
D (1)

The bedding soil resistance p must not be greater than the passive earth pressure epn along the
embedded pile length. The German standard DIN 4085:2011-05 can be considered for
calculating the parameter epn.

p=Kyy= Cph (4'2)

The validity of the method according to DIN 1054:2010-12 requires that the calculated
displacement at the pile head does not exceed 3 percent of the pile diameter or 2 centimeters,
whichever is less.

4.3 Non-linear p-y curves for soft clay

Monopile foundations can be completely founded in cohesive soils despite its comparatively
low resistance. Anyhow, the presence of cohesive layers into the soil profile is quite common,
partially at least. To obtain an integrated analysis of laterally loaded piles concerning bearing
capacity for layered soil, the load-bearing behaviour of cohesive soils must be thoroughly
examined.

The present chapter is concerned with descriptions of the six most known p-y methods for soft
clay that have been introduced in the literature. The evaluation of the p-y approach is conducted
by comparative studies.

43.1 Matlock (1970)

Presumably for cohesive soils, the most commonly used p-y approach was proposed by
Matlock (1970) that is defined by an exponential course of the bedding resistance against the
horizontal displacement, culminating in a threshold displacement y = 8-yso wherein the ultimate
bedding resistance py lies.

1

v \3 (4-3)
p=05-p, || =p,
¥Yso

Here, yso represents the horizontal displacement on reaching half of the ultimate bedding
resistance py that is calculated as a function of the outer pile diameter D and the strain eso. The
latter is the strain at one half the maximum principal stress eso obtained from laboratory of
undrained compression triaxial tests of undisturbed soil samples. The definition of the reference
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displacement yso is based on the concepts of Skempton (1954) that combine elasticity theory,
ultimate strength methods, and laboratory soil properties to predict the load-settlement curves
subjected to short-term loading conditions for strip footing in clay. Note that the linear
dependency of the displacement yso on the pile diameter D remains in permanent discussion by
researchers (cf. section 3.9).

y50 =25" €50 ° D (4'4)

The ultimate bedding resistance py is calculated in dependence of the undrained shear strength
Su, the submerged unit soil weight y’, the depth below soil surface z, the outer pile diameter D,
and the empirical constant J. The latter depends on the clay consistency, usually defined in the
range from 0.5 to 0.25 for soft clay sy < 50 kPa to stiff clay sy > 96 kPa and linearly interpolated
in between. The load-bearing capacity factor N, is commonly used for calculating the ultimate
bedding resistance py through a distinction between the wedge failure mechanism at shallow
depths and the flow-around failure mechanism at deep depths, whereby the minimum factor N,
becomes decisive (cf. section 3.6). Note that the formulation developed by Matlock takes on a
rough interface surface and a gap formation at the active side of the pile for the calculation of
the ultimate bedding resistance pu for the wedge failure mechanism, while a smooth interface
surface is considered for the flow-around failure mechanism.

z vz
134 =+ (4-5)
N, = min D s,
9
p, = NpyDsy (4-6)

Matlock conducted a series of field tests, first at “Lake Austin” and subsequently at “Sabine
River”. The p-y method proposed for soft clay has been developed mainly from the results of
the “Sabine River” field test and confirmed later with the results of the field test “Lake Austin”,
as stated by Matlock (1962). Note that both field tests are used for the validation of the
numerical model introduced in section 5.4.
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Fig. 4-2: Exemplary p-y curves according to Matlock (1970), the variation of the stiffness parameter &so
(left) as well as the ultimate bedding resistance parameters Su and J (right)

The course of the p-y curves according to Matlock is exemplarily illustrated in Fig. 4-2 for a
six meters diameter monopile foundation embedded in soft clay. The linear dependence of the
p-y curve (see Eq. 4-4) results in a duplication of the bedding stiffness when the strain eso
(Fig. 4-2, left) is halved, while an increment of the undrained shear strength sy or the empirical
parameter J leads to an increase of both the ultimate bedding resistance py and the bedding
stiffness. In other words, while the parameters for the ultimate bedding resistance (z, y’, Su, J)
influence the stiffness and the ultimate bedding resistance, the strain eso only affects the bedding
stiffness of the soil.

4.3.2 API (2014)

The p-y curves characterised by API (2014) describe an approximation of the Matlock curve
by four (API 2002) or six (APl 2014) predefined points on the p-y curve which are linearly
connected. The two additional points defined by API (2014) are emphasised in bold font in
Fig. 4-3 (left). Obviously, the bedding stiffness in the initial part of the curve is considerably
reduced by both linearisation, especially by APl (2002), compared to the original curves
developed by Matlock.

Fig. 4-3 (right) shows the relationship of the secant bedding stiffness against the lateral
displacement, clearly confirming the influence of linear approximation, especially for design
aspects that take into account small load levels (i.e. NFA, FLS). Although the correction of the
initial stiffness would only require linearisation of the initial part of the curve, APl (2014)
establishes the complete curve characterisation using the predefined curve points. This depends
on the ratio of bedding resistance to ultimate bedding resistance p / pu as well as the ratio of
lateral displacement to reference displacement y / yso denoted in Fig. 4-3 (left). It is remarkable
that the displacement value of the first point of the curve is already set in the centimeter range
for monopile foundations (i.e. large-diameter pile foundations).
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Fig. 4-3: Exemplary p-y curves (left) and secant bedding stiffness (right) according to Matlock (1970),
API (2014) and DNVGL (2016)

The p-y curve proposed by Matlock (1970) and corresponding linearisation according to
API (2014) and DNVGL (2016) and its respective secant bedding stiffness Epy = p / y for a pile
diameter D = 6 m and a depth z = 15 m are separately shown in Fig. 4-3. It is remarkable that
the infinite initial stiffness of Matlock’s curve resulting from the parabolic function is clearly
highlighted. A strong difference in the initial stiffness becomes obvious between the curves
proposed by Matlock and the curves defined by API (2014) and DNVGL (2016). This effect,
almost unknown in the design practice, will severely influence the outcome of the OWT
structure design for the small load range. Geotechnical engineers dealing with the design of
OWT foundations should therefore strongly discern between the p-y curves according to the
API (2014) and the original approach proposed by Matlock.

When comparing this to Matlock’s approach, the linearisation of APl (2014) results in a
constant reduction ratio Epy,api/Epymatiock = 0.34 due to the predefined curve points for the
normalised displacement y/D = 0.0005 (i.e. very small strains), considering the boundary
conditions exposed in Fig. 4-5. In other words, the linearisation leads to an approximate third
of the secant bedding stiffness Epy proposed by Matlock. The same normalised displacement is
considered by DNVGL (2016) resulting in a reduction factor Epyapi/Epy,ponver,0 = 0.12 for
normally consolidated clay and Epyapi/Epypnverso = 0.35 for over-consolidated clay.
Therefore, this represents a considerably conservative treatment compared to the API (2014)
for very small strains. For the approaches according to Stevens & Audibert, Kim et al. and
Kirsch et al., no linearisations are considered since they are not addressed in any of the original
documents.
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4.3.3 DNVGL (2016)

Alternatively, DNVGL (2016) recommends the exclusive linearisation of the initial part of the
original p-y curve developed by Matlock, which are essential for FLS and NFA design proofs,
by applying the initial stiffness Ki given by Eq. 4-7. Herein, the empirical coefficient is
recommended to § = 10 for normal consolidated clay OCR = 1 and to & = 30 for over-
consolidated clay independently of the magnitude of over-consolidation ratio OCR > 1. Note
that no guidance is given regarding the transition between both values.
pu

K=§ —4%
i=¢ D - (g5)0%

(4-7)
A comparison of the linearisations reveals that the described procedure of DNVGL (2016)
yields lower initial stiffnesses compared to the approach of API (2014). This applies particularly
in the case that a normally consolidated clay (§ = 10) is assumed. It has to be emphasised that
the linearisation of the example in Fig. 4-3 reaches up to a displacement of 70 mm, i.e. the
whole normally relevant range of typical monopile design. Obviously, the first point of the
linearisation of the p-y curves is of crucial importance.

The definition of the initial stiffness is after all comparable to API (2014) approach since again
a fixed point of the curve is applied for the respective linearisation according to DNVGL (2016).
By equating the exponential approach of Matlock (Eq. 4.3) with the initial stiffness K; (Eq. 4.7),
this curve point can be defined with respect to the p / pu and y / yso ratios and compared to
API (2014). The location of the curve point according to DNVGL (2016) is obtained from Eq.
4-8 and 4-9.

}% — (5 . é . 8500.75)-1.5 (4_8)
pg — (20 . % . 8500.75)-0.5 (4_9)

The differences of initial stiffness resulting from the linearisations are demonstrated
in Fig. 4-4, where the dependency between the related initial stiffness ((p / pu)/(y / yso)) and the
eso-value is provided. Due to the pre-defined curve points by API (2014), the related initial
stiffness is independent of the eso-value. In contrast, the initial stiffness of DNVGL (2016)
linearisation depends on the eso-value. Fig. 4-4 demonstrates that DNVGL (2016) approach for
normally consolidated clay (§ = 10) always results in smaller initial stiffness compared to the
approach proposed by API (2014), but an intersection of both approaches approximately takes
place at eso0 =~ 1.0 % when taking into account over-consolidated clay. However, it is
questionable whether the combination of €50 > 1.0 % and OCR > 1 is practically relevant. Hence,
DNVGL (2016) linearisation is seen as basically more conservative than the approach
introduced by API (2014) for very small strains.
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Fig. 4-4: Related initial stiffness from the p-y curve linearisation

The different linearisations of the original p-y approach proposed by Matlock have a decisive
influence on the applied bedding resistance, particularly for very small strains. Due to these
large differences, the approaches proposed by Matlock (1970), API (2014), and DNVGL (2016)
are considered separately within the comparative studies (cf. section 6).

4.3.4 Stevens & Audibert (1979)

Stevens & Audibert (1979) recommend a modification of the original p-y approach proposed
by Matlock, accounting for a non-linear decrease of the reference displacement yso or a non-
linear increase of the bedding stiffness with a pile diameter D, respectively (see Eg. 4-10).

0.5
Y™ 2'5.850.Dref. (1) (4-10)
30 Dref
This formulation increases the bedding stiffness for diameters larger than the reference diameter
Dref = 0.32 m equivalent to the pile diameter of the “Lake Austin” and the “Sabine River” field
tests used for the calibration of p-y curves developed by Matlock.

In addition to the adjustment of the yso formulation, Stevens & Audibert recommend an increase
of ultimate bedding resistance p, compared to Matlock’s approach. The minimal load-bearing
capacity factor Np from Eq. 4-11 is considered as the decisive value for calculating the maximal
bedding resistance pu.

z vz
54T =+ (4-11)
N, = min D s,
12
p, =Ny Dsy (4-12)

In contrast to Matlock’s original approach, a rough interface surface is considered to determine
the bearing capacity factor Ny for both mechanical failure mechanisms.
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Fig. 4-5 shows exemplary p-y curves of Stevens & Audibert, Kim et al., and Kirsch et al.
approaches compared with the respective p-y curves defined by Matlock for small and large
diameter piles at shallow and deep depths. The corresponding soil parameters used for the
comparison are completely stated in Table 6-1.
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Fig. 4-5: Exemplary p-y curves by alternative approaches for small and large diameter pile

Obviously, Stevens & Audibert’s approach results in a significantly larger bedding stiffness
and ultimate bedding resistance py than Matlock’s approach for both the diameters and the
reference depths considered. However, when it comes to deeper depths, Kim et al.’s approach
result in the largest bedding resistance. The comparison of the p-y curves proposed by Kirsch
et al. with the one proposed by Matlock shows that the threshold displacement to reach the
ultimate bedding resistance py and likewise py remains unaffected, in contrast to the initial
stiffness and the bedding stiffness.
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4.3.5 Kim et al. (2009)

An entirely new p-y curve formulation was proposed by Kim et al. (2009). The approach is
based on the theoretical analysis and the results of two field tests with pile diameters D =1 m
and D = 2.4 m. Both field tests are used for the validation of the numerical model proposed in
this thesis (cf. section 5.4).

Supported by a rigid and flexible analysis of laterally loaded piles, Kim et al. indicated that the
introduced approach is valid for arbitrary pile dimensions. A hyperbolic function given by
Eq. 4-13 is taken into account to define the shape of p-y curves. It is noteworthy that the initial
stiffness is described by using a finite initial bedding stiffness coefficient Ki, contrary to
Matlock’s original approach which defined it as infinite.
_ y
P=T

y
- 4+ L
Ki  p,

(4-13)

Here, the initial bedding stiffness coefficient K is calculated as a function of the undrained
shear strength sy, the stiffness factor ke, the Poisson’s ratio v, the reference diameter Drer = 1 m,
the outer pile diameter D, and the piles’ flexural rigidity E-1 (see Eq. 4-14). The stiffness factor
ke depends on the plasticity index Pl and the over-consolidation ratio OCR. Hereinafter, K¢ is
set to 300 representing a normally consolidated soft clay with OCR =1 and the plasticity index
P1 =50. For further details on the definition of k., see Kim et al. (2008).

k.-s, |D <kc s, - D“)O“ (4-14)

Ki=174- :
STy b TET

The ultimate bedding resistance py results as a function of the undrained shear strength sy, the

pile diameter D, the depth below soil surface z, and the reference depth zer = 1 m. The

distinction between the two failure mechanisms proposed by Murff & Hamilton (1994) are not

considered by Kim et al. for calculating the ultimate bedding resistance pu, as confirmed

in Eq. 4-15.

7 0.59
p,=325-5,D- (—) (4-15)
Zref:
An exemplary comparison of p-y curves proposed by Kim et al. with the other p-y approaches
is also shown in Fig. 4-5. The wall thicknesses, which influence the initial stiffness of the
p-y curves proposed by Kim et al., are set to t = 8.85 mm (D = 0.5 m) and t = 36.35 mm
(D =6 m), being consistent with the parameters of the subsequent comparative study. For small
pile diameters, Kim et al.’s approach basically yields a smaller bedding stiffness than the
outcome of Matlock’s approach. This stands in contrast to typical monopile dimensions in
which a considerably larger bedding resistance is obtained. A significantly large ultimate
bedding resistance py is yielded, particularly for large pile diameters at deep depths. In this
respect, it is noted that the ultimate bedding resistance py is calculated using Eq. 4-15, thus at
deep depths resulting in larger bedding resistance than calculated by Matlock’s approach
limited by pu =< 9-sy'D. In the latter, the ultimate resistance py results from a full-flow failure
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mechanism due to plastic flow-around the pile shaft that is absorbed mainly by the lateral
bearing capacity of the soil at deep depths for the flow-around condition according to Randolph
& Houlsby (1984).

4.3.6 Kirsch et al. (2014)

Kirsch et al. (2014) suggest a modification of Matlock’s approach by adjusting the strain value
eso using Eq. 4-16. The adaption leads to an increase of the bedding resistance especially in the
range of small horizontal displacement, resulting from the ratio of bedding resistance to ultimate
bedding resistance p / pu, as well as the ratio of static stiffness modulus to the dynamic stiffness
modulus Es / Esq. The latter is derived from the dynamic shear modulus Go, which is
fundamental for very small shear strains. It is noted that the determination of the threshold
displacement and the ultimate bedding resistance py remains unchanged.

LADNEE 4-16
1+<1-pu> <Es,d_1>l (4-16)

To conduct a comparative analysis, a numerical characterisation of the different p-y approaches
is carried out with regard to the secant bedding stiffness Epy = p / y for a normalised
displacement y / D = 0.0005, corresponding to y =3 mm and pile diameter D = 6 m. It should
be noted that Kirsch’s approach also assumes the infinite initial stiffness proposed by Matlock,
being decisive for very small strains.

€50,mod — €50 °

Fig. 4-6 shows the quotient of the secant bedding stiffness resulting from the aforementioned
p-y approaches which refer to Matlock’s approach in terms of contour plots for a wide range of
pile diameters D = 0.5 - 8 m and relative depths z/ D = 0 - 5. Consequently, a value > 1 means
that the evaluated approach yields a stiffer behaviour than that predicted by Matlock’s approach.
Additionally, the secant bedding stiffness Epy of Matlock’s approach is depicted in Fig. 4-6
(upper, right), showing its increment with increasing depths and diameters.
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Fig. 4-6: Bedding stiffness Epy = p /'y for soil parameter related to Fig. 4-5 with normalised displacement
y / D = 0.0005

The alternative approach proposed by Kirsch et al. indicates a higher bedding stiffness
compared to Matlock’s approach, as shown in Fig. 4-6 (bottom, right). Various dependencies
of diameter D and reference depth z / D are visible. However, the approach by Kirsch et al.
exhibits an almost constant ratio in comparison to the Matlock approach, although strongly
varying ratios Es / Esq at different depths were considered. In fact, the mathematical analysis of
EqQ. 4-16 indicated that the marginal influence of the term Es/ Es g on the results of this approach
produces an actual ratio much smaller than 0.1 for soft clay (Es / Esg << 0.1). Consequently, the
increment results predominantly from the term p / pu in which an approximately constant
increase factor is given for related arbitrary displacements. The p-y curves resulting from the
Kim et al. approach are likewise compared to Matlock’s approach in Fig. 4-6 (bottom, left). As
mentioned, the wall thickness which influences the initial stiffness of the p-y curves was set
identical to the values used for the coming parameter study (see Eg. 6-1). For small pile
diameters, the bedding stiffness is smaller compared to the outcome of Matlock’s approach. In
contrast, the stiffness is significantly large for typical monopile diameters.
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Fig. 4-6 (upper, right) highlights the larger foundation stiffness by the Stevens & Audibert
approach compared to Matlock’s approach for pile diameters and all depths. For typical
monopile diameters in the range D = 6 - 8 m, bedding stiffness is increased by a factor of 2.1 -
2.7, demonstrating that the foundation stiffness is more than double the value resulting from
Matlock’s approach.

4.3.7 Jeanjean et al. (2017)

Jeanjean et al. (2017) introduced a new static p-y approach, which can be used for predicting
the horizontal load-bearing behaviour of steel pipe piles embedded in either very soft or stiff
clay. For deriving the proposed p-y curves, the results of 1-g and centrifuge lateral pile load
tests were used for improving the prediction of the pile response concerning traditional
p-y curves recommended by offshore guidelines (e.g. APl 2014 and DNVGL 2016).

The load-bearing capacity factor N, results from the basis of the limit analysis and the finite
element analysis (FEA). The assumption of gapping or no-gapping formation at the active side
of pile foundation becomes decisive for calculating Np. The pile-soil interaction is likewise
controlled using the pile-soil adhesion factor a (i.e. o = 0 for smooth conditions and o. = 1 for
fully rough conditions).
Yz : .
Ny t—— — gapping conditions (4-17)

. Suo 1S
N, = min w0 © Sl ) .
2-Npo — no-gapping conditions

9+3-a
The lateral bearing capacity factor Npo due to the passive wedge failure mechanism is a function
of the model parameters N1 = 12 and N2 = 3.22 (for more details see Yu et al. 2015).

0.671:35

z 4-18

Npo zmin {Ni - (1 @) - (N -No)-[ 1 - (55) (4-18)
9+3-a

d=16.8-23logh > 14.5 (4-19)

A= —uO 4-20

T oD (4-20)

For moderately non-linear soil profiles, sy obtained from Eq. 4-21 depends on the shear strength
at the soil surface sy and the rate of increase of the shear strength sy,1 over depth z.

Su = Sy,0 + Su,1'Z (4'21)
The ultimate bedding resistance py is eventually calculated, as follows:
p, = NpyDsy (4-22)

The shape of the normalised p-y curves was determined from an extensive database of direct
simple shear tests DSS (around 537 marine clay samples) and finite element analysis. Eleven
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predefined points, which are linearly connected, define the shape of p-y curves proposed by
Jeanjean et al. (2017). These predefined points which depend on the ratio of bedding soil
resistance to ultimate bedding resistance p / py and the ratio of laterial displacement to the pile
diameter y / D are separately introduced by Jeanjean et al. for soft clay sy < 100 kPa and stiff
clay sy > 100 kPa. The table presented in Fig. 4-7 corresponds to predefined points for soft clay.
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Fig. 4-7: Exemplary p-y curves (left) and secant bedding stiffness (right) according to
Jeanjean et al. (2017) under no-gap and gap conditions
The bedding stiffness and the ultimate bedding resistance py of the p-y curves provided by
API (2014) are significantly smaller than the ones resulting from Jeanjean et al.’s approach for
both no-gap and gap conditions, as seen in Fig. 4-7 (left).

Similar to API (2014) recommendations, the first predefined point specifies the initial slope of
p-y curves which is concretely associated with the initial stiffness of the pile-soil system. The
initial stiffness introduced by Jeanjean et al. yields a significant increment compared to that
recommended by API (2014), but it turns out to be smaller than that provided by Matlock’s
p-y approach due to the infinite initial stiffness (see Fig. 4-7 right). It is noted that the p-y curves
proposed by Jeanjean et al., even though a gap formation at the active side of the laterally loaded
pile is also considered, do not exhibit a strain-softening soil response for large displacements.

4.4 Non-linear p-y curves for stiff clay

The p-y approaches derived from a lateral load test on piles embedded in soft clay are
improperly used in practice to also predict the load-bearing behaviour of laterally loaded piles
in stiff clay. API (2014) explicitly remarks that a softening soil response has a greater impact
on stiff clay than soft clay, particularly for cyclic loading conditions. However, a specified
p-y approach for stiff clay is not recommended in almost all offshore guidelines, except to
API (2007) that just refers to the construction of p-y curves for stiff clay by using the
p-y approach proposed by Reese & Cox (1975) without giving more details.
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This section deals with the description of three p-y methods for stiff clay that have been
introduced in the literature. The comprehensive evaluation of the following p-y methods is also
based on comparative studies.

4.4.1 Reese & Cox (1975)

Reese & Cox (1975) proposed a complex p-y correlation for describing the response of a
pile-soil system in stiff clay with free water for short-term loading, exclusively based on results
of a field test at a site near Manor, Texas (cf. section 5.4.5). Note that a softening soil response
for large displacement takes place in the static p-y curves, indicating that the degradation of the
soil strength would result due to a gap formation at the active side of the laterally loaded pile.

The ultimate bedding resistance py is calculated by applying the minimum value N, resulting
from Eq. 4-23, which is obviously derived from the mechanical failure mechanisms. The wedge
failure mechanism was characterised based on the equilibrium of a three-dimensional body
(cf. section 3.6). Note that the average undrained shear strength s, over the depth z is required
for its application.

(2 T 2.83-%+Y 'Z> DSy (4-23)

Su,a

11-D-s,

p, = min

The characteristic shape of p-y curves consists of four specific sections represented in Fig. 4-8
(i.e. for two parabolic functions and three straight lines).
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Fig. 4-8: Characteristic shape of p-y curves according to Reese & Cox (1975) for stiff clay subjected to
static loading conditions
The smaller secant stiffness between the initial straight line Eq. 4-24 and the power function
Eq. 4-25 defines the beginning of a static p-y curve characteristic for section 1. The initial
straight line is a function of the initial stiffness Ks obtained from Table 4-1 which depends on
the average undrained shear strength sy a.

p=K,zy (4-24)
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Table 4-1: Initial stiffness values of Ks for static loading conditions according to Reese & Cox (1975)

*Sua; KPa 50 - 100 100 - 200 200 - 400

Ks (static) MN/m?® 135 270 540
* Using the average undrained shear strength sa

The static p-y curve characteristic for section 1 derives from the following equations.

0.5
b=0.5p. (L) (4-25)
¥so
Ay =0.2 +0.4-tanh(0.62-z/D) (4-26)
y50 = 850'D (4-27)

Here, the non-dimensional coefficient As resulting from Eq. 4-26 was introduced to reconcile
the differences in the results between the theoretical formulation and that obtained from
experimental results. The reference displacement yso is a linear function that depends on the
pile diameter D, as also proposed by Matlock. The representative values of strain at one half of
the maximum principal stress eso are listed as follows:

Table 4-2: Representative values of 50 according to Reese & Cox (1975)

*Su,0; KPa 50 - 100 100 - 200 200 - 400

€50 0.007 0.005 0.004

* Using the average of undrained shear strength Su,a

The static p-y curve characteristic for section 2 results from Eq. 4-28. The ultimate bedding
resistance py is located in this section followed by the post-peak softening soil response. The
threshold displacement corresponding to py is not required for the construction of p-y curves.

v \% g - Ay \ 408
p= 0_5.pu. <_> _ 0_055.pu. <J> (4-28)
y50 AS'ySO

The static p-y curve characteristic for section 3 specified from Eq. 4-29 results in a connection
of the last parabolic function with the residual bedding resistance pres.

0.0625

p=0.5p, /6-As-0411p, - p, (v -6Asys,) (4-29)

50

The static p-y curve characteristic for section 4 represents the residual bedding resistance pres,
which is characterised by a horizontal straight line.

P, = 0.5p, /6 A, - 0.411p, - 0.75p, A (4-30)
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Fig. 4-9: Exemplary p-y curves according to Reese & Cox (1975), variation of the stiffness parameter so
(left) as well as the undrained shear strength sy (right)

Fig. 4-9 shows the course of the p-y curves as proposed by Reese & Cox (1975) for six-meter
diameter monopile foundations embedded in stiff clay with the variation of soil properties. The
linear dependence of yso obtained from Eq. 4-27 results in a duplication of the bedding stiffness
when the strain es is halved, while an increment of the undrained shear strength s, leads to an
increase of bedding stiffness, ultimate bedding resistance py and residual bedding resistance
Pres. This means that the strain eso only affects the bedding stiffness while the parameters for
the ultimate bedding resistance (z, y’, Su) also influence the ultimate bedding resistance p, and
residual bedding resistance pres. It is remarkable that identical behavioural patterns occur in
Matlock’s p-y curves.

4.4.2 Dunnavant & O’Neill (1989)

A practical p-y relationship for submerged, over-consolidated stiff clay is proposed by
Dunnavant & O’Neill based on a series of full-scale lateral load tests on instrumented piles.
The p-y derivation was conducted for adequately predicting the effect of the pile diameter on
the bedding soil resistance, being particularly well suited to large-diameter piles. It becomes
evident that static p-y curves do not exhibit degradation of soil strength (i.e. no-softening soil
response) after the threshold deflection y = 8-yso. However, it was remarked in the original
documents that this could take place when a gap formation at the active side of the pile occurs,
as usual for cyclic laterally loaded piles.

Similar to the previous p-y criteria, a distinction is made between the previously described
mechanical failure mechanisms of a pile-soil system for calculating the load-bearing capacity
factor Np. Note that the average undrained shear strength sy is also required to calculate N for
shallow depths.

[

Ov Lz 4-31
Ny=min{2 " o T04 (4-31)

9
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The ultimate bedding resistance py is likewise given by:
p, = NpyDsy (4-32)

The reference deflection yso, which corresponds to one half to the ultimate bedding resistance
pu, depends on the strain at one half of the maximum principal stress eso, the pile diameter D
and the relative stiffness Kr of pile-soil stiffness. Unquestionably, a linear dependence on the
pile diameter D does exist, but not on K.

Y5y = 0.0063-£59'D-KR*" (4-33)

Where KRr is a function of the flexural stiffness E-I of the pile, strength-correlated soil modulus
Es and the pile length L.

_ EI
E,L*

Ky (4-34)
A hyperbolic function in contrast to the power function adopted by Reese & Cox defines the
shape of the introduced p-y curves, as follows.

0.7
p=1.02- tanh [0.537- <l> ] (4-35)
Yso

Dunnavant et al.’s approach does not provide a clear definition of the initial slope of p-y curves.
For a very small strain, the secant bedding stiffness Epy = p /'y resulting from p-y curves are
shown in Fig. 4-10 (left). Contour plots are used for a wide range of pile diameters
D = 0.5 - 8 m and relative depths z / D = 0 — 5, for a normalised head displacement
y / D =0.0005 (i.e. for very small head displacements). The soil parameters and pile dimension
correspond to that presented in Fig. 4-14 (bottom). It should also be noted that
Dunnavant et al.’s p-y curves apply the relative stiffness Kr which directly depends on the pile
length L; as a result contour plots are exclusively valid for the corresponding pile length (in this
case L =36 m).
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Fig. 4-10: Bedding stiffness Epy = p /'y for soil parameter according to Fig. 4-14 with normalised head
displacement y / D = 0.0005

The quotient of the secant bedding stiffness resulting from the aforementioned p-y approaches
are depicted in Fig. 4-10 (right). Unquestionably, for very small head displacements the secant
stiffness of p-y curves proposed by Dunnavant et al. is overpredicted when compared to that
resulting from Reese & Cox’s approach for all pile diameters analysed. However, this
distribution of deviations changes depending on the applied pile length, due to the introduction
of the relative stiffness Kr by Dunnavant et al. in the p-y formulation. Note that the secant
stiffness resulting from the p-y curves introduced by Reese & Cox are identical for deep depths
due to the imposition of an initial stiffness Ks associated with Table 4-1, which impacts the
secant stiffness for very small strain.

4.4.3 Pisa design model (2016)

The joint industry PISA project focused on the development of an innovative approach to the
design of laterally loaded piles, specifically adjusted to the offshore wind energy industry. The
main characteristic of this new approach is the integration of additional spring characteristics
to represent the pile-soil interaction. In addition to the lateral soil reactions that are generally
taken into account for conventional p-y approaches, the PISA design model also includes
distributed moments acting along the embedded length of the pile as well as the contributions
of a shear force and moment applied at the pile base.
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Fig. 4-11: Comparison of the key features of the proposed analysis models: traditional p-y analysis (left),
assumed soil reactions (centre) and analysis model (right) according to PISA (2016)

Fig. 4-11 (left) depicts the lateral soil reactions commonly applied for the traditional
p-y analysis. Besides that, to enable the comparison between the analysis methods, the
additional soil reactions proposed by PISA project are also depicted. The four individual
components resulting from the soil reactions involved in the improved analysis model (see free
body diagram in Fig. 4-11 right) are listed below.

- Distributed load curves (p-y curves) represent the relationship between the distributed
lateral load p (i.e. applied along the embedded pile length) and lateral displacement vy,
usually applied to traditional p-y approaches.

- Distributed moment curves (m-y curves) represent the relationship between the distributed
moment m (i.e. applied along the embedded pile length) and the pile cross-section rotation
0, and associate with the vertical shear stresses T developed on the pile shaft.

- Base shear curve (Hg-y curve) represents the relationship between the shear force Hg, (i.e.
applied at pile base) and the lateral displacement of the pile toe y.

- Base moment curve (Mg- y curve) represents the relationship between the base moment
Mg (i.e. applied at the pile base) and the rotation 6 of the pile toe.

All soil reaction curves are defined by applying a conical function with the following general
form Eq. 4-36, in which x represents normalised displacement variables detailed in Table 4-3
and y is the respective loading variable. The four main variables (i.e. the limit displacement Xy,
the ultimate reaction yy, the curvature factor n and the initial stiffness k) define the general
shape of the conical function. These parameters can be independently predetermined which is
quite practical compared to the existing p-y functions proposed by conventional p-y methods.

» <l _ £>2+ . _n).<l _ ﬁ) . (1 _ 1) o (4-36)
Y, Xu v, v,/ \v,
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For which the real positive roots of y are given by:
2:c

Y=Yy X <X, (4-37)
b+ Vb*-4-ac
y=vy, X > X, (4-38)
Where:
a=1-2n (4-39)
X xk 4-40
b=2n—-(-n){1+— (4-40)
Xy u

. 2
= XK. ) -n (4-41)

u Xy

The parameters (i.e. Xy, Yu, k and n) have to fulfil the following conditions: 0 <n <1 and x, >
yu/ K to properly apply Eqg. 4-36.

In contrast to traditional p-y approaches, the application of soil reaction curves in the analytical
model (subsequently also denoted as 1D model) requires to be expressed in an appropriate set
of normalised variables listed in Table 4-3. The 1D model represented by a line of beam finite
elements is based on Timoshenko’s beam theory, due to the inclusion of the pile cross-section
rotations.

Table 4-3: Normalisation of pile reaction components according to PISA (2016)

Component Clay Normalisation
Distributed load, p p/(sy'D)
Lateral displacement, v v-Ix/D
Distributed moment, m m/(s,-D?)

Pile rotation, y ylg
Base shear load, Hg Hg/(s,-D?)
Base moment, Mg Mjg/(s,'D%)

Note that all components or normalised soil reactions remain independent from each other for
stiff clay, but when it comes to sand, the distributed load p and moment m are coupled (for
more details see PISA project 2016), causing the soil reaction curves to become variable along
the iterative process required to reach the equilibrium of the pile-soil system.

The concept for building the soil reaction curves using PISA design model significantly differs
from traditional p-y approaches. The layer-specific soil parameters (i.e. strength and stiffness
properties) are used to derive traditional p-y curves, while PISA curves have to be determined
on the basis of a calibration study by using 3D finite element simulations on comparable pile
dimensions and loading conditions. Consequently, the parameters of the PISA procedure are
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not directly obtained from soil parameters. However, instead of that system-dependent method
parameters without any strict physical meaning are applied.

In the PISA final report, a precise description does not exist for deriving the previously
mentioned system-dependent method parameters from a set of 3D numerical models, but it
gives a unique example of method parameters for stiff clay calibrated by piles located at the
testing sites at Cowden. Depth-dependent functions are applied for obtaining the soil reaction
curve parameters, which are summarised in Table 4-4. For defining the four individual soil
reaction curves a total of 16 depth-dependent functions are required, which are a function of
both the pile diameter D and the depth z.

Table 4-4: Method parameters for monopiles in stiff clay at Cowden site PISA (2016)

. . Air-filled gap Water-filled gap
Soil reaction component Parameter . .
expression expression
Ultimate strain, vpy 200 200
Initial stiffness, kp -1.11-z/D +8.17 -1.11-z/D+ 8.13
Distributed lateral load, p
Curvature, np -0.07-z/D+0.92 -0.06-z/D +0.93
Ultimate reaction, py 11.66 - 8.64-¢(0372/D) 9.78 - 6.73-¢(0362/D)
Ultimate rotation, Ymy 10
Initial stiffness, km -0.12:z/D+0.98
Distributed moment, m
Curvature, N 0
Ultimate moment, m, -0.05-z/D+0.38
Ultimate strain, vuy 300
Initial stiffness, kn -0.32-z/D+2.58
Base shear, Hg
Curvature, ny -0.04-z/D+0.76
Ultimate reaction, Hgy -0.07-z/D +0.59
Ultimate rotation, ymy 200
Initial stiffness, km -0.002-z/D +0.19
Base moment, Mg
Curvature, nm -0.15-z/D +0.99
Ultimate reaction, Mg, -0.07-z/D + 0.65

* The system-dependent method parameters are valid for the following conditions: 2< L /D < 6,5 < D <10,
5<h/D<15,60<D/t<110and0<z/D<6.

The PISA design model assumes a gap formation at the active side of the pile for stiff clay.
However, a distinction is made between air-filled gap and water-filled gap conditions for
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predicting the pile’s load-bearing behaviour, indicating that the inclusion of water instead of air
into the gap slightly reduces the ultimate bedding resistance (i.e. for the distributed lateral load,
p). Note that the remaining soil reaction components are identical between both gapping

conditions.
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Fig. 4-12 shows the lateral load-deflection curves for stiff clay computed using the PISA design
model, which was successfully implemented in the pile design programme IGtHPile. Two ratios
of embedded pile length L to diameter D (i.e. L/ D =2 and L / D = 6) are selected to reflect the
effect of soil reaction components on the load-bearing behaviour resulting from the laterally
loaded pile. The system-dependent method parameters come from the calibration of the testing
sites at Cowden (see Table 4-4 in water-filled gap expression). The contribution of each soil
reaction component in the 1D model results in increasing soil resistance at whole load levels.
The overall pile behaviour becomes significantly stiffer by using all four components compared
to the unique soil reaction component proposed by the traditional p-y approach. Evidently, the
contribution of each soil reaction component mainly depends on the flexibility of the pile
foundation having more effects on rigid than flexible piles. This is particularly identified in the

soil reaction of the base moment Mg-y, as seen in Fig. 4-12 (right).

4.5 Non-linear p-y curves for the unified method

As stated by Gazioglu & O’Neill (1984), the differentiation of p-y methods into soft and stiff
clay categories for predicting the load-bearing behaviour of laterally loaded piles is an artificial
classification. The best-known lateral field load tests on instrumented piles conducted for soft
and stiff clay (cf. section 5.4) are simultaneously reanalysed to develop a unified p-y method
that would be applicable without the distinction of the soil’s consistency. The most

representative unified p-y approaches will now also be discussed.
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45.1 Sullivan et al. (1980)

Sullivan et al. (1980) mainly based his study on the field load tests reported by Matlock and
Reese et al. and introduced an alternative p-y approach either for soft or stiff clay. Nonetheless,
additional field load tests for submerged clay were highly recommended by Sullivan et al.,
particularly for the appropriate recalibration of the parameters F and A.

The smallest ultimate bedding resistance py resulting from Eq. 4-42 is assumed decisive. The
first two equations for calculating py refer to shallow depths, having a distinction between the
average undrained shear strength sy and the undrained shear strength sy. The third equation for
calculating pu corresponds to deep depths, considering a smooth interface for the pile-soil
interaction.

(25,0 +7')'D+0.8335,,7 (4-42)
p, = min (3-D +0.52)s,
9-s,-D
Three schematic sections represented in Fig. 4-13 define the shape of the proposed p-y curve
(i.e. one power function and three straight lines). Note that the so-called unified p-y method
also considers the softening soil response limited by the residual bedding resistance pres.
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Fig. 4-13: Characteristic shape of p-y curves according to Sullivan et al. (1980) for the unified method
subjected to static loading conditions

Similar to Reese et al., the initial portion of the p-y curve is a straight line given by Eq. 4-43.
The interception with the parabolic functions Eq. 4-44 corresponds to its limit. The Table 4-5
indicated the reference values for the initial stiffness K.

p=K,z7y (4-43)
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Table 4-5: Typical values for Ks according to Sullivan et al. (1980)

su, kPa Ks, MN/m3
12-25 8
25-50 27
50 -100 80
100 — 200 270
200 -400 800

The static p-y curve characteristic for section 1 derived from Eq. 4-44 contains the ultimate
bedding resistance py, which is reached at the threshold displacement 8-yso. Thereafter, the
softening soil response takes places up to the residual bedding resistance pres, See section 2.

1
) v\ (4-44)
p — 0.5.pu. —_

Y50

The reference displacement yso has a similar treatment to that given by Matlock (i.e. the linear
dependency of the yso on the pile diameter D) but including the parameter A. The reference
values of the strain at one half of the maximum principal stress eso are listed in Table 4-6.

Yo = Avgso'D (4-45)

Table 4-6: Typical values for eso according to Sullivan et al. (1980)

Sy, kPa €50

12-25 0.02

25-50 0.01
50 - 100 0.007
100 - 200 0.005
200 - 400 0.004

The parameters A and F have to be defined through comparison with soil properties of Sabine
and Manor clay field load tests (cf. section 5.4). Table 4-7 indicates the representative values
for the parameters A and F used in such cases.

Table 4-7: Typical calibration factors according to Sullivan et al. (1980)

Site Sabine River Manor

A 25 0.35
F 1.0 0.5
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The static p-y curve characteristic for section 3 comes from Eq. 4-46, selecting the smaller
residual bedding resistance pres Of both equations. Note that 12-D represents the depth after
which the ultimate bedding resistance pu does not suffer any degradation of soil strength.

—_— < . -
[F (1-F) == 2<12D (4-46)
z>12'D

pres -

u
Fig. 4-14 shows exemplary p-y curves from the unified method according to Sullivan et al., and
Gazioglu & O’Neill compared to the p-y curves specifically used for stiff clay proposed by
Dunnavant et al. and Reese & Cox for small and large diameter piles at shallow and deep depths.
The corresponding clay parameter used for the comparison is also provided in Fig. 4-14. In
addition, the strength-correlated soil modulus Es introduced by Dunnavant et al. and Gazioglu
& O’Neill is set at 10000 kN/m?. Regarding the pile dimension, the wall thickness t used for
both pile diameters comes from Eq. 6-1.
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Fig. 4-14: Exemplary p-y curves for stiff clay and unified approaches for small and large diameter piles
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Gazioglu & O’Neill’s approach result in smaller bedding stiffness compared to other
p-y approaches, but the ultimate bedding resistance pu presents different trends. Reese & Cox's
p-y curves describe identical behaviour at the beginning of the p-y curve with respect to the
unified p-y curves proposed by Sullivan et al. due to the inclusion of an identical straight line
that defines the initial stiffness of the p-y curve. The bedding stiffness resulting from Dunnavant
et al. changes depending on the flexibility of the pile, being stiffer for large diameter piles
D = 6 m and softer for smaller diameter piles D = 0.5 m compared to the remaining
p-y approaches. Please remember that the Dunnavant et al. approach considers the relative
stiffness Kr of the pile-soil system that has a great effect on the pile’s load-bearing behaviour.
It is remarkable that a wide range of residual bedding resistances pres exists exclusively
depending on the p-y approach applied.

45.2 Gazioglu & O’Neill (1984)

Gazioglu & O’Neill developed a semi-empirical p-y method valid for different consistencies of
clay, based on the results of 21-field load tests at 11 different locations, representing a
significantly wide range of soil conditions. This p-y method was called the “Integrated Clay
Method” and contains empirical terms reflecting the ductility of soil, the relative pile-soil
stiffness and the degradability of soil.

Similar to the aforementioned p-y approaches for calculating the load-bearing capacity factor
Np, both mechanical failure mechanims are included in Eq 4-47, remarking a critical depth z¢
below soil surface which depends on relative pile-soil stiffness.
V4
— min3 O (4-47)
p = min Zer

9
Zer = Lc/4 (4'48)

N

Based on the finite element studies developed by Randolph (1981), the critical pile length L. of
a quasi-elastic soil in which the pile-soil response is essentially unaffected by further
penetrations. This can be calculated as a function of the flexural stiffness E-I of the pile, the
soil modulus Es related to the undrained shear strength sy and the pile diameter D.

0.286

B El (4-49)

Le=3 |05
ES - D™

In contrast to previous p-y methods, for deriving the ultimate bedding resistance py the
reduction factor F given in Table 4-8 is applied based on the soil ductility and type of loading
condition situations.

p, = FNyDrc, (4-50)
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Table 4-8: Soil degradability factor F according to Gazioglu & O’Neill (1984) for static loading

* UU triaxial compression | _ 0.02 0.02 < &< 0.06 er > 0.06
failure strain

Factor F 0.5 0.75 1.0
* Using the failure strain from a UU triaxial compression test &;

Fig. 4-15 schematically shows the construction of static p-y curves, which are made up of three
well-defined sections.

o
= |
0} 1
Q |
c | .
Io | 1: 0 to 6-ys, [m]
% 3 2: 6°y5, t0 20-y5, [m]
L | ; 3:20ys, to oo [m]
S | |
w | 1
| | | |
1 2 3
Section

Fig. 4-15: Characteristic shape of p-y curves according to Gazioglu & O’Neill (1984) for a unified method
subjected to static loading conditions

For calculating the reference displacement yso, a non-linear dependence on the pile diameter D
is defined, resulting in a dimensionally consistent equation in contrast to the one proposed by
Stevens and Audibert (1979). The authors presented seven well-documented, full-scale static
and cyclic load tests to define the factor A’ = 0.8 as reference value.

0.125
E) (4-51)

_ A, 0.5,
y50_A 850D (ES

The static p-y curve characteristic for section 1 defined from Eq. 4-52 provides an initially
infinite soil stiffness due to the application of a power function as follows:

0.387
p=0.5p, <L) (4-52)
Ys0

The static p-y curve characteristic for section 2 describes the softening soil response which is
characterised by a straight line joining the other two segments of the curve. The residual
segment of static p-y curves derived from Eq. 4-53 introduces the critical depth z¢ given by
Eq. 4-48, meaning the depth limit at which the softening soil response takes place.

pe[Fra-p] (4-53)
Pr™ Zer

Py 227
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4.6 Pile design programme (IGtHPile)

Currently, different commercial programmes are available for the design of pile foundations.
The analysis of pile foundations using these programmes is generally based on the solution of
a differential equation, which describes the behaviour of a beam-column supported by non-
linear spring characteristics. However, the results obtained from the pile design programmes
disagree significantly with each other in several respects. The reason for such discrepancies is
unclear since the technical manuals provided for the programmes usually do not include
detailed information on the implemented calculation procedures. Besides that another limitation
of the use of commercial programmes is that their source codes are generally closed, preventing
further implementations or improvements as well as updates that could be made by the user.
Therefore, the pile design programme IGtHPile has been developed at the Institute for
Geotechnical Engineering (IGtH) since 2014, which allows the analysis and the design of single
piles subjected to axial or lateral loading conditions uncoupled (cf. Terceros et al. 2015). It has
to be mentioned that the programme is only being developed for research and academic
purposes.

In contrast to other programmes, the pile design programme IGtHPile offers the capability for
calculating pile foundations subjected to cyclic axial loading conditions according to
Achmus (2012b). Likewise, the implementation of other calculation procedures is feasible, e.g.
the design of pile foundations supporting offshore structures subject to cyclic lateral loading
conditions.

Numerical techniques such as the Finite Element Method (FEM) have been implemented for
analysing pile foundations, which are idealized as a one-dimensional beam element that is
supported by nonlinear spring characteristics. This beam analysis can be applied using different
theories such as Timoshenko and Euler-Bernoulli in the programme. For solving the model an
iterative procedure is applied that is carried out to achieve equilibrium of the forces and
compatibility of pile deformation.

The pile design programme IGtHPile has a modular design and is implemented under the
concept of the object-oriented programming technigue. Consequently, an efficient organization
of the source code is achieved. As a programming language, Visual Basic .Net has been selected
for the development of the programme.

Both input and output of data can be controlled through a Windows-based Graphical User
Interface (GUI) that provides a bilingual programme whereby the user can select the language
between German and English, thus ensuring user-friendliness. To properly evaluate the results,
they are displayed graphs together with their respective tables. The results can be exported to
Microsoft Office Excel to enable further the post-processing of the data output. The analysis
options are found in the main panel, which is divided into sub-topics like axial and lateral
loading conditions since the respective analysis is carried out separately.
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All p-y methods used for analysing and evaluating laterally loaded pile foundations embedded
in cohesive soil (cf. appendix B) have been implemented in the freely accessible 1GtHPile
design programme, which enables the following capabilities to be calculated:

- Calculation of the pile deflection line, the distribution of bending moment and shear force
as well as the ultimate bedding resistance py along the pile length

- Determination of the load-displacement curves and the moment-rotation curves at the pile
head for evaluating the stiffness of the soil-pile system

- Generation of p-y curves for cohesive and non-cohesive soils subjected to static or cyclic
loading conditions according to offshore guidelines such as APl (2014) and
DNVGL (2016) as well as further alternative approaches proposed in the literature

- Estimation of the critical embedded pile length to reach the minimum pile head deflection
according to EA-Pfahle (2012)

- Calculation of the capacity proof for laterally loaded pile foundations for GEO-2 and
GEO-3 limit states

- Determination of the nonlinear Stiffness Matrix for single pile according to
Terceros et al. (2015)

- Consideration of the general and local scour depths and the limit depth according to
API (2014)

In addition, the implementation of a third module in the pile design programme IGtHPile was
required for the calibration of the new modelling approach introduced in section 7. Thus, the
post-processing of the data output of the Plaxis 3D is carried out to obtain the p-y curves
resulting from the numerical analysis. For the post-processing of the data output, Plaxis 3D
provides the bedding resistance only in terms of contact stresses in the normal and orthogonal
direction at the stress points. The stresses must be transformed into a global coordinate system
and integrated for the pile section under consideration. In this respect, the weight factors of the
stress points described by Dunavant (1985) are required. This is a challenging task (performed
in the third module) since the elements are usually of different sizes and the values are given in
table form more or less randomly. For the generation of the p-y curves, several load steps have
to be analysed. Besides that, the pile deflection lines must be extracted from the nodal points
also found in the table form. The third module of the pile design programme IGtHPile also
offers the facility to compare the p-y curves obtained from the numerical models with the
p-y methods introduced in section 4, which is decisive for the development and the calibration
of the new modelling approach proposed in the presented thesis.

In conclusion, the capabilities of the pile design programme IGtHPile are briefly described in
this section for the analysis and design of single piles under different load conditions (axially
or laterally loaded pile foundations). Based on the concept of the object-oriented programming
technique, several methods of calculation are implemented in the programme, recommended
by API (2014) and DNVGL (2016) as well as further alternative approaches proposed in the
literature. The employment of a GUI allows the presentation of the results in graphics together
with tables. The implementation of new calculation methods in the pile design programme is
feasible.
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5 Numerical model for short-term loading

5.1 General

The finite element method (FEM) is used for the numerical simulation of horizontal load-
bearing behaviour of a pile subjected to lateral loading conditions. The three-dimensional
numerical simulation of the pile-soil interactions is carried out using the Finite Element (FE)
programme Plaxis 3D. Due to the existing symmetry of both geometrical and loading condition
situations, only half of the pile-soil system is modeled in order to reduce the computational
effort. The mesh fineness and model dimensions were optimised by a previous sensitivity study
to avoid an impact of the boundary conditions on the pile-soil interaction, so that sufficiently
accurate results are obtained for a minimum number of elements. The normalised model
dimension used for the simulations is illustrated in Fig. 5-1. The reference system of the FEM
study (D = 6 m; L = 36 m) was discretised by an average of roughly 200000 tetrahedron
elements (10 node elements), in which a mesh refinement was conducted in the surroundings
of the pile.

Fig. 5-1: Finite element mesh of the pile-soil system used for simulations

The open tubular pile with a wall thickness t was assigned to the properties of steel material
with the modulus of elasticity Ep = 2.1-10% KN/m?, the Poisson’s ratio v = 0.27 and the buoyant
unit weight ys = 68 kKN/m?. For the application of the lateral load and its respective overturning
moment, the pile was extended with a load eccentricity h above the free soil surface with a
nearly rigid behaviour (Ep = 1-10° GPa, ys = 0.1 kN/m?, v = 0.27). An elastoplastic contact was
considered between the pile and the surrounding soil with maximum shear stress set to 50 % of
the soil shear strength (parameter of the FE programme Plaxis 3D: Rinter = 0.5). Note that the
virtual interface thickness, which influences the normal and tangential stiffness of the contact
element was selected in accordance with the default settings of the programme Plaxis 3D. This
results at least in numerical stability to the change of stiffness.
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The simulations consist of a three-step procedure: in the first step the initial stress state is
generated by exclusive consideration of soil elements. The horizontal stress on iS related to the
coefficient of horizontal earth pressure at rest which is set to ko = 1 for undrained soil conditions
(ou = 0). In the second step, the examined pile foundation was installed in a “wished-in-place”
procedure by the activation of the elements representing the foundation structure, as well as the
contact between the pile elements and the surrounding soil. A very slight settlement of the pile
results from the self-weight of the pile. Finally, the lateral load H with its respective overturning
moment is applied at the centre of a rigid top plate corresponding to the eccentricity height h
(see Fig. 5-1).

The effects of the foundation installation on the stiffness and soil strength around the foundation
are not considered, but such effects might be captured in the design practice by empirical
correlations, for instance. However, the required simplification seems to be justified by the
good agreement of the results from the FEM-calculations with the ones considered in the field
tests (cf. section 5.4).

5.2 Constitutive model

The mechanical behaviour of the soil is reproduced using the material model Hardening Soil
small (HSsmall) according to Benz (2007), which is an extension of the Hardening Soil (HS)
model proposed by Schanz (1998). The HSsmall constitutive model considers fundamental
properties of soil behaviour such as stress- and strain-dependent stiffness, as well as hyperbolic
stress-strain relation for deviatoric stress variations which appears to be suitable for the current
problem, whereby the short-term monotonic loading conditions is exclusively investigated for
the present study.

The soil stiffness for very small shear strains (y < 10®) is described by the dynamic shear
modulus Go in the model. For the determination of the dynamic shear modulus Go, the
Kim et al. (1981) approach, which is based on a large number of resonant column experiments
on different types of cohesive soil, will be used hereafter. According to Kim et al., the dynamic
shear modulus Go depends on the void ratio e, the mean effective principal stress om, the over-
consolidation ratio OCR, the stress exponent Ago and the exponent k of the over-consolidation
ratio OCR. The relationship between the exponent k and the plasticity index PI corresponds to
EAD (2002). The mean effective principal stress om in kPa is used to obtain the dynamic shear
modulus Go in kPa as given by Eq. 5-1.

(2.973 -¢)?

1+e .
The stiffness degradation is described as a non-linear function of the shear strain y according to
Dos Santos & Correia (2001). The reference shear strain yo.7 corresponds to the shear strain at
which the soil stiffness is reduced to 72.2 % of the initial value. The reference shear strain yo.7
applied hereafter results as a function of the plasticity index Pl according to the correlation
proposed by Stokoe et al. (2004), i.e. a linear increment for yo.7 from yo.7 = 0.0001 for PI = 0 up
to yo.7 = 0.0006 for PI = 100.

Gy = 1576 - OCR" - 5,0 (5-1)
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G 1

2 (5-2)
Gy 1+0.385 y/y,,

For large shear strain, the degradation is limited by the static soil stiffness. The HSsmall
constitutive model distinguishes three types of soil stiffness: the tangent stiffness for primary
oedometer loading Eqeq, the secant stiffness in a standard drained triaxial test Eso, and the un-
and reloading stiffness from a drained triaxial test Eyr.

In general, the three stiffness moduli are defined as stress dependent. However, in the undrained
analysis B applied in this study (cf. section 5.3), the stress dependence is eliminated according
to Brinkgreve et al. (2013). In order to consider a depth-dependent soil stiffness, the
homogeneous clay was divided into several layers, for which the stiffness parameters are
determined depending on the initial stress state, such that the required depth-dependence
according to Eq. 5-3 to 5-6 is shaped using the Plaxis 3D formulation (see Fig. 5-2).

c cos @’ +0’1-sin(p’>m (5-3)

f
Eoed = E{)i:d' < -
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rof [CCOSQ’ + 673 8InQ’ " (5-4)
Eso =Eso- —
ccos@ +p . snQ

ccosQ’ +G’3-sin(p’>m (5-5)
c'cosQ’ +p sing’
.<c- cos ¢’ +0’3-sin(p’>m (5-6)
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Whereas the dynamic shear modulus Go is adapted according to Eq. 5-1, the oedometer modulus
Eoed is fitted to the stress-dependent oedometric stiffness formulations given in Eq. 5-7. The
reference stress for the stiffness formulation is usually (and also in this study) set to
Pref = 100 KN/m2.

For the presented investigations, the following equation introduced by Ohde (1939) is applied
to describe the shape of oedometric stiffness over depth.

o MEoed
o = By (22) 7)

at
The reference oedometric stiffness parameter E™f defines the soil stiffness at the reference

stress oar = 100 KN/m? whereas the exponent Aeceq rules the stress dependency with respect to
the mean principal stress om.
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Fig. 5-2: Approximation of the soil stiffness in Plaxis 3D for the consideration of the stiffness exponent m,
Aes and Aco (reference system of the FEM study)

Fig. 5-2 shows the required course adaptation of Eced Or Go, which was fairly well approximated
using various layers with different parameters. The selected procedure also allows the
consideration of different stress exponents for Go, and Eqed, Whereas the original formulation of
the HSsmall constitutive model in Plaxis 3D has not differentiated between them.

The reference values of the oedometric stiffness Eqeq and the stiffness exponent m = 1 are based
on the EAU (2012) bandwidth. The values used in the back-calculation of the field tests
“Lake Austin” and “Sabine River” are defined on the basis of the available information (cf.
section 5.4). In accordance with Benz (2007), the values for EXf and E™ are selected in
dependence on the magnitude E™%. It applies EXf = 2-E™ and E* = 5-EX according to
Terceros et al. (2019).

In this thesis, however, a recalibration of the numerical model is conducted to enable the
inclusion of stiff clay through the “Manor” field test used for numerical validation, resulting in
EX! = 3-E°f and EX' = 6-EZY. The remaining parameters for the recalibration are presented in
Table 5.1.

It is also noteworthy that for the HSsmall material, the upper limit ratio between the dynamic
shear modulus Go and the unloading shear modulus G is limited by Plaxis 3D to Go / Gur to 20
without a physical justification. Note that Gy is related to Eur, as seen in Eq. 5-8.

EUT

w m (5-8)

G

The selected exponent m = 0.8 that corresponds to the recalibration, provides a smaller ratio
Go / Gur, especially near the soil surfaces, thus leading to numerical stability.
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5.3 Undrained Analysis

For an undrained analysis of the pile-soil system behaviour, isotropic soil conditions are
assumed, in which the soil is fully saturated (consequently, the assumption to ¢y = 0 is valid, as
stated by Wehnert 2006), besides that “no-flow” condition in the pore water is likewise
accepted.

The FE-calculation is generally conducted by using the total stress o. In this respect, the
relationship between the total stress o, the effective stress o’ and the pore water pressure pw is
expressed by using the basic concept of soil mechanics proposed by Terzaghi (1925).

c=0"+p, (5-9)

An additional distinction is made between the steady state pore stress psteady, and the excess pore
stress pexc to describe the pore water pressure pw. The programme Plaxis 3D offers two variants
or alternatives for calculating the built-up of excess pore water pressures pexc during the plastic
calculations and the consolidation process analysis.

Fig. 5-3 shows a qualitative overview of the total and effective stress paths (i.e. the deviatoric
stress g versus the mean stress p) generated from the respective undrained analysis, currently
implemented in the Plaxis 3D programme. The undrained soil behaviour can be defined using
three different analyses, detailed below.

Undrained behaviour A Undrained behaviour B Undrained behaviour C
o '\\<‘® o '\09/ o || ESP: Effective stress path
@ A@@ @ N 2 || TSP: Total stress path
@ < @ « O || Pexe: Excess pore pressure
E Y E A -’g Y Y
-l% Su pEXC % pEXC -t%
5 ESP TSP | = ESP TSP | = TSP
[0 0] 5
] ] Sy o Sy

Y A A h 4
Isotropic mean stress p Isotropic mean stress p Isotropic mean stress p

Fig. 5-3: Stress paths depending on the respective undrained analysis with HSsmall constitutive model

Undrained behaviour A

The undrained analysis A comes from using the effective strength parameters (¢’, S” und )
as well as the effective stiffness parameters (E’ and v’). By applying the undrained analysis
A, the undrained shear strength s, contrary to the other undrained analysis represents a result
that mainly depends on the selected constitutive material law (i.e. sy is a consequence of
model, and thus not an input parameter). Fig. 5-3 (left) shows a plausible effective stress
path (ESP), resulting in the failure at a realistic value of undrained shear strength s,. This
realistic prediction of excess pore pressure pexc ensures that the undrained consolidation
analysis can be correctly conducted. Note that the dilatancy parameter y other than zero may
result in infinite strength of the soil (i.e. unrealistically large shear strength).
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Undrained behaviour B

The undrained analysis B is carried out in terms of the undrained shear strength (Su, gu = 0°
and y = 0°) as well as the effective stiffness parameters (E’ and v’). This method also
distinguishes between effective and total stresses, which would enable it to undertake a
consolidation analysis, even though the ESP compared to results of triaxial tests is generally
not plausible, leading to unrealistic predictions of excess pore pressure pexc as Seen in
Fig. 5-3 (centre). Despite this, the application of the undrained analysis B can be considered
appropriate for short-term undrained loading conditions since it merely requires the total
stresses for its treatment, as is the case for offshore pile foundations loaded laterally in
cohesive soils due to its permanent non-drained condition. Note that the features of the
HSsmall constitutive model are strongly degenerated (i.e. neither cap nor stress dependency,
as described in Brinkgreve et al. 2013).

Undrained behaviour C

The undrained analysis C is based on the conventional total stresses with the undrained shear
strength parameters (Su, u= 0° and y = 0°) as well as undrained stiffness parameters (E, and
wu = 0.495). There is no distinction between effective stresses and excess pore pressures Pexc
due to the exclusive application of total stresses. Fig. 5-3 (right) illustrates the total stress
path (TSP) resulting from the present undrained analysis. The acceptance of this undrained
analysis is mainly due to the possibility of using undrained shear strength parameters that
can be measured directly in situ (e.g. su is treated as input parameter). The main disadvantage
is that its application for consolidation analysis is not possible due to the lack of the
prediction of the distribution of excess pore pressures pexc. Note that this type of analysis is
not available in the advanced constitutive model as HSsmall.

The numerical models proposed in this thesis for studying the lateral load-bearing behaviour of
the pile-soil system are carried out by using the undrained analysis B. As stated above, this
variant considers an effective stress analysis using undrained shear parameters. Here the
increments of the excess pore water pressure Apexc are determined, based on the application of
the bulk modulus of pore water Ky, the porosity n, and the increment of volume expansion Aey.

Ky
Ap. =

€XC n

- Ag, (5-10)

The bulk modulus of the pore fluid Kw, ref / n referred to a certain depth can be derived from the
difference of the undrained bulk modulus Ky and the (effective) bulk modulus of the soil
skeleton K’.

Kw,ref
n

=K,-K’ (5-11)

A fully incompressible behaviour of the soil can be induced, when the undrained Poisson’s ratio
is set at vy = 0.5, but this results in the non-convergence of the finite element model due to the
singularity of the global stiffness matrix (i.e. the determinant of the matrix becomes zero).
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Consequently, the standard setting of the Plaxis 3D programme is applied, i.e. vy = 0.495, for

calculating the undrained bulk modulus K.
_2G60d v (5-12)
Y3-(1-2v)

The shear modulus G and the bulk modulus of the soil skeleton K’ results as a function of the
un- and reloading stiffness Eyr and (effective) Poisson’s ratio v’, as seen below.

E
_ ur 5-13
G HCERD) (5-13)
E
R S 5-14
Kk 3-(1-2-v) ( )

The pore pressure parameter B according to Skempton (1954) can be determined from the
relation of the increments existing between the excess pore water pressure Apexc and the total
stress Ap, as seen in Eqg. 5-15. Skempton’s B-parameter used to define the partially water-
saturated soils always assumes values within a range from 0 to 1, and described a fully
unsaturated and saturated soil, respectively.

B= Apexcess _ ' (5_15)
Ap n-K

Note that Skempton’s B-parameter indirectly depends on an undrained Poisson’s ratio wy
defined in Eq. 5-12. For the proposed numerical model in this thesis, the standard value
proposed by Plaxis 3D concerning the undrained Poisson’s ratio vy = 0.495 is essentially
applied, which is considered as the reference parameter, resulting in an almost fully water-
saturated soil (i.e. Skempton’s B-parameter becomes almost one).

5.4 Back-calculation of field tests

Pile load tests with very large diameters are not financially feasible and also unusual. The author
is not aware of the existence of large diameter piles entirely embedded in cohesive soil.
Therefore, the validation of the proposed numerical model has to be carried out on field test
results from small pile dimensions. The larger pile diameters can then be examined by FEM
procedures to obtain a clear overview of the mechanical behaviour of the soil under such
conditions. It has to be stressed that this merely refers to a computational extrapolation, though.

For a conclusive validation of the numerical model, a total of five field tests are considered
such, as the pile load tests originally used for the calibration of the p-y approaches proposed by
Matlock 1970 (D = 0.32 m), Kim et al. 2009 (D = 1.02 m; D = 2.40 m), and Reese et al. 1975
(D =0.610 m). Evidently, the validation is supported by a set of the database on a comparatively
wide range of pile dimensions. In addition, various soil consistencies are also included that
range from soft to medium soft clay. The stiff clay is also considered by using the “Manor”
field test to calibrate the proposed numerical model. The introduced numerical model is
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therefore considered as suitable for the extrapolation of soil conditions, as well as pile
dimensions, notably including the diameter effect.

Table 5-1: Soil parameters used for back-analysis of the field tests

Parameter % Su E*f, e OCR k PI Yo7 g0 J Ks
Units kN/m?3 kPa kPa - 1 - % - - - kN/m?®
Lake Austin | 10.0 383 650 145 40 03 41 2010% 0.012 0.25

Sabine River | 5.5 144 650 1.45 1.0 042 68 4.010* 0.020 0.50

Manor

0.0-0.9 8.1 25-70 4200-4400 1.1-1.05 10 04 60 3.0-10* 0.007 135000
0.9-1.52 9.4 70-163 4400-4800 1.05-1.0 10 04 60 3.0-10* 0.007 270000
152-4.11 10.3  163-333 4800-12000 1.0-0.55 10 04 60 3.0-10* 0.005 540000
4.11-6.55 10.3 333 12000 0.55 10 04 60 3.0-10* 0.004 540000
6.55-9.14 10.8 333-1100 12000-30000 0.55-05 10 04 60 3.0-10* 0.004 540000
9.14-20.0 10.8 1100 30000 0.5 10 04 60 3.0-10* 0.004 540000
Incheon Bridge

Upper clay 7.5 15-30 600 15 15 0.3 2530 2.510* 002 05

Lower clay 7.5 30-50 700 14 1.5 0.3 30-35 2.510* 001 05

Silty clay 7.8 70 900 1.3 1.5 0.3 3540 2.5-10* 0.005 0.25

* The parameters Agoed = 0.8, Aco = 0.5, v =0.45 and vy = 0.495 are valid for all field tests

The clay parameters used for the numerical simulations to reproduce the field tests are listed in
detail in Table 5-1. The parameters of the “Lake Austin” and “Sabine River” field tests were
derived from Matlock’s report. Likewise, the papers presented by Reese et al. (1975) used for
the derivation of the p-y curves in stiff clay provide the required information of the “Manor”
field test. Finally, Kim et al. (2009) report the soil parameters used for the “Incheon Bridge”
field test with relatively large pile diameters. Subsequently, the pile load tests taken into account
by the author will be extensively presented in the following. For further details, refer to the
original documentation.

54.1 Lake Austin field test

Matlock (1970) reported a field test conducted near “Lake Austin” (USA). The driven steel pipe
pile used (L =12.8 m; D =0.32 m; t = 12.7 mm) was embedded in soft clay and laterally loaded
with an eccentricity h = 0.064 m. Free water was existent above the soil surface during the pile
load tests. The soil conditions were classified as inorganic clay of high plasticity, i.e. CH
according to the unified soil classification. The slightly over-consolidated clay was described
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having an undrained shear strength (reported average sy, = 38.3 kN/m?) being fairly constant
over the depths. The soil parameters indicated in the original reports (such as soil weight y’,
undrained shear strength sy) but also the available information on the basis of experience, were
used to derive parameters required for the numerical simulations. As such, the reference values
of the oedometric stiffness and the respective stress exponent were applied according to the
recommendations of the EAU (2012). The soil parameters selected are summarised in
Table 5-1.
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Fig. 5-4: Comparison of the depth-lateral deflection (left) and bending moment (right) for the “Lake
Austin” field test

The results of the field test and the FE simulation, as well as the approach by Matlock, are
represented in Fig. 5-4 in terms of the load-displacement curves and the distribution of bending
moment along the pile length obtained from electrical-resistance strain gauges for a lateral load
H = 68.95 kN. A poor agreement can be appreciated based on these results as the p-y approach
by Matlock deviates significantly from the experimental values, especially for small and middle
displacements. Even though Matlock includes the “Lake Austin” field test in the report of the
p-y approach for soft clay, large differences are evident for the initial part of the load-
displacement curve. The large initial stiffness of the approach is probably associated with the
infinite initial stiffness of the p-y curves proposed by Matlock. In contrast, good agreement is
reached by numerical back-calculation, despite the fact that at the specified load level a slight
overestimation of the bending moment in the upper part of the pile is recognised.

5.4.2 Sabine field test

A second field test was conducted near “Sabine River” (USA) with the same test pile that had
already been used in “Lake Austin”. The clay with very soft consistency was also described as
predominantly homogeneous with an almost constant undrained shear strength (reported
average: su = 14.4 kN/m?). The soil parameters, which are the basis of the numerical
investigations, can be identified in Table 5-1. The results of the field test and the corresponding
numerical calculation for the validation are depicted in Fig. 5-5. There is again a good
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agreement between the experimental and the FE simulation results, which conclusively
confirms the suitability of the numerical model proposed.
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Fig. 5-5: Comparison of the depth-lateral deflection (left) and bending moment (right) for the “Sabine
River” field test

A relatively strong deviation can also be observed between the experimental results and
Matlock’s approach for large displacements, whereby a considerable underestimation of the
measured resistances is evident in this instance. Likewise, the underprediction of the pile
stiffness results in a strong overestimation of the distribution of the bending moment. For such
reasons, the general applicability of Matlock’s approach to arbitrary soil conditions appears to
be at least questionable. It should also be noted that Matlock took the “Sabine River” field test
as the main basis to develop the p-y curve formulation for soft clay.

54.3 Incheon Bridge field test (driven steel pile)

Kim et al. (2009) introduced the result of two field tests conducted before the construction of
the “Incheon Bridge” (South Korea). The driven steel pile had an embedded length L = 26.6 m,
a diameter D = 1.02 m and wall thickness t = 16 mm (see Fig. 5-6). The test pile was laterally
loaded with an eccentricity h = 0.5 m. At the relevant depths, the soil profile consists of low
plasticity silts (ML) and slightly over consolidated clays (CL). The soil parameters used for the
simulation are summarised in Table 5-1.
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Bridge” field test (driven steel pile)

As results of the “Incheon Bridge” field test, the deflection along the pile and the corresponding
distribution of the bending moment are given for two load levels (e.g. 200 kN and 600 kN). The
pile deflections and in particular the distribution of bending moments are found to be
overestimated by Matlock’s approach. The numerical results agree satisfactorily with the results
of the field test, despite the maximum bending moments is slightly overestimated.

54.4 Incheon Bridge field test (drilled shaft)

In the same study, Kim et al. (2009) introduce results of field test on drilled pile with embedded
length L = 45 m and diameter D = 2.4 m installed close to the driven steel pile (identical soil
parameters, Table 5-1). The elastic modulus of the reinforced concrete pile is specified to
E = 36400 MPa. The lateral load H was applied directly in height of free soil surface h =1 m.
Note that the rough surface of the bored pile is accounted for in the contact surface (0.8 times
the shear strength of the soil).
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Fig. 5-7: Comparison of the depth-lateral deflection (left) and bending moment (right) for the “Incheon
Bridge” field test (drilled shaft)

The results of the “Incheon Bridge” field test are depicted in Fig. 5-7 in terms of the deflection
lines and the distribution of bending moments along the pile length. Once again, the
p-y approach proposed by Matlock overestimates the pile deflection, particularly for large
loads. This underestimation of the bedding resistance likewise results in an overestimation of
the distribution of the pile’s bending moment. On the contrary, the numerical model again
reasonably describes the field test results for both load levels considered.

5.45 Manor field test

Reese et al. (1975) reported the results from pile load tests conducted at a site near “Manor”
(USA) that is taken as the essential basis in the derivation of the p-y curve formulation for stiff
clay. The pile with diameter D = 0.610 m, which had been already used in the test of laterally
loaded piles in sand for the “Mustang Island” field test, was once again driven into fissured
inorganic stiff clay, strongly over-consolidated. The total length of the embedded pile length
was L = 15.2 m long with a wall thickness t = 9.525 mm, reinforced by the addition of
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15.875 mm thick wrappers to the upper part of the pile, i.e. L = 7.01 m. The water table was
above the soil surface during the whole pile load test. Short-term static load with an eccentricity
h = 0.305 m was applied, among others. For the measuring of the distribution of the bending
moment, electrical-resistance strain gauges were applied only to the upper part L =9.75 m. The
soil parameters used in this field test are briefly listed in Table 5-1.
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Fig. 5-8: Comparison of the load-deflection (left) and bending moment (right) for the “Manor” field test

Fig. 5-8 (left) depicts the results of the load-displacement curve, whereby the bedding resistance
is moderately underestimated by Reese et al. (1975), resulting in larger displacements for all
load levels. The numerical results of the three-dimensional simulations indicate a slight
underestimation of the foundation stiffness in the initial part of the load-displacement curve,
but there is an overestimation for large load levels. Fig. 5-8 (right) shows the distribution of the
bending moments along the pile length for a lateral load H = 486 kN. Here it becomes evident
that the result of the numerical simulation is more suitable for the experimental values of the
field test than those yielded by the analytical method according to Reese et al.
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6 Evaluation of existing p-y approaches

6.1 General

The validity of the p-y approaches commonly used for the design of laterally loaded piles
embedded in soft clay is analysed by comparing them with the results obtained from FE
simulations. Even though the results of FE simulations cannot necessarily be taken into account
as “correct” due to the model idealisations and particularly its extrapolation character, field tests
with large diameter piles are unavailable for an explicit validation. The proposed numerical
model (cf. section 5) is taken as basis and as the best possible option for evaluating the
p-y approaches introduced.

A similar study can be found in Terceros et al. (2019), where “medium soft clay” is regarded
as reference soil parameter. Besides, the calibration of the numerical model was carried out
regardless of the “Manor” field test for stiff clays, but the results obtained confirm the trends
of the present study.

6.2 Results for a reference system

The reference parameters of soil used for the subsequent comparative study are summarised in
Table 6-1. Three types of clays with diverse consistencies are taken into account to evaluate the
load-bearing behaviour of the pile unter lateral loading conditions. The soil parameters selected
for the FEM study are based on the experience of typical properties of clay.

Table 6-1: Clay parameters used for reference systems and parametric study

Parameter y' si  E°f e OCR k PI Yo7 €50 J

Units kN/m® kPa  kPa - 1 - % - - -

Very soft clay 6.5 20 600 15 1.0 035 50 3.0-10% 0.02 05

Soft clay 7.5 50 800 1.4 1.0 035 50 3.0.10% 0.01 0.357

Medium softclay| 8.5 90 1000 13 1.0 035 50 3.0-10% 0.0075 0.25

* The parameters Aeoed = 0.8, Ago = 0.5, v =0.45 and v = 0.495 are valid for all reference parameters

Initially, the results for a reference system are presented and discussed separately. The reference
system considered is a typical monopile foundation (D =6 m, L = 36 m, t = 36.35 mm) which
is laterally loaded with a load eccentricity h = 30 m above the embedded point at the free soil
surface. A relatively small wall thickness t is selected to achieve a similar load-bearing
behaviour as the full-size monopiles, in most cases embedded in strongly load-bearing layers
at certain depths. The soil type used for the reference system corresponds to “soft clay” at this
instance, whose parameters are listed in Table 6-1.
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Fig. 6-1: Load-displacement curves (top) and moment-rotation curves (bottom) for the reference system

The load-displacement curves and their corresponding moment-rotation curves by comparing
the FEM results to the six p-y approaches examined are shown in Fig. 6-1 (i.e. loads and
deformations at the free soil surface). Additionally, the secant stiffness-deformation curves
against the pile deformations are represented (cf. Fig. 6-1, right) to highlight the horizontal
load-bearing behaviour for small loading conditions, demonstrating that the initial part of the
examined p-y curves is quite diverse for the design of a monopile foundation (related to SLS,
FLS). The current presentation enables an evaluation of diverse ranges of horizontal
displacements and rotations. Note that the FEM results are identified with solid lines to
distinguish them from the proposed p-y approaches, while the results of Matlock’s approach
represented by dashed lines are particularly relevant.

It can be stated that the comparison of load-displacement curves with the moment-rotation
curves leads to approximately identical conclusions. Therefore, the results of the load-
displacement dependencies are exclusively discussed in the following. Matlock’s approach
results in a significantly larger foundation stiffness than that of the FEM simulation for small
load levels, but the deviations compared to the FEM results decrease with increasing loads. In
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the initial part of the curves, the linearisations according to APl (2014) and DNVGL (2016)
coincide considerably better with the FEM results than the other p-y approaches, whereby both
p-y approaches lead to a smaller foundation stiffness than the FEM results. DNVGL (2016)
yields the smallest resistance, causing large deviations from the FEM results. By increasing the
bedding stiffness according to Kim et al. and Kirsch et al., greater deviations can be observed
than with Matlock’s approach. Stevens & Audibert’s approach yields the largest foundation
stiffness at least in the specific load level considered. This latter p-y approach even considers
an infinite initial stiffness, as proposed by Matlock’s original approach.
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Fig. 6-2: Pile deflection lines (left) and secant bedding stiffness (right) of the reference system

Similarly to the foundation stiffness referred to, the loads and deformations at the pile head can
also be contrasted by using the secant bedding stiffness Epy = p / y along the pile shaft and the
pile deflection line for a specific load level, as can be seen in Fig. 6-2. The secant bedding
stiffness resulting from the respective p-y approach is compared to the numerically achieved
result for one horizontal head displacement. The large discrepancies in the predicted
displacements resulting in a bandwidth of displacement courses for semi-flexible (Stevens &
Audibert, Kim et al., and Kirsch et al.) to almost rigid (DNVGL 2016) pile-soil systems are
evident here when it comes to the pile deflection lines. Anyhow, the most significant agreement
regarding the prognosis of pile deformations is obtained from API (2014) approach for the
reference system in the specific load level. However, none of the investigated analytical
p-y approaches result in a good agreement on the distribution of the secant stiffness Epy across
the embedded pile with the results of the FEM calculations used here for the comparison study.
The predictions of the zero-deflection point zo, which can be derived from the peak in the secant
stiffness, also do not match with the FE results. Additionally, none of the existing
p-y approaches are able to account for the larger resistance near to the pile toe (also termed as
pile toe shearing) which strongly contributes to the resistance of the pile-soil system,
particularly for large diameter piles.
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6.3 Parametric study with undrained shear strength s, constant over
depth

In order to obtain a basic knowledge of the applicability of the examined p-y approaches under
diverse boundary conditions, a comprehensive parameter study is carried out by modifying the
pile dimensions and soil properties, as well as the application of diverse load levels acting on
the pile head. In the following section, a constant undrained shear strength s, over the depth is
assumed to evaluate the horizontal load-bearing behaviour of the pile, while the stiffness
parameters are considered depth-dependent to properly capture the non-linear behaviour of the
soil (cf. section 5.2).

6.3.1 Variation of pile dimensions

Large bandwidth of pile dimensions is investigated using FE simulations considering the
variation of pile diameters (D = 0.5 - 8 m), as well as the pile lengths related to the pile diameters
(L /D =4-12). The bandwidth covers a large part of the laterally loaded piles currently erected
in the wind farm projects. The numerical models are extrapolated to around 400 pile-soil
systems for each type of soil parameters considered. The load eccentricity h and the wall
thicknesses t of the piles are normalised with the pile diameter D to enable a meaningful
presentation of the pile dimension effect on the discrepancies between the results of the
examined p-y approaches and the FE simulations. Hence, the load eccentricity is adjusted to 5
times the pile diameter D, as well as the wall thickness t that is defined by Eq. 6-1 in form of a
pile driving criterion introduced by API (2014). However, a reduced factor of 0.005 instead of
0.0125 is applied by this equation, mainly to consider the low bedding resistance of soft clay.

t [mm] = 0.005-D [mm] + 6.35 [mm] (6-1)

The most representative results of the parametric study are given in terms of contour plots in
Fig. 6-3 to 6-8 for the remaining findings, see Appendix C. It is noted that the black dots in the
figures indicate the supporting points of the plots, where each point represents a calculation
result. The plots represent the quotient of the lateral stiffnesses resulting from the examined
p-y approaches and numerical simulations (Qk = Kp.y / Krem) for the corresponding normalised
head displacements y / D. Therefore, values larger than one indicate that the p-y approach
overestimates the numerical results whereas a value smaller than one suggests an
underestimation of the foundation stiffness. For a comparative analysis of the FE simulation
results, three normalised displacements are taken into account to evaluate the load-bearing
behaviours of the pile sujected to lateral loading conditions. The displacements
y =0.0005-D, y =0.01-D and y = 0.03-D at the pile head are selected to give the best possible
overview of the discrepancies in diverse load levels, as well as the respective dependencies on
the pile dimensions. Due to the non-linearities of the p-y approaches, varying deviations from
the results of the FEM calculations are obtained in dependence on the corresponding normalised
displacements considered. Note that based on the results exposed in Fig. 6-1, it is acknowledged
that particularly for small displacements, the quantitative deviations strongly depend on the
lateral head displacement. However, this type of presentation enables the characterisation of
the examined p-y approaches with regard to the validity for piles of arbitrary dimensions.
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Fig. 6-3: Quotient of lateral stiffness Kp.y / Krem based on the approaches by Matlock (1970) and FEM

The results obtained from Matlock’s approach in terms of quotients Qx yield diverse deviations
from the FEM results for the three normalised displacements. Relevant differences are detected
for pile diameters smaller than D < 1.5 m. For the smallest normalised head displacement
y =0.0005-D, a strong overestimation of foundation stiffness arises which becomes a maximal
value for small pile diameters in combination with small relative length. The discrepancy
becomes smaller for larger head displacements, partially obtaining a good agreement with the
predicted resistance of the FE simulations for very soft clay (i.e. for a normalised head
displacement y = 0.03-D), but still an overestimation for medium soft clay, although it is
considerably reduced.

The deviations from the FEM results are therefore high for small pile diameters, which is
initially unexpected, considering that the method is calibrated on such small pile diameters.
Nevertheless, comparison of the results of the “Lake Austin” field test with the p-y approach
already exhibited an overestimation of the foundation stiffness, in particular for small loads (cf.
section 5.4.1). In fact, Matlock’s approach yields a better agreement with FEM results applied
to large pile diameters than the typical pile diameters used for its calibrations. It is also noted
that the discrepancy to the FEM results is even larger with increasing clay consistency. These
obtained outcomes tend to be qualitatively produced in all approaches based on the (original)
standard function proposed by Matlock.
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Except for the smallest head displacement, the resulting distribution of discrepancies obtained
from the approach by API (2014) are almost identical to that yielded by Matlock’s approach,
demonstrating that the impact of the approximation of Matlock’s curve by specified
discretisation points to the fact that the foundation stiffness is significantly smaller for large
head displacements. Evidently, the linearisation proposed by API (2014) leads to a marked
effect notably for the small displacement range, even yielding an underestimation of the
foundation stiffness in very soft clay. A good agreement between the results of FEM and the
approach by API (2014) can be found in small diameters for the pile installed in very soft clay,
as well as for large-diameter piles embedded in medium soft clay.

The approach by DNVGL (2016) for normally consolidated clay (i.e. by using & = 10)
underestimates the numerical results calculated by the pile embedded in very soft clay, even
more so than the results yielded by API (2014) approach, particularly for the smallest head
displacement. Here, the minimum quotient Qk = 0.1 becomes very evident, which turns out to
be the greatest underestimation of the foundation stiffness for all examined p-y approaches. In
contrast, whether over-consolidated clay (i.e. by using & = 30) is taken into account, the
approach unquestionably results in higher resistances compared to that yielded for normally
consolidated clay. Assuming that the calculation results from the FEM reproduce the horizontal
load-bearing behaviour of the pile foundations more accurately, then the results of the
approaches from the offshore guidelines and recommendations are significantly improved by
applying a finite initial stiffness in contrast to Matlock’s original approach.
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The contour plots based on the results of Stevens & Audibert’s approach and FE simulations
depict the same qualitative deviations obtained from Matlock’s approach, which is caused by
the applications of the same underlying basic p-y relationship. However, the approach results
in a stiffer behaviour which causes overestimation of the foundation resistances for all pile
dimensions, head displacements and clay consistencies, except for the large head displacement
(y = 0.03-D) of large-diameter piles installed in very soft clay. It becomes evident that the
overestimation of foundation resistances reaches the highest quotient Qk, i.e. 20 times the
numerical results for small diameter piles combined with small pile lengths embedded in
medium soft clay.

The approach by Kim et al. (2009) results in completely different dependencies with regards to
the pile dimensions due to the application of a completely different basic function on the
p-y curves with finite initial stiffness (cf. section 4.3.5). The predictions of the approach by
Kim et al. yield considerably higher soil resistance compared to the FEM results at a relatively
small pile length embedded in medium soft clay for all head displacements. The deviations to
the numerical results are much more associated with the pile diameters than the relative pile
length, when it comes to laterally loaded piles embedded in very soft clay, particularly for large
head displacements (y = 0.01-D and y = 0.03-D).

The modified p-y approach by Kirsch et al. (2014) results in almost the same dependencies with
regards to the pile diameter, which is essentially caused by Matlock’s underlying curves.
However, the increased foundation stiffness, which takes place particularly for small head
displacements, results in an increase of the overestimation already identified for the
p-y approach by Matlock. For the smallest head displacements (y = 0.0005-D), the
underestimation of the pile head deflection is increasing, especially for relative pile lengths
L / D in a range of about 5 - 6. The existence of individual cases with a good agreement is
evident at certain combinations of pile head displacements and clay consistencies, but any
pattern can be recognised in the contour plots. Anyhow, the Kirsch et al. approach results in
larger resistances for the whole range of displacements, becoming maximal at small
displacements.

6.3.2 Variation of load eccentricity h

To obtain a precise overview of the geometrical parameters about the effect on the foundation
stiffness, the load eccentricity h is independently varied while the remaining parameters are
unaffected. The results produced by the reference system (cf. section 6.2) are also highlighted
by filled symbols in the present study. The secant stiffness resulting from the numerical
simulations Krem is related to different p-y approaches by using the aforementioned
relationship, i.e. the quotient Qk = Kpy / Krem Of the secant stiffness. Similar to the previous
parametric study, values equal to one mean an exact coincidence between the results of the
numerical simulation and the p-y approaches in terms of foundation stiffness.
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Fig. 6-9: Quotient of lateral stiffness Kp.y / Krem for varied load eccentricity based on the reference system
of the FEM study

The effect of the load eccentricity h on the suitability of the p-y approaches is depicted in
Fig. 6-9. As to be expected, the numerically achieved foundation stiffness decreases
considerably with increasing load eccentricity h. It is remarkable that the deviations between
the numerical and analytical results are nearly identical for load eccentricities h > 30 m,
regardless of the applied p-y approach. For smaller load eccentricities, significant differences
can be observed, i.e. an increase of the quotient Qk occurs most frequently. The discrepancies
are presumably associated with the poorly fitted bedding resistances along the pile shaft, as well
as with the incorrect prediction of the zero-deflection point zo, which depends significantly on
the load eccentricity h.
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6.3.3 Variation of wall thickness t

Fig. 6-10 shows the variation of the pile stiffness as a function of the wall thickness t of the
reference system. Due to the rather large bandwidth of the wall thickness t considered, almost
the whole range from completely flexible to completely rigid pile behaviour is covered.

M=H-30m E 125 3.0 1.2
I—_@_ %
v = 100 2_4,0‘_”0_/_(?’4)’<> ]
soft clay = T — 0.99
o = = O~ -
s, = BOKN/m? & 757 2 1.8+ = | TGO
E N eqo o ——o-——a| W06 TR — A
g Pl=50 % 2 s 7 _ x Yo —A
i OCR=1 £ 05 ’ﬂ,---ﬁ-"—'ﬂ"‘"‘ﬂ ‘ﬂ-zg-‘--»:ﬁt:ﬁ;‘ﬂ = it = S S
- E= - ok Tt o ey i
7 L e paitoi  surbtu o IV R S aai s e s x“o.s-N\%—o—o
St g 25 (0% =8 0.6
[
3 FEM Matleck (1970)
D=6 0 05 T T T T 0-5 T T T T 05 T T T T
«+Db=6m 20 40 60 80 100 20 40 60 80 100 20 40 60 80 100
Wall thickness t in mm Wall thickness t in mm Wall thickness t in mm
4.5 25 3.6 M’M
- - 35'M o~ 2.0 _ 2.8
£ £ = =4
§ ﬁ 27 o —— E 1.5 E 21
2 y < == :::E:_-_:ﬂ ¥ %3 —a—O—————g
= ¥ I s JEEEE BremmQeeep| T g R T o v W S Y
? ¥ T > T [Suivri s SRS
o3 y=120mm & & S = Prishiohs it ot 21
==y =180 mm 0.9 = 0.5 0.7
API (2014) [Stevens & Audibert (1979) |
O T T T T T 0 T T T T T 0 T T T T T 0 T T T 1 T
20 40 60 80 100 20 40 60 80 100 20 40 60 80 100 20 40 60 80 100
Wall thickness t in mm Wall thickness t in mm Wall thickness t in mm Wall thickness t in mm

Fig. 6-10: Quotient of lateral stiffness Kp.y / Krem for varied wall thickness based on the reference system
of the FEM study

The foundation stiffness increases with the pile stiffness due to a stronger mobilisation of the
bedding resistance in large depths. Herein, the largest effect of increased pile stiffness is
recognised for small loads. It is noteworthy that the discrepancies of the analytical results are
nearly independent of the pile stiffness, considering the significant mismatch of the bedding
resistances along the pile shaft. Only the approach proposed by Kim et al. (2009), which implies
a p-y curve formulation dependent on the pile stiffness (represented by the wall thickness t)
yields a noteworthy difference in the deviations for the smallest head displacement. However,
the p-y curve formulation depending on the pile stiffness does not improve the accuracy of the
p-y approach regarding varied pile stiffness.

6.3.4 Variation of clay consistency

The clay consistency is used for the following parametric study as a measure of stiffness and
shear strength. The requirements to describe soft soils using the consistency index are discussed
by Burland (1990) and Kiekbusch (1999), among others. In addition, investigations were
carried out by Vogt (2017) regarding the geotechnical boundary problem of laterally loaded
piles embedded in soft soils, which explain the structural and time influence on the
determination of p-y curves. This assignment of soil parameters for clay consistencies, shown
in Table 6-2, is therefore only to be considered as indicative. The soil parameters that do not
appear in Table 6-2, correspond to the reference system of the FEM study according to
Table 6-1.
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Table 6-2: Clay parameters used for the parametric study regarding the clay consistency

Parameter y Su E™f) e n €50 J
Units kKN/m?®  kN/m?  kN/m? - - - -
Reference System 8.5 90.0 1000 1.30 0.56 0.0075 0.25
Soft 8.0 70.0 900 1.35 0.57 0.00875 0.3035

7.5 50.0 800 1.40 0.58 0.010 0.375

7.0 35.0 700 1.45 0.59 0.015 0.4285

Very soft 6.5 20.0 600 1.50 0.6 0.020 0.5

* The soil parameters Ageed = 0.8, Ao = 0.5, vy = 0.495, and B = 0.903 are valid for the respective study.

The results of the comparative study between the FEM and p-y aproaches with regards to the
clay consistency are depicted in Fig. 6-11. The secant stiffness resulting from the FE
calculations Krem = H / y are given as a function of the undrained shear strength sy. The
achieved numerical foundation stiffness Krem becomes higher with increasing consistency, due
to larger undrained shear strength s, and soil stiffness applied. The comparative calculations
according to the p-y methods indicate a stronger influence of the consistency or shear strength
and stiffness of clay on the foundation stiffness for all p-y methods. A good agreement with the
FEM results can only be obtained with a certain combination of shear strength and pile head
displacement, whereby different deviations are noticeable for each p-y approach.
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Fig. 6-11: Quotient of lateral stiffness Kp.y / Krem for a varied clay consistency based on the reference
system of the FEM study

A comparison of the results between FEM and Matlock’s approach reveals a poor correlation
of the clay consistencies. The same trend can be seen in the back calculation analysis of the
“Lake Austin” and “Sabine River” pile load tests when using Matlock’s approach (cf.
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section 5.4). Even though both tests represent the whole calibration basis of the underlining
p-y approach, significant deviations between the experimental and analytical results are evident.

Herein, the foundation stiffness obtained from the “Lake Austin” field test (su = 38.3 kPa) is
overestimated while the foundation stiffness from the “Sabine River” field test (sy = 14.4 kPa)
Is underestimated. Moreover, the successful back-calculations of both pile load tests through
the numerical model presented in section 5.4 also demonstrate the suitability of the applied
numerical model and give confidence regarding the identified trend in soil consistency.
Fig. 6-11 shows the best fit of Matlock’s approach to the numerical results for s, = 50 KN/m?2,
although a considerable overestimation of the foundation stiffness takes place for the initial
stiffness. For all normalised head displacements, the approximation of Matlock’s curve
introduced by DNVGL (2016) produces a substantial underestimation of the foundation
stiffness, particularly for low values of s, (i.e. for very soft clay). The p-y approach proposed
by API (2014) recommendations yields similar outcomes to the approach developed by
Matlock, except for the smallest head displacement (y = 3 mm) due to the application of finite
initial stiffness. The alternative p-y approaches according to Stevens & Audibert, Kim et al.,
and Kirsch et al. produce a larger foundation stiffness compared to Matlock’s approach and
thus the undrained shear strength sy, for which the best fit is obtained, is shifted. A significant
overestimation of the initial stiffness is recognised in the alternative p-y approaches that take
into account an infinite initial stiffness as proposed by Matlock.

6.3.5 Variation of the plasticity index Pl

In contrast to the aforementioned study, the results in Fig. 6-12 are valid for an exclusive
variation of the plasticity index PI, i.e. all remaining soil parameters are set identically to the
parameters of the aforementioned reference system (cf. section 6.1). The effect of different
plasticity of the soil is modelled by varying the reference shear strain yo.7.

The influence of the plasticity index Pl on the foundation stiffness becomes obvious in
Fig. 6-12. Here, a strong increase of the foundation stiffness by increasing the plasticity index
Pl is obtained except for the initial stiffness reflected in the head displacement y = 3mm. This
behaviour is associated with the strain-dependent stiffness degradation being regulated by the
reference shear strain yo.7. It is remarkable that this frequently denoted “small strain stiffness”
significantly affects the monopile behaviour for the design-relevant deformation range (SLS,
ULS). This stands in contrast to piles embedded in sand where the combination of a smaller
ratio G/Go, and a smaller reference shear strain (Pl = 0; yo7 =1-10"*) reduce the relevant range
of the strain-dependent soil stiffness.



Page 94 Evaluation of existing p-y approaches Chapter 6

M=H-30m £ 90 2.5 1.2
' 7).: z ——————
Zassa P P S N e e
y c 72— _ 204 - o
soft clay = = - 0.9 s,
¥ 54 D"D-‘D = 15 EL"\ = ~. B, G,
= 2 1 - T - =0
£ Sy 50 kN/m x ,D” ‘__Afﬂﬂ E A"s.:_ﬂ'--__.‘ E ~ A"“—»‘h_ :&.9
< OCR =1 R T o i et 2Ly =S
I £ 36_&" —-ﬁ_ 'O'?:g—D ~.1 O_Q“‘_“_%-"-._.,':‘_f‘é"‘____—ﬁ_—?ﬂ -~ ~O—rp
£l R e K RS TS Loyl
Sl t= 36.35 mm ?u 18] 0.5 '
g Few
0 04 T ———T 04 T T 04 T T
«—+D=6m 0 275 50 67.585100 0 27.5 50 67.5 85100 0 275 50 67.585100
Plasticity index Pl in % Plasticity index Pl in % Plasticity index Plin %
50
— — 40_{%__ S — —
£ £ £ £
= = 304 = =
xﬂ xu""J §§\* = xL"E xﬂ
O
~ L 20T 0T A ~ "
x x g Y
h'd X 4 4
0.3 1.0
| Stevens & Audibert (1979)] Kim et al. (2009) Kirsch et al. (2014)
O T 1 T i T i O i T i T T T 0 T T T T T T 0 T U T T T T
0 27.5 50 67.585100 0 275 50 67.585100 0 27.5 50 67.5 85100 0 275 5067585120
Plasticity index Pl in % Plasticity index Plin % Plasticity index Pl in % Plasticity index Pl in %

Fig. 6-12: Quotient of lateral stiffness Kp.y / Krem for a varied plasticity index P1 based on the reference
system of the FEM study

Note that except for the approach by Kim et al. (2009), the plasticity is not considered as an
input parameter for the p-y curve formulation and thus the effect of plasticity is not adequately
captured. Even though the plasticity index Pl is accounted for by Kim et al., the considerable
impact obtained from the numerical results is not reflected, particularly showing substantial
deviations for Pl = 0.

6.3.6 Variation of the over-consolidation ratio OCR

The previous parametric studies are based on parameters for normally consolidated clay, that
were derived from field tests and recommendations of the committee for EAU (2012).
However, for the German North and Baltic Seas, where monopile foundations are often used
for OWT structures, over-consolidated clays with considerably higher stiffness are frequently
observed. The p-y approaches examined in this study are also frequently adopted in design
practice for cohesive soils, which are actually proposed for soft clays and therefore a slightly
over-consolidated state. Subsequently, the comparative study has been extended to soil with an
over-consolidation ratio OCR > 1. The assumption of a constant shear strength sy over the depth
is hereby maintained, although it is unrealistic for larger OCR values. Therefore, the results can
be considered as an approximate orientation with respect to the influence of the over-
consolidation ratio OCR. The exponent k that directly influences OCR is determined as a
function of the plasticity index PI, (cf. EAD 2002). The soil parameters considered as a basis
(insofar they deviate from the parameters of the reference system of the FEM study) are
summarised in Table 6-3. For further parameters, refer to Table 6-1 once again.
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Table 6-3: Clay parameters used for the parametric study regarding the over-consolidation ratio
Parameters OCR k Pl Yo7 Vu B €50 fes feo
Units 1 - - - - - - 1 1
Reference System
(normally consolidated) 1 0.357 50 0.0003 0.49 0903 0.01 1.0 1.0
Slightly over-consolidated 2 0.327 44 0.00027 0.49 0.8 0.0095 20 15
4 0.291 37.5 0.00024 0.48 0.6 0.009 4.0 25
6 0.244 30 0.00021 0.47 04 0.0085 6.0 3.5
8 0.189 22 0.00018 0.46 0.2 0.008 8.0 4.5
Strong over-consolidated 10 0.136 15 0.00015 045 0.001 0.0075 10.0 55

* The parameters Agoed = 0.8, Ao = 0.5, v = 0.45, and E™f, =

800 kPa are valid for the respective study.

The comparative calculations are based on the assumption that the plasticity index PI and
consequently also the reference shear strain yo.7 decreases with an increased over-consolidation
ratio OCR. In addition, the over-consolidation ratio has an impact on the Skempton coefficient
B of the clay. For this, a decrease of the Skempton coefficient B with increasing OCR value is
assumed. In the case of OCR = 10, B = 0 applies, representing a completely drained behaviour.
Higher soil stiffness is taken into account for the calculations using the p-y method by
appropriately reducing the strain eso. In the FE calculations, higher stiffness is applied as
considered by reference system. For that, the stiffness moduli Eced, Eso and Eyr are multiplied
by a factor fgs as well as the dynamic shear modulus Go by a factor feo. A lower multiplier for
the dynamic shear modulus in comparison to the multiplier for the stiffness moduli is applied
to obtain realistic ratio values Esmax / Es according to the recommendations of the EAD (2002).
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The results of the comparative calculations with respect to the variation of the over-
consolidation ratio OCR are shown in Fig. 6-13. The FE calculations yield a strong increase of
the foundation stiffness with an increasing over-consolidation ratio OCR, which is not
adequately represented by any analytical approach (divergent results). An increased OCR value,
has a notable effect on the secant stiffness by decreasing the ratio Qk = Kp.y / Krem In most
cases, as seen in Fig. 6-13. Here, the best possible fit for Matlock and API (2014) approaches
could be established for an over-consolidation ratio OCR = 1.5. Apart from that, the
underestimation of the foundation stiffness by DNVGL (2016) approach becomes continuously
larger with an increasing over-consolidation ratio OCR. The three alternative approaches,
which entail a larger foundation stiffness compared to Matlock’s approach, evince the best fit
to the numerical results for a large OCR. For the strongly over-consolidated North Sea
conditions (OCR = 10), the approaches introduced by Stevens & Audibert agrees comparatively
well with the FEM results, except for the initial stiffness.

The results indicate that the applicability of the investigated p-y approaches on over-
consolidated clay is not acceptable taken as a basis the influence of the over-consolidation ratio
OCR on high increased stiffness. However, the assumptions and simplifications carried out by
the present study imply that this cannot be considered absolutely certain without confirmation
from further investigations.

6.3.7 Variation of individual soil parameters

Additional FEM calculations are carried out to identify the decisive influencing variables with
regard to soil properties. The comparative calculations exhibited in Fig. 6-11 and 6-13 are
distinguished from the analysis in Fig. 6-14 by selecting the variation of only one parameter
instead of the variation of correlative influencing variables. Consequently, the calculations are
based on the soil parameters of the so-called reference system, with the exception of the
influencing variable noted in the respective axis labels. This could lead to implausible
combinations in some areas due to the real dependencies of individual parameters, but the
importance of individual parameters is captured for the soil resistance. Individual variations are
executed for the oedometric stiffness (but with the simultaneous variation of fgo according to
Table 6-3), the plasticity index PI, the undrained shear strength sy, the over-consolidation ratio
OCR, and the Skempton parameter B. Fig. 6-14 depicts the effect of the variation of
independent parameters on the secant stiffness Krem.
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Fig. 6-14: Secant bedding stiffness for separately varied soil parameters based on the reference system of

the FEM study

The most relevant parameters for the magnitude of the secant stiffness Krem are illustrated in
Fig. 6-14 (top). It is remarkable that the foundation stiffness considerably increases by applying
the stiffness factors fes and feo (cf. Table 6-3) for obtaining such an effect. The reference shear
strain yo.7 IS used to define the plasticity index PI, which also shows an increment of the secant
stiffness Krem. The increment of the undrained shear strength s, yields a significant increase in
secant stiffness, especially in the case of large head displacements. In contrast, considering that
the system parameters remain the same, the Skempton parameter B and the over-consolidation
ratio OCR only have a small, but not negligible, influence on the numerical results.
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6.4 Parametric study with linearly increasing undrained shear
strength sy over depth

The following parametric study represents an extension of the previous numerical comparative
study with regard to the suitability of the original p-y approach proposed by Matlock and
Matlock’s linearised curve introduced by DNVGL (2016), as well as Matlock’s modified curves
by Stevens & Audibert for arbitrary pile dimensions embedded in over-consolidated clay. By
doing so, three-dimensional FE simulations of laterally loaded piles are applied, assuming a
linearly increasing undrained shear strength sy over depth, which represented a moderately
over-consolidated clay. The horizontal load-bearing behaviour of the pile is evaluated under
such typical soil conditions to compare it with the results obtained from the aforementioned
p-y approaches.

Table 6-4 summarises the soil parameters used for the parametric study in the present section.
It has to be emphasised that the stated values are valid for the level of free soil surface whereas
the values in brackets represent the increase per meter over depth.

Table 6-4: Clay parameters used for simulations with linearly increasing parameters over depth

Parameter | OCR  k % sy E°f e B PI/ yo7 €50 J fes  foo
Units 1 - kN/m3  kPa kPa - - - - - 1 1
7.0 30 700 145 0.014 0.45
4 0387 o5y (10)  (50) (253 05 S0BOE4 - gosks) @sed 40 25
725 40 750 1425 0.012 0.4
4 037 HeEn) (10)  (50) (2563 0% SOBOEA gocks) (osey 40 25
Parametric
75 50 800 14 0.01 0.35
study 4 0357 05  50/3.0E-4 40 25
Sorastency @5E2) (10)  (50) (-25E-3) (-6.25E-5) (2.5E-3)
775 60 80 1375 0.008 03
4 0357 HeEg) (10)  (50) (2563 0% S0BO0E4A goors (oseg 40 25
8.0 70 900 135 0.006 0.25
4 087 HsEg) (10)  (50) (2563 0% SOBOEA eocky (osey) 40 25
75 50 800 14 0.012 0.35
1048 nseay @) (5.0) (25e3) 0908 10060E4  ooncs) (ose3 0 10
75 50 800 14 0.011 0.35
2 047 msEg) (10)  (50) (25E-3 O THAAEA gocps) (sE3) 20 1S
75 50 800 14 0.01 0.35
| 4037 L2 e 6o (2ses 05 SB0E4 (SO OF 40 2s
Parametric
study over- 75 50 800 14 0.009 0.35
consolidation | 6 0305 ', 5r ) (10)  (50) (2563 0% A025E4 eocks) (osey) 80 85
75 50 800 14 0.008 0.35
8 024 5E9) (10) (50) (256-3 015 S0RIEA - gospm (sE3) 80 45
75 50 800 14 0.007 0.35
00 L2 20 e (2stg 000 2007E4  (OXT. - B 100 ss

* The parameters Agoed = 0.8, Aeo = 0.5, v = 0.45 are valid for the respective study.
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Table 6-4 (top) corresponds to the variation of soil consistencies. Herein, the unit weight y’, the
undrained shear sy, and the parameters for the soil oedometric stiffness Eceq are varied while the
considered over-consolidation ratio OCR = 4.0 remains constant. The variation of the over-
consolidation ratio OCR is given in Table 6-4 (bottom). A smaller plasticity index Pl and a
smaller pore pressure coefficient B are assumed as a function of the depth since the over-
consolidation ratio OCR is accompanied by a larger foundation stiffness. The variation of the
soil oedometric stiffness Eqeq and the dynamic shear modulus Go are achieved by means of
individual factors for both moduli fees and fco, respectively. A smaller multiplier for Go is
applied in accordance with the typical bandwidth G/Go (see Benz 2007).

6.4.1 Results for a reference system

The reference system consists of a typical monopile foundation with a diameter D = 6 m, and
an embedded pile length L = 36 m. The steel material properties such as the modulus of
elasticity Ep =210 GPa and Poisson’s ratio v = 0.27 are also applied, but a relatively small wall
thickness t = 35.36 mm given by Eqg. 6.1 is selected to avoid a completely stiff pile behaviour.
For load eccentricity h, the monopile pipe is extended with almost steel rigid properties,
approximately h = 30 m from the free soil surface to apply the lateral load with its respective
overturning moment. The three-dimensional numerical model of a monopile foundation system
is conducted in accordance with section 5, taking into account the linear variation of soil
parameters over depth, described in Table 6-4.
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(D =6 m, L =36 m) with linearly increasing parameters over depth
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The load-displacement curves and moment-rotation curves with the corresponding secant
stiffness-displacement curves, determined at the soil surface for the range of a small load are
depicted in Fig. 6-15. Evidently, the p-y approaches by Matlock and Stevens & Audibert, which
entail an infinite initial stiffness, significantly overestimate the foundation stiffness for the
range of a very small strain, while the approach by DNVGL (2016) yields a considerable
underestimation of the foundation stiffness, even though the latter approach explicitly considers
the over-consolidation ratio OCR in the p-y curve formulation. For large loading conditions,
the validated numerical results agree well with the approach by Stevens & Audibert whereas
the approaches by Matlock and DNVGL (2016) yield an increasing underestimation of
resistances.
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Fig. 6-16: Pile deflection lines (left) and secant bedding stiffness (right) for the reference system
(D =6 m, L =36 m) with linearly increasing parameters over depth

For the load level H=2.5 MN and M = 75 MNm at the pile head, the corresponding deflection
lines of the pile, as well as the distribution of the secant bedding stiffness along the pile shaft
are illustrated in Fig. 6-16. For the small load condition, the pile deflection line obtained from
the approach according to Stevens & Audibert agrees relatively well to the numerical simulation
results even though a bad agreement is evident for the secant stiffness. Due to the pile’s
deflection behaviour, this does not relevantly affect the head deformations. In contrast,
Matlock’s approach and, in particular, DNVGL (2016) underestimate the bedding stiffness
along the whole pile length. Note that none of the examined p-y approaches realistically
represents the distribution of the secant stiffness along the pile shaft.

Similar results were obtained from the parametric study conducted by Terceros et al. (2017). In
that study, an over-consolidation ratio OCR = 5.0 was taken into account as reference soil
parameter and larger diameter pile. The tendencies of the load-displacement curves and pile
deflection lines are quite comparable to the present study.
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Fig. 6-17: Quotient of lateral stiffness Ky, / Krem for varied parameter with linearly increasing
parameters over depth

The results of a comprehensive parametric study for varied parameters with linearly increasing
parameters over depth are depicted in Fig. 6-17. The graphs are outlined in various scales to
allow a clear overview of the result discrepancies. The parameter variations such as pile length,
pile diameter, load eccentricity, clay consistency, and over-consolidation ratio OCR are
considered to evaluate the horizontal load-bearing behaviour of the pile. Similar to the
aforementioned parametric study, the FEM results are expressed in terms of lateral secant
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stiffness Krem = H / y and compared to the respective p-y approach with the quotient
Qk = Krem / Kp.y 0f the secant stiffness. Five lateral head displacements (y = 3, 30, 60, 120, 180
mm) reflect the behaviour of the foundation stiffness for various depth-dependent parameters.

Variation of embedded pile length L

The first row of Fig. 6-17 refers exclusively to the variation of the embedded pile length L.
Here, pile lengths between 18 and 48 meters are examined to determine the effect on lateral
head displacements. Except for the smallest head deformation (y = 3 mm), Matlock’s
approach results in a considerable underestimation of the foundation stiffness, particularly
for short pile lengths. Matlock’s modified approach introduced by DNVGL (2016)
significantly underestimates the foundation stiffness for whole load levels, mainly due to the
linearisation of the initial part of the p-y curve (cf. section 4.3.2). The revised p-y approach
by Stevens & Audibert fits best, especially for large pile lengths and large load levels.
However, the foundation stiffness is considerably overestimated for the smallest head
displacements, again due to the application of an infinite initial stiffness of the underlying
Matlock curves.

Variation of Pile diameter D

For the variation of the pile diameter D, the embedded pile length L and the load eccentricity
h, as well as the wall thickness t are adapted, similar to the previous parametric study
presented in section 6.3.1 (i.e. load eccentricity h set to 5 times the diameter and wall
thickness t calculated by Eq. 6-1). In the second row, Fig. 6-17 shows the comparative
analysis with increasing diameters from 3 to 8 m. The increase of the pile diameter D leads
to a strong increment of the foundation stiffness. The almost linear trajectory of the secant
stiffness Krem does not reach a threshold value. Again, the results of p-y approach proposed
by Stevens & Audibert fit relatively well with the FE simulations, except for the smallest
head displacement.

Variation of load eccentricity h

The third row of Fig. 6.17 shows the impact of the increment of the load eccentricity h from
0 to 120 meters on the foundation stiffness. An increasing load eccentricity leads to a
significant decrease in the secant stiffness of the monopile foundation as demonstrated by
the numerical simulations. This may be due to the upward motion of the zero-deflection point
of the pile, resulting from the increased moment acting at the pile head. The trend of the
secant stiffness Krem Of the FE simulations is best captured by Stevens & Audibert’s
approach, except for the smallest head displacement, whereas the approaches by Matlock
and DNVGL (2016) show the largest discrepancies for pure lateral load (i.e. load eccentricity
h=0m).
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Variation of clay consistency

The variation of clay consistency is depicted in the fourth row of Fig. 6.17. Here, the secant
stiffness Krem for the respective head displacements increase almost linearly with increasing
soil consistencies. The results demonstrate that none of the examined p-y approaches seem
to be appropriate to accurately reproduce the effect of the soil consistency due to the
consideration of the same “basic p-y curve” formulation, in this case Matlock’s curve
formulation. It becomes apparent that the foundation stiffness resulting from the FE
simulations is always higher than the stiffness calculated by the approach by
DNVGL (2016). The results of the p-y approaches, in this case Matlock and Stevens &
Audibert, lead to a better or a worse agreement with the numerical results, depending on the
normalised head displacements and the soil consistency.

Variation of the over-consolidation ratio OCR

Based on the numerical simulation results, a larger over-consolidation ratio OCR yields a
strongly increasing foundation stiffness, which is not well-accounted for by the examined
p-y approaches. It is remarkable that Matlock’s approach (despite the infinite initial stiffness)
fits relatively well for normally consolidated clay OCR = 1, while the approach proposed by
Stevens & Audibert best reproduces the horizontal load-bearing behaviour of the pile for
over-consolidated clay OCR > 1. It can be noted that only the p-y approach introduced by
DNVGL (2016) includes the coefficient & in the p-y curve formulation to describe the degree
of clay consolidation, i.e. & = 10 for normally and & = 30 for over-consolidated clay.
However, as seen in the last row of Fig. 6-17, the missing specification by DNVGL (2016)
regarding the transition value & between normally and over-consolidated clays leads to a
jump in the results in terms of Qk. It becomes evident that an underestimation of the
foundation stiffness is yielded in both cases, even though the deviations with respect to the
results of the numerical simulation are smaller by applying & = 30.
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6.5 Requirements for a new, generally applicable p-y approach

Assuming that the influences of the pile geometry and the soil parameters are tendentially
correctly reproduced by the FEM model, none of the evaluated p-y methods are recommended
as suitable for arbitrary pile dimensions and soil conditions as well as wide range of load
magnitudes. Consequently, the development of a new, generally applicable p-y approach for
soft clay is essential.

An entirely new approach has to be based on a different basic function of the p-y curve
formulation developed by Matlock to overcome the questionable infinite initial stiffness
associated with the requirement for linearisation and the correct description of the influence of
the pile diameter.

Furthermore, the new p-y approach should predict the bedding resistances along the pile shaft
with more accuracy than the examined p-y approaches. In part, this can be achieved by a better
appreciation of what soil parameters are indispensable to reflect its non-linear soil behaviour.
Ideally, the respective pile bending stiffness has to be taken into account as well. The innovative
procedure of the p-y approach proposed by Thieken et al. (2015a) for sand could be taken as a
basis for derivation of a new p-y approach for soft clay.

Consequently, based on the results of the previous parametric studies, a new p-y method shall
take into account the ultimate limit bedding resistance py with a focus on the overburden
pressure oy and the undrained shear strength sy, but also the bedding stiffness under
consideration of the oedometric soil stiffness Eceqd, the dynamic shear modulus Go, and the
plasticity index Pl decoupled from each other. The pile dimensions and stiffness must be taken
into account both in the formulation of the limit bedding resistance and the bedding stiffness
approach.

6.6 Interim conclusion

The design of monopiles used for the foundation of OWTs is carried out using the p-y method
in practice. For a safe and economic design, viable p-y curve formulations are certainly required
to predict the horizontal load-bearing behaviour of the pile for the entire expected deformation
range with sufficient accuracy.

The scope of this thesis deals with the horizontal load-bearing behaviour of piles embedded in
soft clay to increase the quality and reliability of the improved design methods. The results of
more than 600 FEM calculations for different pile geometries and soil conditions, as well as
diverse lateral loading conditions, are compared with the results of various static p-y methods.
The FEM model was validated on the basis of a comparison of the calculation results obtained
from data of field tests with pile diameters between 0.32 m and 2.4 m and diverse soil
properties.
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Although the FEM model cannot be considered as conclusive for larger pile diameters due to
the lack of validation with respective field tests, the results indicate that none of the p-y methods
investigated are suitable for all mentioned boundary conditions, being acceptable for certain
conditions and load levels depending on the p-y approach applied.

Basically, the development of a new, generally applicable p-y approach for monopiles in soft
clays is therefore considered indispensable with a possible extension to stiff clay. The relevant
parameters of such new approach were identified in the previous section.

The mentioned comparative calculations shall be summarised in the variation of pile dimension
as well as soil parameters (e.g. the consistency, the plasticity and the over-consolidation ratio
of the clay) with and without depth dependence. Based on the new knowledge acquired, the
requirements are defined for a new p-y method, which is valid for arbitrary soil conditions and
pile dimensions.

Based on these results, a new p-y approach will be introduced which properly reproduces the
results obtained from validated numerical models for arbitrary pile dimensions, soil conditions
and diverse load levels.
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7 Development of a new modelling approach

7.1 General

The present chapter focuses on the derivation of an innovative modelling approach, which is
able to improve the prediction of the horizontal load-bearing behaviour of the pile as well as its
respective local pile-soil interaction when compared to the results of the validated three-
dimensional numerical model as introduced in chapter 5. Consequently, a more realistic pile
behaviour is feasible than that resulting from the traditional p-y approach recommended by
API (2014) and DNVGL (2016).

The new modelling approach derived from a set of validated three-dimensional numerical
models considers the innovative procedure proposed by Thieken et al. (2015a) in conjunction
with the application of the hyperbolic function utilised by the constitutive model HSsmall
(cf. Benz 2007). By doing so, a continuous trajectory of the p-y curve’s shape is obtained,
characterised by the absence of supporting points or a piecewise function in the formulation up
to the threshold displacement yi, where the ultimate bedding resistance py occurs.

The application of the new modelling approach overcomes the usual shortcomings yielded by
the conventional p-y approaches, as demonstrated in chapter 8. This is suitable for pile
foundations with arbitrary dimensions embedded in cohesive soils that are subjected to short-
term monotonic loading. It is remarkable that its application can also be extended for including
the effect of long-term cyclic loading conditions (e.g. Albiker 2016).

7.2 Limitations of common p-y approaches

Traditional p-y approaches exhibit common limitations regarding the application of uncoupled
spring characteristics at nodal points along the pile shaft as defined by the subgrade reaction
method. Indeed, this simplified p-y model envisaged does not provide the capability to consider
the treatment of the soil as a continuum, i.e. the bedding soil resistance resulting from each
spring characteristic does not influence either the above or bottom adjacent spring
characteristic. By doing so, they are completely independent among them, which does not
realistically reflect the pile’s load-bearing behaviour. It is obvious that more reliable results
would be obtained by using a continuum model such as that used in sophisticated Finite-
Element FE models. Besides that, the lack of the inclusion of the shear stress at the pile base in
the bedding solil resistance occurs by using traditional p-y approaches. This limitation is called
the “pile tip effect” and has a decisive impact, particularly on the bedding behaviour of large-
diameter pile foundations typically utilised in the OWTs, i.e. for an embedded length to
diameter ratio < 5. The effect of the pile tip should have been adjusted as a function of the
distance between the head and the pile tip or also a relation to the pile diameter, i.e. through
geometrical pile conditions.
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To obtain a clear insight into these limitations of the analytical methods, sophisticated three-
dimensional numerical models of the pile-soil system have been developed by using Finite
Element Analysis for building realistic modelling of the horizontal load-bearing behaviour of a
large-diameter monopile embedded in cohesive soils

Based on the reference system introduced in section 6.2, three numerical simulations are applied
for carrying out a comprehensive analysis. The distinction of numerical models only concerns
the variation of the wall thickness for considerably increasing the pile rigidity, i.e. t = 20 mm
and t = 200 mm for the first and second numerical simulation, respectively. Note that the load
eccentricity h used for the modelling is identical to the reference system, i.e. h =30 m.

Concerning the third pile-soil system, the pile length is extended to 100 m to avoid the so-called
“pile tip effect”. Additionally, a nearly rigid behaviour of the pile (Ep = 1-10*2 kN/m?, v = 0.27)
is taken into account for a constant lateral displacement by using the prescribed surface
displacements over the entire pile length.
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Fig. 7-1: Impact of pile bending on bedding soil resistance (D =6 m, L = 36 m, soft clay)

To capture the limitations of the analytical p-y method described above, Fig. 7-1 shows the
results of three-dimensional numerical simulations in terms of deflection lines, secant bedding
stiffness and bedding resistance for a prescribed pile head displacement y = 25 mm in all cases.

The resulting pile head displacement is defined by using displacement-controlled calculations
in Plaxis 3D.

A flexible and rigid pile behaviour is treated in the first two numerical simulations through
modification of the wall thickness t. Thus, it becomes evident what effect the relative pile
stiffness provides on the local behaviour of the pile-soil interaction. Indeed, the depth of the
zero-deflection point zo moves downwards when the relative pile stiffness increases, resulting
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in a substantial mobilisation of the soil, such as seen in the distribution of the bedding resistance
over depth (see Fig. 7-1 right).

It also highlights the breaks on the distribution of secant bedding stiffness corresponding to the
depth of the zero-deflection point zo, clearly indicated by the pile deflection lines. The third
pile-soil system does not appear in Fig. 7-1 (left) since the deformation is fully constant along
the pile, i.e. that is a vertical line, up to the prescribed lateral deformation y =25 mm.
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Fig. 7-2: Influence of the pile bending on the p-y curves (D =6 m, L = 36 m, soft clay)

For completeness, the resulting p-y curves from the three aforementioned numerical
simulations for two representative depths z =9 m and z = 15 m that are located above the zero-
deflection point zo are depicted in Fig. 7-2. For obtaining the full path of the p-y curves, extreme
loading conditions were applied to the corresponding pile-soil systems. The course of derivated
p-y curves highlights that the pile-soil system which is constant horizontal displacement (i.e.
the third numerical system) provides a softer behaviour compared to the other two pile-soil
systems laterally loaded at the pile heads.

The lack of the traditional p-y approaches lies in the fact that they were calibrated using only a
specific pile stiffness obtained from the load test measurements. This leads to an unreliable
extrapolation with regard to predictions of the pile’s load-bearing behaviour for distinct pile-
soil systems. This means that its range of application is significantly reduced to the relative pile
stiffness with which they were derived. Definitely, a redistribution of shear stressing along the
pile shaft occurs when changing the pile’s stiffness or load level conditions that clearly affects
the load-transfer behaviour for piles. To this effect, the mutual interaction of the deflection lines
and the bedding resistances to overcome the relative stiffness of the pile-soil system is essential
for obtaining a realistic horizontal load-bearing behaviour of the pile.

The impact of the “pile tip effect” for flexible and almost rigid pile foundations on the bedding
soil resistance becomes also revealed in Fig. 7-1 (right). For the first two laterally loaded head
piles used for the present analysis, a substantial increase in the bedding soil resistance near the
pile tip confirms the strong interaction of the pile tip and soil, in particular for the rigid pile
foundation resulting in a fully mobilised soil, thus identifying its predominantly geometrical
dependence.
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In contrast, the distribution of bedding soil resistance for a horizontally displaced pile (i.e. the
third analysed pile-soil system) remains unaffected by the so-called pile toe shearing since the
pile length was extended to L = 100 m for this purpose. This means that the relevance of the
“pile tip effect” that is neglected in conventional p-y approaches is decisive for describing a
realistic pile’s load-bearing behaviour, as seen in Fig. 7-1.

7.3 Conception of the new modelling approach

A modified two-step procedure that covers most aspects to characterise the pile-soil interaction
is introduced below, thus partially overcoming the aforementioned limitations of traditional
p-y methods.

In the first step, the relationship between the bedding soil resistance p, acting against the pile
wall, and the lateral deflection y of the pile foundation are described by p-y spring
characteristics (as termed p-y curves) for infinite pile length that experiences constant
horizontal displacements. The so-called “basic p-y curves” are obtained from the sophisticated
three-dimensional numerical models, resulting in a completely new curve shape that depends
on the relevant parameters as indicated under section 6.5. For deriving the “basic p-y curves”,
piles with sufficient length had to be modelled to avoid the effect of the pile tip on the
distribution of bedding soil resistance. In addition, it excludes the impact of the deflection line
of the pile foundation on the “basic p-y curves” due to the constant horizontal displacement
along the pile shaft. For calculating the ultimate bedding resistance pu applied to the “basic
p-y curves”, a detailed description is given in section 7.4.

The second step refers to the application of y-multipliers Multy on the “basic p-y curves” to
achieve the interaction between the pile deflection line and the bedding resistance as well as the
influence of the shearing stresses at the pile base. This means that the y-multipliers modify the
stiffness of “basic p-y curves” as a function of the pile deflection line and the effect of the pile
tip. To reach the equilibrium of the pile-soil system, an iterative procedure is applied until no
further change of the deflection line occurs.

The y-multipliers Multy includes the “pile tip effect” that affects the bedding soil resistance
near the pile tip. For that, the embedded length-to-diameter ratio L / D is a key characteristic
when it comes to quantifying the effect of the pile tip on the bedding pile behaviour.
Consequently, several L / D ratios of the pile-soil system are considered for determining the
influence of the shearing stresses at the pile base.

Note that the validity range of the new modelling approach was determined by performing more
than 300 three-dimensional numerical models to predict the load-bearing behaviour of the
pile-soil system over a wide range of pile geometries, soil consistencies, and diverse load levels.
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7.4 Determination of ultimate bedding resistance pu

For calculating the ultimate bedding resistance pu, the innovative procedure proposed by
Thieken et al. (2015a) is adopted for cohesive soils. The sophisticated three-dimensional
numerical model introduced in chapter 5 reproduces the bedding pile behaviour with constant
horizontal displacement along the pile length to reach the threshold displacement y. where the
maximum bedding resistance of soil occurs. An almost rigid pile (Ep = 1-10*2 kN/m?, v =0.27)
is laterally displaced by using the prescribed surface displacements applied to the entire pile
shaft. The pile length had to be extended more than twice its original length to ensure that the
pile tip does not influence the distribution of bedding soil resistance in the upper part of the pile
foundation.

A large horizontal displacement of the pile foundation is required to catch the threshold
displacement y,_ for full mobilisation of the bedding soil resistance. This results in severe mesh
distortions that lead to a slow or even non-convergence of the iteration process for solving the
numerical calculation of the pile-soil system. For such reason, the soil stiffness parameters,
which are not directly associated with the ultimate bedding resistance py were set to 20 and 30
times larger than the soil stiffness parameters specified in Table 6-1. However, identical results
of the py are obtained when the unchanged soil stiffnesses are applied, but with higher
calculation stability of the three-dimensional numerical models. It becomes evident that the
large soil stiffness parameters considerably reduce the threshold displacement y. without
influencing pu obtained from the horizontally displaced piles. The effect of the pile diameter D
on the py was adequately captured by selecting six pile diameters distributed over a range of 0.5
to 8 meters with various soil consistencies varying from very soft clay to stiff clay.

Two failure mechanisms that are characteristic for the non-linear pile-soil behaviour became
evident by applying the previously explained method for determining the ultimate bedding
resistance pu.

For shallow depths, the soil materials fail in a conical wedge mechanism that extends from the
soil surface to the transition depth zr. In contrast to Matlock’s approach, a non-linear function
was selected for providing a suitable description of this failure mode, as follows:

l:)u,d.Z

- (7-1)
0.15-zg +0.85-z

l:)u,s

For calculating the transition depth zr, Matlock’s approach is applied but modifying the lateral
bearing capacity factor to Np =11.3 calibrated from the results of the validated numerical

simulations. Additionally, the theoretical constant J is set at 2-v2 = 2.83 adopted from the
analytical solution proposed by Reese (cf. section 3.6).

8.3-D
R=—p — (7-2)
vt
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For deep depths, the ultimate bedding resistance py introduced by the new modelling approach
is similarly determined as Matlock’s approach based on the flow-around failure mechanism.

Pog=NpDsy (7-3)

The lateral bearing capacity factor N, associated with the adhesion factor a is re-calibrated in
dependence of the roughness conditions of the pile-soil interface.

N, =2.4-a+10.1 (7-4)

The adhesion factor a related to the pile-soil interface surface lies within the range of 0 to 1 for
a fully smooth and fully rough pile, respectively. In the present study, it was usually considered
a semi-rough interface between pile and soil mostly, which means o = 0.5, resulting in the
lateral bearing capacity factor Np = 11.3. Obviously, the ultimate lateral soil resistance py turns
out to be the smallest value derived from both soil failure mechanisms.

p, =min[p ., p, 4l (7-5)

A comprehensive analysis demonstrates the validity of the above formulation for calculating
the ultimate bedding resistance py of laterally loaded piles with various dimensions and soil
conditions, see Fig. 7-3.

Initially, a reasonably good agreement of the results from FE simulations and the new modelling
approach concerning the lateral bearing capacity factor Ny associated with the derivation of the
ultimate bedding resistance py are shown in Fig. 7-3. Two soil consistencies were carefully
selected for exemplary presentation in this thesis, i.e. soft clay and medium soft clay, indicating
a suitable adjustment by considering three representative pile diameters D = 1, 4, 6 m. Appendix
A provides additional diameters and soil consistencies used for supporting the proposed
formula of py.

In addition, the results of Matlock’s approach recommended by the offshore guidelines are
included in all graphs. A clear underprediction of the lateral bearing capacity factor Ny exists
when compared to numerical results for both considered pile diameters and soil consistencies.
This mainly results from the assumption of the roughness condition imposed by Matlock as in
the flow-around failure mechanism, i.e. fully smooth interface conditions (cf. section 3.6.2).
Besides that, the application of a linear function to the distribution of the lateral bearing capacity
factor Np used for describing the conical wedge failure mechanism (i.e. resulting in shallow
depths) is also quite inadequate when compared to the results of the validated three-dimensional
numerical simulations.
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Fig. 7-3: Course of the load-bearing capacity factor Ny resulting from the FEM analysis and p-y approach
recommended by OGLs, as well as the new modelling approach

Similarly, the effect of the roughness condition on the lateral bearing capacity factor Np just for
the pile diameter D = 6 m is also depicted in Fig. 7-3 (right). This is obtained from numerical
simulations by adjusting the reduction factor Rint applied to the elasto-plastic contact interface,
i.e. for either almost fully smooth and fully rough pile-soil interface specified by Rint = 0.1 and

Rint = 101

respectively.

It must be pointed out that the fluctuation of the N, distribution with depth provided by the
numerical simulations mainly results from the numerical instability for reaching the threshold
displacement y_ where the ultimate bedding resistance pu occurs.
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Finally, the validity of the lateral bearing capacity factor N, derived from a set of three-
dimensional finite element analysis is also verified by varying the undrained shear strength sy
with respect to five pile diameters for two relative depths z/ D =1 and z/ D = 6. Certainly, for
shallow depths influenced by the soil surface, the variation of Np depends on both the soil
consistency and the pile diameter, as seen in Fig. 7-4 (top), while for the deep depths
represented in Fig. 7-4 (bottom) the N, becomes constant value for the fully examined
bandwidth, mainly due to the confinement of the cohesive soil. In both cases, the lateral bearing
capacity factor Np proposed by the new modelling approach corresponds quite closely to the
results obtained from the numerical simulations.
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Fig. 7-4: Comparison of the load-bearing capacity factor Np depending on the soil consistency and pile
diameters for two reference depths

In contrast to the good suitability of new modelling approach, the p-y approach recommended
in API (2014) clearly predicts a significant underestimation of the lateral bearing capacity factor
N, for both relative depths discussed in detail.

The outcome obtained from the parameter study highlight that the bearing capacity factor Np
provided by API (2014) approach does not become constant in all cases for the relative depth
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z | D = 6 examined, whereas the transition depth zr is significantly deeper than that obtained
from the validated numerical results, Fig. 7-3 also confirms this fact. This indicates that for
such reference depths the flow-around failure mechanism does not yet occur by considering the
p-y approach recommended in API (2014).

7.5 Derivation of the initial stiffness K;

Similar to the derivation of ultimate bedding resistance py, pile foundations embedded in
different soil consistencies are horizontally displaced along the entire pile length. Very small
displacements of the entire pile length resulting from a displacement-controlled calculation lead
to the derivation of the initial slope of the p-y curve associated with the initial stiffness K; of
virgin loading p-y curves. To this effect, the pile lengths are considerably extended to avoid the
effect of the pile tip on the determination of the initial stiffness, thus ensuring a suitable
identification of this parameter in the examined depths. The distribution of the initial stiffness,
which is crucial for very small strains, i.e. Ki = Epy (y — 0), can generally be described using
the following relationship:

K; = Go-1.45-(1 +v) (7-6)

The initial stiffness K is a function of the dynamic shear modulus G, and Poisson’s ratio v as
described by Hooke’s law, i.e. E =Gy 2-(1 +v). The constant value 1.45 comes from the re-
calibration carried out in the scope of comprehensive study for obtaining a good agreement with
numerical results, as can be verified hereafter.

Fig. 7-5 depicts the results related to the initial stiffness of six pile diameters (ranging from
D = 0.5 to 8 m) and three soil conditions (e.g. very soft clay, soft clay and medium soft clay).
For this, the quotients of the lateral stiffness Qx = Kp.y / Krem are used for evaluating the initial
lateral stiffness of the virgin loading p-y curves obtained from the new modelling approach and
the validated numerical results. This means that the quotient Qk = 1 is a perfect match between
both analysis methods.

Certainly, in the FE calculation, the initial stiffness Kj responds in a highly sensitive manner to
the variation of the maximum load fraction, which significantly affects the accuracy of its
estimation. It is therefore seen required to establish a bandwidth of very small lateral
displacements at a range from y = 1:10%-D to y = 8-:10*-D for calculating the initial lateral
stiffness of the p-y curves. By doing so, the instability of such a parameter might be within this
predefined range. Two relative depths z/ D =1 and z / D = 6 were selected to appreciate its
variation.

For shallow depths represented in Fig. 7-5 (top), it is noticeable that the prediction of the new
modelling approach yields an overestimation of the initial stiffness for small pile diameters, i.e.
< 1.5 m around. These deviations reach up to 1.25 for very soft soils, which means that the
resistance from the numerical simulations is just a quarter less than the resistance predicted by
the new modelling approach. Within the range of typical monopile diameters from 6 to 8 m, the
differences are moderate in the bandwidth analysed, reaching at worst around 0.85 for medium
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soft clay. This means that the initial stiffness obtained from the new model yields a slight
underprediction of the foundation resistance compared to the numerical results.
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Fig. 7-5: Initial stiffness ratios for the pile foundations embedded in different cohesive soils with varying
diameters for two reference depths

For deep depths depicted in Fig. 7-5 (bottom), the lateral stiffness quotients Qk are also close
to 1 for the examined pile diameters. However, the bandwidth of Qk tends to expand by
increasing the pile diameters, identifying both over-and underestimation of the initial stiffness
for typical monopile diameters. However, for small pile diameters < 1 m, the quotient is greater
than 1 for almost all soil consistencies examined.

Concluding, Eq. 7-6 is appropriate for describing the distribution of the initial stiffness over
depth despite the deviations that can be considered moderate. Its main advantage is the
simplicity of application, achieving that the new modelling approach becomes a robust
formulation.
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7.6 Derivation of “basic p-y curves”

For deriving “basic p-y curves”, a similar procedure to that developed in section 7.4 was
conducted, but this time considering the realistic soil stiffness parameters associated with
Table 6-1. The piles again exhibit constant horizontal displacements as far as possible, so that
the numerical models can reach the non-linear static equilibrium solution of the pile-soil system.
It was likewise assumed that the pile lengths had to be extended over twice their original length.
This ensures that the effect of the pile toe on the distribution of bedding soil resistance can be
overcome and thus prevent any distortion in the results. For defining an appropriate shape of
“basic p-y curves”, it once again considers six pile diameters from 0.5 to 8 m over a range of
soil consistencies from very soft clay to stiff clay.

The hyperbolic stress-strain relation utilised for the HSsmall constitutive model (for more
details see Benz 2007) is considered for the new modelling approach as the “basic function” of
the model’s formulation, which properly describes the shape of the p-y curves obtained from
the sophisticated finite element FE models. The non-linear relationship between the pile
displacements y and the bedding soil resistances p, such as described by Winkler analysis, is
given by the following function:

y
R S (7-7)
_ 4+ —Z
E  p,/R¢
From the derivative of the adopted hyperbolic function dp / dy = 0, it confirms that a horizontal
asymptote exists which prevents the determination of a threshold displacement y. related to
maximal bedding resistance pu. In that case, the employment of the failure ratio Rf = 0.9 similar

to the applied by HSsmall is essential, thus allowing the exact calculation of both required
parameters, e.g. y. and pu (see Fig. 7-11).

The non-linear decay of soil stiffness E with increasing lateral head displacements is suitably
described using Eqg. 7-8, similar to that proposed by Dos Santos & Correia (2001) in the
HSsmall model, resulting in stiff and soft behaviour of the pile-soil system for very small and
large displacements, respectively.

Ki-EpL

0.08-y
1+ D

E = EL + (7-8)

Yo.7

An innovative characteristic of the new analytical method lies in the consideration of soil
plasticity as an input parameter for defining the non-linear response of the pile foundation,
whereas the most traditional p-y approaches omitted its effect, despite being essential to a
suitable description of the pile-soil interaction.

Any influence related to the soil plasticity on the pile’s load-bearing behaviour results from the
threshold shear strain yo7, as presented by HSsmall, that can be directly obtained from
laboratory tests. Besides, according to Stokoe et al. (2004), the yo.7 may be described as a linear
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increase from 0.0001 for plasticity index Pl = 0 up to 0.0006 for PI = 100 taken as reference
values in this thesis.

The soil stiffness EL at the threshold displacement y. can be accurately determined using the
failure ratio Rf = 0.9 applied to the hyperbolic function considered. The constant value 10 in
Eq. 7-9 results from the geometrical solution for calculating the required parameter.

E, = 10-2u (7-9)
L
For determining the threshold displacement y,, the empirical factor Fac is essential, which
depends on the dynamic shear modulus G and the oedometric soil modulus EY at the

reference stress pref = 100 kPa.

p
y, = Fac E— (7-10)
Gref 1.8 ]
Fac = 1.7 - 0.03- —x - 8.3 (h) (7-11)
Eref
oed oed

Effectively, a set of three-dimensional numerical simulations was also required in the
calibration of the empirical factor Fac used for determining the threshold displacement y. where
the soil strength is fully mobilised. Pile foundations with six meters diameter were also
horizontally displaced along the entire pile length for analysing the effect of the ratio between
the dynamic shear modulus and static soil stiffness modulus Ggef/ng;g on the threshold
displacements y..
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Fig. 7-6 depicts the distribution of the empirical factor Fac resulted from the numerical
simulations for four soil consistencies varying the ratio of the reference stiffness parameters. In
addition, the analytical results derived from the Eq. 7-11 introduced in this study are included
for comparing with the numerical result so that a good match between them is recognised.

The points that correspond to the reference soil consistencies used as reference soil conditions
(cf. section 6.2) are also highlighted by red filling symbols. The reduction of the empirical
factor Fac with increasing the ratio of the reference stiffness moduli becomes evident in the
figure. It should be stressed that the introduced analytical solution captures this effect well,
although the agreement between the two methods of analysis is not perfect.

For demonstrating the suitability of the proposed “basic p-y curves”, two relevant reference
systems from the comprehensive parameter study are exemplarily introduced in this thesis. It
means that the non-linear behavioural patterns in terms of the p-y relationship for both flexible
and almost rigid pile-soil systems are thoroughly analysed, as follows:
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Fig. 7-7 presents the “basic p-y curves” and the respective secant stiffness-displacements curves
Epy for four representative depths, obtained from sophisticated three-dimensional numerical
simulations and from the new modelling approach for comparison, related to the small pile
diameter D =1 m in soft clay (i.e. used for representing flexible pile foundations). The proposed
“basic p-y curves” calculated from the new modelling approach, which was calibrated using
data from a set of three-dimensional numerical models, clearly exhibit a relatively good
agreement with the FE simulation results.

The four “basic p-y curves” with their respective secant stiffness-displacement curves for each
representative depth correspond to the variation of the plasticity index PI, which results as a
function of the threshold shear strain yo.7. Consequently, highly plastic clays represented by
vo.7 = 0.0006 lead to stiffer p-y curves than slightly plastic soil yo.7 = 0.00021, this pattern being
identical for all examined depths. Such behaviour of the pile-soil system agrees well by using
the new modelling approach, as can be appreciated in the respective figures.

Based on the results of the sophisticated three-dimensional numerical simulations, the
geometric characteristics of the p-y curves, such as the initial stiffness K; and the threshold
displacements y_ are not affected by changing soil plasticity, whereas the curvature is
unquestionably impacted owing to its variation. Here, the secant stiffness-displacement curves
confirm the non-variation of the initial stiffness Ki for the corresponding depths. It is clear that
Kj increases with depth which can be attributed to the profile of the dynamic shear modulus Go
on which it is mainly dependent.

In shallow depths represented by z =2 m and z = 5 m for small pile diameters D = 1 m, the new
modelling approach moderately overpredicts the initial slope of the p-y curves (as described in
section 7.5), which can be identified in the secant stiffness-displacements curves. The reason
behind that is the uncomplicated formulation adopted for determining the initial stiffness.

It is also remarkable that the new modelling approach provides a non-linear decay in soil
stiffness with increasing lateral displacements quite similar to the course exhibited in the secant
stiffness-displacement curves obtained from the sophisticated finite element FE models, see
Fig. 7-7 and Fig. 7-8.
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Similarly, the resulting p-y curves from a monopile foundation with a diameter D = 6 m
embedded in soft clay are represented in Fig. 7-8. For four representative depths, the suitability
of the introduced “basic p-y curves” is demonstrated to match the numerical results. The secant
bedding stiffness-displacement curves (cf. Fig. 7-8, right) highlight the stiff behaviour of the
pile-soil system for small loads, as well as its soft behaviour for large loads.

To predict the initial stiffness for the large pile diameter D = 6 m, the new modelling approach
moderately underpredicts the initial stiffness for deep depths, i.e. z = 20 and z = 30 m, with
respect to the results of the numerical simulations, but such deviations which are already
detected in section 7.5 can be accepted for the reasons aforementioned.

It is noted that the complete shape of the introduced “basic p-y curves” is quite similar to that
obtained from numerical models, thus being optimal for analysing the laterally loaded piles
embedded in cohesive soils. The small displacements related to the dynamic response of the
pile foundation (FLS design proof), the middle displacements required by the usual working
conditions (SLS design proof) as well as the large displacements used to prove the general
stability (ULS design proof) fit quite well into the shape of “basic p-y curves” compared to the
sophisticated finite element FE models.

For completeness, Fig. 7-9 depicts the effect by varying the Skempton parameter B used for
controlling the excess pore pressure on the “basic p-y-curves” for pile diameters D =1 m and
D =6 m corresponding to two representative depths z =10 m and z = 20 m.
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The numerical results obtained from Plaxis 3D in terms of the “basic p-y curves" with the
respective secant stiffness-displacement curves give an insight into the relationship between the
effective stresses and the excess pore pressure pexc required for calculating the total stresses
exclusively used for the new modelling approach.

The insignificant variations in the total stresses results are consistent with the results presented
in section 6.3.7 in which a parametric study of the secant bedding stiffness at the pile head for
individually varied soil parameters is conducted. Apparently, from Fig. 7-9, it can be assumed
that the sum of the different relations between excess pore pressure and effective stress resulting
from the variation of the Skempton parameter B gives nearly identical total stress for the
representative depths examined. Note that these results can only have a rough orientation
character regarding the influence of the excess pore pressure for the reasons given in
section 5.3, i.e. these results should only be of indicative use with regard to its application.

7.7 Consideration of the pile tip effect and pile deflection line

In the new modelling approach, the mutual interaction between the pile deflection line and the
bedding resistance as well as the so-called “pile tip effect” has to be included for adequately
predicting the horizontal load-bearing behaviour of the pile compared to the sophisticated FE
numerical models. By doing so, y-multipliers Multy are applied to the stiffness of the “basic
p-y curves” derived from the constant horizontal displacement along the pile length, such that
similar results to the sophisticated three-dimensional numerical models become achievable by
adjusting them. To derive the distribution of the y-multipliers Multy, more than 150 finite
element FE models of the pile-soil system with various dimensions were performed under
different soil conditions and various load levels.

Fig. 7-10 shows an essential analysis based on the two reference systems, introduced in
section 6.2, for obtaining an appropriate distribution of the y-multipliers Multy. Based on the
displacement-controlled calculations for reaching a lateral displacement y = 12.5 mm at the pile
head, a flexible and almost stiff pile behaviour is analysed with the wall thickness t = 20 mm
and t = 200 mm, respectively. The results of both reference systems are available in terms of
pile deflection lines, bedding soil resistance, and the quotient of secant bedding stiffness, which
are obtained by the exclusive application of newly derived “basic p-y curves”, i.e. y-multipliers
Multy = 1, and the results of the numerical simulation calculated subjected to monotonic loading
conditions.

For both pile-soil systems, the new analytical method definitely results in a softer displacement
behaviour, as revealed by the deflection lines, when compared to the numerical results.
Nevertheless, the bedding resistances at the upper part of the pile are relatively similar among
them. Indeed, the most discrepancies related to the bedding soil resistance are found near the
pile tip since the new analytical method based on y-multipliers Mult, = 1 does not consider
shearing stress resulting from the pile-soil interaction around the pile tip, yielding a sharp sub-
prediction of the bedding soil resistance near the pile base. Consequently, the so-called “pile
tip effect” has to be definitely included in the new modelling approach by applying it in Multy.
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Mult,y=1
py

between the new analytical method (assuming the y-multipliers Multy = 1) and the numerical
results are represented in Fig. 7-10 (left). The quotient of secant bedding stiffness allows a
precise evaluation of the deviations of both analysis methods. Here, quotients less than 1
indicate that the “basic p-y curves” behave stiffer than those resulting from the numerical
simulations. Obviously, the behaviour for quotients higher than 1 is the opposite. The
distribution of the quotients along the pile length indirectly reveals the profile of the
y-multipliers Multy, when comparable results to numerical models are expected to be obtained.
In this manner, the calibration of the y-multipliers Multy by considering pile-soil systems under
various soil conditions and pile geometries is feasible.

For identical loading conditions, the quotients EIF,EM /E of the secant bedding stiffness
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Fig. 7-10: Comparison of secant bedding stiffness obtained from FEM and new modelling approach based
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For both examined pile stiffnesses in Fig. 7-10, the secant bedding stiffness resulting from the
new modelling approach with Multy = 1 is clearly underpredicted along almost the entire pile
length compared to the numerical results, while only above the zero-deflection point zoand near
the soil surface the secant bedding stiffness is overpredicted. The course of the deflection lines
also confirms these trends.

The y-multipliers Multy used for adjusting the “basic p-y curves” are made up of two
components Multypend and Multyip, representing the adjustment due to the influence of the
deflection line as well as the shearing stress to the pile base on the bedding soil resistance,
respectively.

MUIty = Multy’bend + MLIlty,tip (7'12)

In contrast to the p-y approach introduced by Thieken et al. (2015a) for non-cohesive soils, the
new modelling approach considers a main base function meaning without the application of
support points. Therefore, the y-multipliers Multy has to be directly applied to the hyperbolic
function, as given in Eq. 7-13.

§ =y Mult, (7-13)

In other words, for calculating the soil resistance p, the lateral displacement y must be adjusted
by Multy. By doing so, the initial stiffness K; is also influenced by using the so-called
y-multipliers.

To derive the y-multipliers Multy, both pile deflection line and pile geometry characteristics are
considered for the correct prediction of the pile’s load-bearing behaviour. The adjustment of
the bedding soil resistance mainly results from the application of Multy pend, Which consists of
three segments characterised by the following equations:

Mult, peng = ——- 0.7+ 0.8 it z<z, (7-14)
Multy peng = L 07+08  ifz, <z<z (7-15)
Multypeng = =07 +0.8 210 if z >7, (7-16)

min
The distribution of the y-multipliers Multy pend for adjusting the deflection line turns out to be a
function of the pile's deformation behaviour described by the maximum deflection ymax at the
pile head and the minimum deflections ymin. The inclusion of representative depths such as the
zero-deflection point zyo and the minimum deflection zymin commonly assumed beneath zyo is
also required for its implementation.
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Likewise, the y-multipliers Multy sip that consider the so-called “pile tip effect” directly depend
on the pile geometry such as pile length L and pile diameter D, as follows:

5

z-L
Multy,ﬁp=2.5-(—2.D+1) if z>L-2D (7-17)
Mult, ;. = 2.5 - —Z'L+1 5+3 if z>L-0.1'D (7-18)
ulty i, = 2. D if z - 0.

Certainly, the pile geometries define the distribution of the Multy sip fitted by two well-defined
segments. The bedding soil resistance is clearly increased by applying Eq. 7-17 for describing
adequately the relation of the stress-deformation near the pile tip.

7.8 Summarised calculation procedure

For determining the horizontal load-bearing behaviour of the pile foundation in cohesive soils
subjected to short-term monotonic loading conditions, the new modelling approach is calibrated
from the results of a set of validated three-dimensional numerical simulations.

For solving the one-dimensional numerical model, i.e. the beam line supported by a number of
uncoupled non-linear spring characteristics (also known as p-y curves) an iterative procedure
is required for finding the equilibrium of the non-linear pile-soil system. For the new modelling
approach, an iterative procedure has to be carried out similarly to the usual conditions of
traditional p-y approaches proposed by OGLs, but also considering that the iterative process
keeps going until the pile deflection remains unchanged between iteration steps due to the
application of y-multipliers Multy for adjusting the stiffness of “basic p-y curves”.

The iterative procedure starts by applying the unmodified “basiC p-y curves”, setting the
distribution of the y-multipliers Multy, = 1.0 for obtaining the respective pile deflection line,
which shall be applied for determining the respective Multy in the next iteration step, and so on.
Obviously, the y-multipliers are constantly modified in dependence of the calculated deflection
lines during the iterative process, but when the convergence is achieved for the pile head
displacement, they remain unchanged.

It is remarkable that the corresponding adjustment of the “basic p-y curves” during the iteration
process takes place only in the pile displacements y but not in the bedding soil resistance p.
Meaning that only the stiffness of the “basic p-y curves” changes. In other words, values greater
than one of the y-multipliers mean that the p-y curves show a stiffer behaviour than the
corresponding “basic p-y curves”, whereas the opposite occurs for values less than one.

The new modelling approach is almost identically implemented to the traditional
p-y approaches in the pile design programme IGtHPile (cf. section 4.6) but including the
additional condition by using the y-multipliers, which did not mean a significant increase in
calculating time.

Fig. 7-11 provides a complete scheme of the calculation procedure along with the respective
formulation of the innovative modelling approach using the y-multipliers Multy applied to the
“basic p-y curves”. The formulation required for the construction of the introduced “basic
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p-y curves” is depicted at the top of the figure. Similarly, the development of y-multipliers
Multy is included at the bottom. Altogether, they describe the pile's behaviour subjected to
short-term monotonic lateral loading conditions comparable to the results of the sophisticated
FE numerical models introduced in chapter 5.
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Fig. 7-11: Definition and equations for the new modelling approach
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8 Evaluation of the new modelling approach

8.1 General

The following chapter deals with the evaluation of the new modelling approach used for
predicting the horizontal load-bearing behaviour of pile foundations with varied geometries
embedded in different cohesive soil conditions.

The comprehensive parameter study presented here provides a systematic comparison of the
results obtained from the new modelling approach and the p-y approach recommended by
API (2014) with the validated three-dimensional numerical simulations. The effect of varying
the pile geometries and the soil conditions on the pile behaviour is analysed. By doing so, the
precision level in predicting the non-linear response of the pile-soil system subjected to
monotonic lateral loading conditions of the new modelling approach is thoroughly examined
by comparing it to the numerical results.

Note that the Timoshenko beam theory used for analysing the laterally loaded piles is performed
by the pile design programme IGtHPile, in which the new modelling approach and the
conventional p-y approaches were successfully applied. Neither the self-weight of the pile nor
additional vertical loads are considered since it is mainly lateral loading conditions, which are
taken into account.

8.2 Comparison between numerical and analytical solutions

The new modelling approach derived from a set of numerical simulations is examined in terms
of the distribution of deflection line, bending moment and bedding resistance along the
embedded pile describing its local pile-soil interaction, as well as the load-displacement curve
with the respective secant stiffness-displacement curve at the pile head, characterising the
horizontal pile’s load-bearing behaviour.

To this effect, two representative pile-soil systems with different pile geometries are evaluated
in detail by comparing the predicted non-linear response of the pile-soil system. It can be
verified that the new modelling approach can be used for either flexible pile foundations or
rigid monopile foundations.

As the first pile-soil system, a typical pile foundation for a jacket substructure with a diameter
D =1m, apilelength L =12 m, a load eccentricity h =5 m, and a wall thickness t = 11.35 mm
embedded in medium soft clay is considered for examining the suitability of the new modelling
approach with regard to the numerical results.
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Fig. 8-1 (see the two upper figures) shows the load-displacement curves and their respective
secant stiffness-displacement curves at the pile head, directly computed by the FEM simulations
and those predicted by applying the new modelling approach. This represents a direct insight
into the horizontal load-bearing behaviour of the examined pile-soil system. For completeness,
the results obtained from the p-y approach proposed by API (2014) are also included in the
graphs with the purpose of comparison. The results of the new modelling approach match quite
well with the outcomes of the numerical simulations, contrary to the p-y approach
recommended by API (2014).

Similarly, the local behaviour along the embedded pile is evaluated in terms of deflection line,
bedding resistance, and bending moment, as represented in Fig. 8-1 (centre, bottom). In
addition, the respective y-multipliers used for reaching the equilibrium of non-linear pile-soil
systems are also exhibited so that its distribution can be appreciated for the lateral loading
condition H = 0.1 MN. The new modelling approach reproduces the pile deflection line and the
bending moment substantially better than API (2014) method when compared to the numerical
results for such load level condition. The bedding resistance distribution over depth resulting
from the new modelling approach exhibits slight deviations but they are marginal compared to
API (2014) approach.

Based on the reference system introduced in section 6.2, the second selected pile-soil system is
a monopile foundation with a diameter D = 6 m, an embedded pile length L = 36 m, a load
eccentricity h = 30 m, and a wall thickness t = 36.35 mm in medium soft clay. Thus, it also
examines the validity of the new modelling approach, but in this case for large diameter piles
that are laterally loaded, similar to those found on wind farms.

The profile of the deflection line, the bedding resistance, and the bending moment along the
pile length, obtained from the analysis methods, are depicted in Fig. 8-2 (centre, bottom). The
predictions of the new modelling approach reflect the numerical results quite well for a load
level H=5 MN, in opposition to that provided by the p-y method proposed by API (2014). This
good agreement is directly associated with the horizontal load-bearing behaviour of the pile-
soil system, which obviously also exhibits an excellent match regarding the load-displacement
curves and its respective secant stiffness-displacement curves at the pile head (see upper
figures).

The comparative study again confirms that, as expected, when the soil reactions determined
from the three-dimensional finite element model are reproduced by the new modelling
approach, the overall calculated non-linear response of the pile-soil system is similar to that
obtained using the three-dimensional FE simulations. The slight discrepancies between the
response of FE simulations and new modelling approach are negligible and attributed to a
combination of factors such as the simplification and ease of use of the proposed formulation.
Thus, it indicates that the new modelling approach turns out to be robust.
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The two selected pile-soil systems clearly demonstrate that the application of the new modelling
approach is quite suitable for both rigid and flexible pile foundations when it comes to the
general design of laterally loaded pile foundations of OWT structures.

8.2.1 Parametric study for evaluating the new modelling approach

A comprehensive parametric study applying the new modelling approach for the analysis of
laterally loaded piles is carried out for evaluating its validity compared to FE simulations. For
this purpose, the numerical simulation was extrapolated to around 400 pile-soil systems. The
variation of the pile geometries proceeds under similar boundary conditions as introduced in
section 6.3.1 used for traditional p-y methods, i.e. a wide range of pile diameters D from 0.5 to
8 m and relative lengths L / D ranging from 4 to 12. Normalisation of the eccentricity of the
load h and the wall thickness t as a function of the pile diameters D is also used. Three clay
consistencies (i.e. very soft clay, soft clay, and medium soft clay) represent the soil
characteristics that are considered by applying three normalised head displacements at the pile
head (e.g. y = 0.0005-D, y = 0.01‘D, and y = 0.03-D). Thus, an appropriate capture of the
horizontal load-bearing behaviour of the pile embedded in cohesive soils becomes feasible for
various load levels.

The quotients of the lateral stiffness Qk = Kpy / Krem at the pile head obtained from the new
modelling approach and the FE simulations are used for comparison reasons. The quotient
Qk = 1 represents a perfect match between the results obtained from both analysis methods.
This implies that pile-soil systems with quotients greater than 1 behave stiffer when compared
to the results of the numerical simulations. A softer behaviour obviously occurs for values less
than one. The contour plots used for the present study provide a useful outcome for identifying
such deviations resulting from the comparison of the analysis methods. The black dots represent
the supporting points for building the contour plots, each one representing a calculation result
of one pile-soil system.

For the comprehensive parametric study presented here, it became necessary to conduct the
analysis of laterally loaded piles twice, having as a unique variant the application of the y-
multipliers Multy on the “basic p-y curves”. In other words, the first one considers that
y-multipliers are set to 1.0, i.e. they do not modify the stiffness of “basic p-y curves”, while for
the second one the Multy are normally applied in the calculation procedure. By doing so, the
effect of its application can be visibly distinguished on the prediction of the horizontal pile’s
load-bearing behaviour.

Fig. 8-3 shows the quantitative discrepancy distribution of the lateral secant stiffness obtained
from the new modelling approach with respect to the numerical simulations at the pile head by
applying Multy = 1.0. For the three soil consistencies (i.e. very soft clay, soft clay, and medium
soft clay) examined in this study, it was found that the deviation patterns have relatively
identical trends among them, varying in a range of quotients from 0.65 to 1.08.

Evidently, for the smallest normalised head displacement y = 0.0005-D, the new modelling
approach leads to the most discrepancies in comparison to the results of numerical simulations
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(Fig. 8-3, left). Both over- and underpredictions of the foundation stiffness result from the new
modelling approach in dependence of the pile dimensions compared to the results of numerical
simulations.

For larger head displacements (i.e. y =0.01-D, and y = 0.03-D), a relatively good agreement of
foundation resistance can be found for relative pile lengths greater than 6 (cf. Fig. 8-3, centre,
right). An overestimation of the pile head displacement occurs for large pile diameters and small
relative lengths, which approximately corresponds to the dimensions of typical monopile
foundations.
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Evidently, pile-soil systems with small relative lengths L / D are mostly affected in case of the
non-application of Multy, when it comes to an adequate prediction of the horizontal load-
bearing behaviour evaluated by the lateral stiffness at the pile head. The main reason for the
resultant pile’s behaviour is the consequence that it does not include the influence of the
“pile tip effect” by not applying Multyip. The deviations derived from relatively slender pile
foundations are mainly related to the non-interaction between the deflection line and the
bedding soil resistance provided by Multy pend.
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Fig. 8-4: Quotient of lateral stiffness Kp.y / Krem based on the new modelling approach and FEM applying
y-multipliers

In contrast, in Fig. 8-4, the lateral stiffness at the pile head for very soft clay, soft clay, and

medium soft clay match very well when employing the new modelling approach applying the

“basic p-y curves” in conjunction with the respective y-multipliers Multy.
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The prediction accuracy of the pile’s load-bearing behaviour substantially improves, causing
the contour plots to not present a smooth image of the discrepancies due to the small differences
between the corresponding results. For large head displacements (y = 0.01-D and y = 0.03-D),
the quotient Qk of the lateral stiffness can be found by varying over the range 0.92 to 1.04,
demonstrating a great improvement compared to the Qk range from 0.5 to 3.5 resulting from
the p-y approach proposed by API (2014). For smaller head displacements (y = 0.0005-D), an
underprediction of the head displacements for pile diameters D < 0.5 is evident. However, the
quotient of the lateral stiffness lies in the range of 0.9 to 1.2, also resulting in a clear
improvement compared to that given by the p-y methods recommended by API (2014),
concretely within a Qk range from 0.2 to 3.8, as seen in section 6.3.1.

In conclusion, despite the slight discrepancies resulting from the variation in pile geometry, the
application of the new modelling approach represents a clear improvement in the prediction of
pile behaviour when compared to the results obtained from traditional p-y methods.

The remaining parameters used for modelling the pile-soil system that also affect the non-linear
response of the pile foundation subjected to lateral loading conditions will be evaluated in the
following for obtaining a clear appreciation of the prediction capabilities of the new modelling
approach. Based on the reference system parameters introduced in section 6.2, the secant
bedding stiffness K = H / y resulting from the numerical and analytical methods are also
determined for five predefined head pile displacements (e.g. y = 3, 30, 60, 120, and 180 mm)
which are eventually used for evaluating all case studies. By doing so, the quotients of the
lateral stiffness Qk = Kp.y / Krem at the pile head are likewise applied for comparing the results
of the analysed methods using one-dimensional graphs with an exclusive variation of the
analysed parameters. In addition, the results obtained from the reference systems are properly
indicated by filled symbols to be identified for its respective evaluation.

In addition to the variation in pile diameters and relative pile lengths, other geometric
characteristics of the piles such as load eccentricity h and wall thickness t are also discussed for
analysing the laterally loaded piles by using the analysis methods. The deviations of the lateral
secant stiffness computed by the FE simulations and the new modelling approach are depicted
in Fig. 8-5. For comparison purposes, the corresponding results obtained from the p-y approach
proposed by API (2014) are also included in the graphs.
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Fig. 8-5: Parameter study for the evaluation of the new modelling approach based on the variation of the
remaining geometrical pile parameters

The first row of Fig. 8-5 depicts the variation of the load eccentricities h over a wide range from
0 m to 120 m. From the numerical results, the decay of lateral secant stiffness at the head pile
is clearly recognisable with increasing load eccentricities h, which also leads to the upwards
movement of the zero-deflection point zo of the pile. The deviations of the results obtained from
the p-y approach proposed by API (2014), in comparison to the numerical results, are greater
than the ones obtained from the new modelling approach. The latter shows a remarkable
improvement of the prediction in all lateral displacements. The quotients Qk of the lateral
bedding stiffness between the new analytical method and numerical analysis reveal deviations
ranging from 0.94 to 1.06.

A further parametric study depicted in the second row of Fig. 8-5 highlights the effect of the
wall thickness t on the lateral foundation stiffness. The numerical results show the increment
of the bedding stiffness with increasing wall thickness t, particularly, for the smallest head
displacement y = 3 mm. Basically, an underestimation of the bedding soil resistance is obtained
by applying the recommended OGL approach while the new modelling approach offers a good
approximation to the results obtained from the numerical simulations. A small range of almost
constant deviations lies within the Qk range between 0.95 and 1.04.

Similarly, the variation of individual soil parameters such as undrained shear strength s,
plasticity index PIl, and soil stiffness factor defined by fes and feo (cf. Table 6.3) is also
conducted based on the reference system parameters, thus providing an extensive evaluation
for testing the suitability of a new modelling approach with regard to numerical results. It turned
out that the new analytical method provides a much better fit with the FE simulation results in
contrast to the conventional p-y approach recommended by API (2014), as shown
in Fig. 8-6.
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Fig. 8-6: Parameter study for the evaluation of the new modelling approach based on the variation of the
remaining soil condition parameters

The first row of Fig. 8-6 depicts the variation of soil consistency in terms of the undrained shear
strength sy ranging from very soft clay sy = 20 kPa to medium soft clay sy = 90 kPa. The
foundation stiffness resulting from the numerical simulations becomes higher with increasing
the undrained shear strength sy for all normalised head displacements. An overestimation of the
pile head displacements for very soft clay but also an overestimation of the foundation stiffness
for medium soft clay came out by applying APl (2014) approach when compared to the
numerical results. In this parametric study, it becomes clearly apparent that the new modelling
approach for predicting the horizontal pile’s load-bearing behaviour is superior, producing
marginal deviations of Qk ranging from 0.93 to 1.04.

The influence for varying the plasticity index Pl related to the shear strain yo7 according to
Stokoe et al. (2004) is evaluated in the second row of Fig. 8-6. The numerical results reveal that
the influence of soil plasticity on the foundation stiffness at the pile head is practically
insignificant for the smallest normalised head displacements in contrast to the other
displacements considered, i.e. the initial stiffness represented by the head displacement
y = 3 mm remains almost unaffected. In the p-y formulation proposed by API (2014), the
plasticity index Pl is not considered as an input parameter for describing the non-linear
behaviour of the pile-soil systems. It was therefore to be expected that the respective deviations
occur when compared with the numerical results. Again, the superiority of the new modelling
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approach is demonstrated due to the integration of the Pl parameter into the basic function, i.e.
by using the hyperbolic function. The deviations represented by Qk are certainly smaller than
that resulting from API (2014) approach, ranging from 0.93 to 1.07.

In the parametric study, special focus should be laid on the changing soil stiffness, related to
the oedometric stiffness modulus and the dynamic shear modulus, due to its substantial increase
up to 10 times the original values, as depicted in the third row of Fig. 8-6. An overestimation
of the pile head displacements resulting from p-y approach recommended by OGLSs is evident,
resulting in large deviations up to Qk = 0.4. The overestimation of all lateral head displacements
results from the disregard of the soil stiffness as an independent input parameter in the
traditional p-y approach but is related to the strength parameters and thus remains constant
when the soil stiffness factor is increased. It is noteworthy that the new analytical method offers
a great advantage due to the distinction between soil stiffness and shear strength parameters.
Despite the extreme increase in soil stiffness that usually occurs in over-consolidated soils, the
new modelling approach delivers good compliance with respect to numerical results by varying
the deviations from 0.83 to 1.03.

To conclude the aforementioned parametric study on the suitability of the new modelling
approach, the effect of coupled soil parameters such as the over-consolidation ratio OCR,
plasticity index Pl and soil stiffness factor (e.g. fes and fco) on the pile’s load-bearing behaviour
are also analysed, as depicted in Fig. 8-7. The numerical simulations executed in Plaxis 3D
offer the capability to perform such combinations of soil conditions, thus allowing the reliability
of the new analytical method to be demonstrated.
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Fig. 8-7: Parameter study for the evaluation of the new modelling approach based on the variation of
coupled soil condition parameters

To ensure that the parametric study also regards the over-consolidation ratio, coupled soil
parameters described in Table 6-3 are also applied. Similar to the previous parametric study,
the shear strength parameters are not depth dependent.
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Even though the p-y approach recommended by DNVGL (2016) considers the over-
consolidation ratio as an input parameter, a poor prediction of the bedding soil resistance results,
reaching a quotient of up to 0.4 in the worst case. It becomes clear that the new modelling
approach predicts the pile behaviour much better than traditional methods when compared to
the numerical result. However, the deviations of Qk reach around 0.79 due to the lack of
consideration of the over-consolidation ratio OCR within its formulation. As seen in a previous
study represented in Fig. 6-14, the over-consolidation ratio OCR contributes modestly to the
prognosis of the lateral stiffness foundation. Therefore, the new modelling approach omitted its
application to avoid a complicated p-y formulation resulting in the deviations shown in the first
row of Fig. 8-7 (right).

For completeness, the parameter study represented in the second row of Fig. 8-7 is conducted,
in this case, the soil condition is normally consolidated clay, i.e. OCR = 1, but the variation of
the other soil parameters such as plasticity index Pl and stiffness soil factors fes and feo remain
for calculating the load-bearing behaviour of the pile. It becomes clear that the predictions of
lateral stiffness are considerably improved by varying up to 0.87 using the new analytical
method. By contrast, for the traditional p-y method, the strong overestimation of the lateral head
displacements persists when compared to the numerical results.

8.2.2 Undrained shear strength su linearly increasing over depth

Particularly in the offshore zones of the North Sea and Baltic Sea, where monopile foundations
are commonly used for supporting the OWT structures, it is frequently found that over-
consolidated clays with non-linear behaviour result in a considerable increase in stiffness and
shear strength properties over depth. To test the predictive capabilities of the new analytical
method, the non-linear soil response of the pile foundation is therefore also analysed by
considering that the undrained shear strength parameters sy increase linearly over depth.

Similar to the previous parametric study, the local behaviour of the pile-soil interaction and the
horizontal load-bearing behaviour represented by the lateral secant stiffness at the pile head
remains to be evaluated under such soil conditions. Based on the geometrical parameters of the
reference system introduced in section 6.4 corresponding to a monopile foundation, a
parametric study is again carried out, but taking into account the soil condition parameters listed
in Table 6-4, which reflects the depth-dependent shear strength parameters relevant in this
section. The non-linear soil response obtained by increasing soil stiffness and shear strength
over depth that leads to realistic soil profile conditions, is captured by the respective analysis
methods for the extensive comparative study of laterally loaded piles.

From a soil profile with increasing shear strength parameters, Fig. 8.8 depicts the behaviour of
laterally loaded piles predicted from the numerical simulations and the new modelling
approach, also including the results of the p-y approach recommended in API (2014).
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The results of the new modelling approach closely match that of the three-dimensional
numerical simulations not only to be demonstrated for the local pile-soil interaction but also the
horizontal load-bearing behaviour of the pile, as shown in Fig. 8-8.

Despite a moderate deviation yielded in large deformations at the pile head, the resulting pile
load-displacement response demonstrates that the new analytical method is well suited to
predict the response of monotonic laterally loaded monopile foundations embedded in clay that
are represented by three-dimensional finite element modelling, as demonstrated in the upper
figures. This is a significant improvement over the ability of the existing p-y approach proposed
by API (2014) considering depth-dependent shear strength parameters.

For the lateral loading condition H = 2.7 MN, the resultant internal forces confirm the ability
of the calibrated new analytical approach to accurately predict the pile behaviour with linearly
increasing undrained shear strength sy over depth. Thereby, the respective y-multipliers Multy
are also applied, leading to accurate predictions of the pile response to prescribed actions. It
highlights that the resulting peak in the distribution of bedding resistance and bending moment
fit quite closely, in contrast to API (2014) p-y approach.

In the following, the quotients Qk of the lateral secant stiffness at the pile heads for the
normalised head displacements are depicted in Fig. 8-9. The appropriate correlation between
the new modelling approach and the numerical simulations indicates that the fundamental
physics of the behaviour of the pile-soil system is well simulated for varied pile geometries and
soil conditions, and also that the p-y approach proposed by API (2014) is not suitable for
predicting the non-linear embedded response of monopile foundations in soft clay.

The new modelling approach appears to provide a reasonably good match with the results
obtained from the three-dimensional numerical simulations. A similar pattern of deviations
compared to the soil profiles without depth-dependent shear strength parameters is found for
the normalised head displacement predictions, but with slightly lower than average accuracies.

The first row of Fig. 8-9 shows the effect of the variation of the embedded pile length L on the
lateral secant stiffness of the monopile foundations for the normalised head displacements.
Based on the numerical results, it is recognised that any additional pile length above 30 m has
no additional impact on the behaviour of the pile head stiffness. The significant discrepancies
between API (2014) approach and numerical simulation are quite comparable for all head
displacements, reaching a considerable overestimation of lateral head displacements. In
contrast, the new modelling approach vyields much better results, but a moderate
underprediction of the bedding soil resistance exists for short pile lengths up to Qx = 0.74.

The lateral secant stiffness of the monopile-soil system for varied pile diameters D is depicted
in the second row of Fig. 8-9. In this case, mainly the pile diameter D was modified, but also
the wall thickness t and the load eccentricity h are accordingly adapted. As expected, the lateral
secant stiffness increments strongly with an increasing pile diameter D, particularly for the
smallest head displacement. APl (2014) approach performs poorly for predicting the
displacement stiffness in general, resulting in a strong overprediction of lateral head
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displacements. Again, the new modelling approach demonstrates good agreement with the
numerical results, resulting in a small range of quotients Qk = 0.88-1.02.
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Fig. 8-9: Quotient of lateral stiffness Kp.y / Krem based on the new modelling approach and FEM for
varied parameters with linearly increasing undrained shear strength sy

A parametric study concerning the effect of varying load eccentricity h on the pile behaviour is
depicted in the third row in Fig. 8-9. Once again, the decay of the lateral secant stiffness with
increasing load eccentricities is evident but more pronounced in comparison to the parametric
study with constant shear strength parameters over depth. Both analytical methods yield regular
deviations for all normalised head displacements, but the new modelling approach provides
more reliable results than the ones obtained from API (2014) approach, which significantly
underpredicts the bedding soil resistance represented by Qk up to 0.42 compared to the
numerical results.
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The last row of Fig. 8-9 illustrates the influence of undrained shear strength s, on the obtained
response predictions of the pile behaviour for depth-dependent shear parameters. The label
values represent the sy at soil surface level, which increases over the depth as given in
Table 6-4. In contrast to the results from constant shear strength parameters, an overprediction
of the lateral head displacement occurs over the entire range analysed when applying the
API (2014) approach. The disparity represented by the quotients of lateral stiffness is very
significant. The new modelling approach again demonstrates its superiority by yielding
moderate discrepancies with respect to the numerical results.

Concluding the comprehensive evaluation about the suitability of the new modelling approach,
the influence of coupled soil parameters on the non-linear behaviour of the pile-soil system is
again evaluated but this time also considering the depth-dependent shear strength parameters,
as shown in Fig. 8-10. In fact, this parametric study should be considered as the most extreme
case of variation of soil parameters.
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Fig. 8-10: Parameter study for the evaluation of the new modelling approach based on the variation of
coupled soil condition parameters with linearly increasing undrained shear strength su

In the first row of Fig. 8-10, the variation of coupled soil parameters, such as the over-
consolidation ratio OCR, plasticity index Pl, soil stiffness factors fes and fo is again conducted
using depth-dependent parameters as introduced in Table 6-3. Based on the numerical results,
the pile response at the smallest head displacement (y = 3 mm) becomes stiffer with increasing
OCR than the other head displacements. Both analytical methods perform identical trend
patterns of discrepancies compared to the parametric study without depth dependency. The
moderate deviations of Qk up to 0.73 of the new modelling approach are attributed to the non-
consideration of the over-consolidation ratio OCR in its formulation.

To enable a clear comparison, a further comparative study is carried out under almost identical
soil conditions to the previous study, but without the increment of the OCR (see the second row
of Fig. 8-10). In this manner, the input parameters of the three-dimensional numerical
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simulations are compared to the new modelling approach, leading to an adjustment of the results
with moderate deviations ranging from 0.87 to 1.03. The deviations from the p-y approach
proposed by API (2014) remain considerable, suggesting that they are associated with the
discrepancies obtained from constant soil parameters over depth. Strong underpredictions of
the foundation stiffness can be observed in all cases.

In summary, the new modelling approach derived for cohesive soils is able to reasonably
account for the variation of coupled soil parameters in conjunction with depth-dependence shear
strength for accurately predicting the non-linear behaviour of the pile-system.
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9 Discussion

To obtain an essential insight into both the capabilities and limitations of the new modelling
approach introduced in this thesis, controversial topics regarding the correct prediction of the
non-linear response of laterally loaded pile foundations in cohesive soils are discussed as
follows:

- Typical static p-y approaches utilised in offshore design guidelines such as those proposed
by Matlock (1970) for soft clay and Reese & Cox (1975) for stiff clay, as well as several
modified p-y formulations presented in the literature, mainly define the undrained stiffness
of p-y curves as a function of the strain eso at one half the maximum principal stress
obtained from the laboratory of undrained compression tests of undisturbed soil samples.
Nonetheless, in practice, the strain at 50 % of maximum stress esg is usually determined by
using certain correlations, exclusively depending on the undrained shear strength sy.
Unquestionably, this prevents a clear distinction between soil stiffness and shear strength
that defines p-y curve characteristics. In contrast, the new modelling approach assumes a
soil stiffness-dependent formulation decoupled from the undrained shear strength
parameters adopted by the hyperbolic relationship involved. Correspondingly, it takes into
account the ultimate limit bedding resistance p, focused on the overburden pressure oy and
the undrained shear strength sy, but also separately the bedding stiffness, considering the
oedometric soil stiffness Eced, the dynamic shear modulus Go, and the plasticity index PlI.
Alternatively, it is also possible to convert the stiffness parameter Eoeq Used in the new
modelling approach to the strain eso again applying the numerical analysis. Nevertheless,
in any case, the determination of realistic soil conditions as key input parameters for the
correct applicability of the new modelling approach is decisive. An evaluation of the
combination of field and laboratory investigations for accurately deriving the initial soil
conditions is usually required. For instance, the derivation of the dynamic shear modulus
Go at very-small strains results from the laboratory triaxial and resonant column
experiments, as well as in situ cross-hole and downhole shear wave dates.

- Sophisticated three-dimensional numerical models are developed to describe the undrained
pile’s load-bearing behaviour embedded in clay profiles for arbitrary pile foundation
geometries subjected to short-term monotonic loading conditions. The numerical
simulations by finite element modelling are basically an essential benchmark for a thorough
evaluation of the performance of the traditional static p-y approach and the development
of an innovative modelling approach, but they also highlight the limitations of the
constitutive material models when it comes to modelling the undrained soil’s behaviour.
On the one hand, the boundary conditions of the HSsmall constitutive material model using
“undrained behaviour B” (cf. section 5.3) are quite limiting when it comes to the accurate
determination of the excess pore pressure pexc, Which is not crucial for the present work.
Besides that, the necessity for modelling the undrained soil’s behaviour by adopting several
soil layers to obtain depth-dependent soil stiffness results is extremely laborious. On the
other hand, it is quite advantageous that the HSsmall constitutive material model offers the
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capability of taking into account the small-strain dependence of the soil stiffness, being
crucial for catching the pile’s response at very-small strains, in contrast to the remaining
constitutive material models.

- The soil consistency expressed in terms of undrained shear strength sy is a decisive
influencing variable in whether the pile-soil system is susceptible to a post-peak softening
response represented by the residual bedding resistance pres. This means that stiff clays are
more inclined to exhibit such a load-bearing pile’s behaviour than soft clays, as seen in
several field load tests (cf. section 5-4). Besides that, Reese & Cox (1975), concerning the
derivation of static p-y curves in stiff clay, establish a residual bedding resistance pres for
large pile displacements, and argue for the gapping formation at the backside of the pile
foundation, which would have influenced the prediction about the non-linear response of
the pile-soil system. Similarly, Senanayake (2016) remarks on the relevance of the effect
of gapping for determining the non-linear response of the pile. Contradictorily, for instance,
the static p-y method proposed by Dunnavant & O’Neill (1989) in submerged over-
consolidated stiff clay does not include a softening soil’s behaviour after the peak, although
in the original documents it states the existence of a gapping condition in the static field
load tests used for deriving its p-y formulation. Anyhow, none of the constitutive material
models available from finite element programmes can model such a post-peak softening
soil response. Nevertheless, with additional soil parameters derived from laboratory tests
as proposed by Gazioglu & O’Neill (1984), a more complex p-y curve characteristic could
be developed that also considers the softening soil behaviour after the peak by including
the residual bedding resistance pres. Although, according to Pisa project (2016), this does
not offer any improvement in robustness or accuracy of results, indicating that there could
be a risk of an over-fitting of soil response.

- Several individual studies have dealt with the investigation of a horizontal pile’s load-
bearing behaviour for either sand or clay profiles. The new modelling approach offers the
capacity for a general application of different soil types by including the soil plasticity as
a soil input parameter in its formulation. It should be noted that almost all p-y methods
examined in this thesis, except for the p-y approach introduced by Kim et al. (2009),
exclude the soil plasticity to characterise the stiffness of the p-y curves. The incorporation
into the new modelling approach of soil plasticity is accomplished by using the threshold
shear strain yo.7 parameter, which can be obtained from laboratory tests. By doing so, the
pile’s behaviour embedded in silt and silty clays, for instance, can also be predicted by
using the unique basic p-y formulation, such as the hyperbolic relationship introduced in
this work.
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10 Conclusion and Perspective

The research work of this thesis mainly focuses on the investigation and development of new
geotechnical methods for the design and analysis of laterally loaded pile foundations embedded
in clay deposits, particularly adapted to the offshore wind sector. The proposed new modelling
approach is derived from a set of three-dimensional numerical models, including the
sophisticated HSsmall constitutive material model, which were validated based on small-scale
field tests used for the derivation of existing p-y approaches recommended in the current OGLs
(e.g. AP1 2014 and DNVGL 2016) as well as medium-scale field tests reported in the literature.
The validated three-dimensional numerical models were applied to investigate the performance
of the traditional static p-y approach, especially for large-diameter pile foundations destined for
the offshore industry by using a comprehensive comparative study for laterally loaded piles
embedded in either soft or stiff clays. This investigation provides the basis for developing a
new modelling approach to properly counteract the usual shortcomings identified in the
traditional static p-y approach. The new modelling approach introduced provides a more precise
and realistic prognosis of the horizontal pile’s load-bearing behaviour and the local pile-soil
interaction for arbitrary pile geometries subjected to short-term monotonic loading conditions.
Its application corresponds particularly to the pile foundations embedded in soft clays, but could
also be extended to stiff clays.

The limitations of this thesis are the exclusive study of monotonic behaviour and the assumption
of homogeneous clay profiles (i.e. layered soils have not been considered), ignoring the effects
of scour and neglecting the effect of pile installation and its subsequent effects.

Results from the present research work lead to the following conclusions:

- None of p-y approaches investigated so far are adequate for predicting the numerically
determined load-bearing behaviour of the pile-soil system for the relevant boundary
conditions of laterally loaded piles embedded in soft and stiff clay. In this respect, the effect
of varying pile geometry, loading condition, and soil consistency on the pile’s load-bearing
behaviour has been considered in a set of comparative studies. Neither the traditional
p-y approaches recommended by API (2014) and DNVGL (2016) nor those introduced in
the literature are generally suitable to be applied in the design of monopile foundations
with low ratios L / D such as that employed for OWTs’ substructures. It should be noted
that the infinite initial stiffness of the basic p-y function introduced by Matlock’s approach
which most p-y approaches for soft clays assume, leads to a significant overprediction of
the initial slope of static p-y curves related to low load levels. In contrast, its respective
linearisations recommended by API (2014) and DNVGL (2016) for counteracting such
influences are not entirely satisfactory. The identified deficiencies prevent the reliable
application of typical p-y approaches for determining the pile stiffness behaviour which is
required for the design of pile-soil systems.
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- The calibration procedure of the new modelling approach relies on the results of
sophisticated three-dimensional numerical simulations and theoretical considerations.
Based on the knowledge obtained from the comprehensive parametric study, the main
influencing variables used in the new modelling approach are identified, which might be
valid for arbitrary soil and pile geometry conditions as well as load levels. The non-linear
Winkler foundation analysis used for the conventional p-y approach to predict the
horizontal pile’s load-bearing behaviour is enhanced by considering the y-multipliers
Multy, taking into account the effect of varying the pile-soil stiffness on the pile’s
behaviour. In addition, the shearing stress caused by the interaction of the soil resistance
mobilised around the pile tip is treated quite effectively by adopting the y-multipliers
Multy tip, Which are decisive in cases of pile foundations with a low embedded length-to-
diameter ratio L / D. The application of deflection mode-dependent y-multipliers on the
“basic p-y curves” makes possible an improved prediction of the non-linear response of
arbitrary pile-soil systems compared to results of the validated numerical simulations than
the ones obtained from the typical static p-y approaches recommended by API (2014) and
DNVGL (2016).

- An extensive evaluation of the accuracy and reliability of the new modelling approach was
carried out by varying pile geometry conditions as well as individual and coupled soil
parameters in depth-dependence or constant over depth. In all cases, it has been
demonstrated that the new modelling approach is significantly superior to traditional
p-y approaches in predicting the horizontal pile’s load-bearing behaviour and the local
pile-soil interaction. A moderate discrepancy between results of the new modelling
approach and numerical models was found, corresponding to the increase in the
over-consolidated ratio OCR, whereas the latter is not considered as an input parameter in
the new modelling approach. Nevertheless, the non-linear behaviour of over-consolidated
clay could be captured by increasing the soil stiffness which is adequately reflected by the
new modelling approach.

- The traditional p-y approaches recommended by offshore guideline documents and the
literature as well as the new modelling approach introduced in this thesis were successfully
implemented in the pile design programme IGtHPile for their application and complete
analysis. It is remarkable that the computation speed for calculating the equilibrium of
pile-soil systems by using an iterative process is quite similar for both types of analysing
methods, but the results obtained from the new modelling approach offer comparable
accuracy to the results of the validated three-dimensional numerical models with a
substantially lower computational effort for solving such a complex three-dimensional
geotechnical problem.

The scope of this thesis was limited to analysing only the pile’s behaviour subjected to
short-term monotonic lateral loading conditions in cohesive soils. Additional investigations
should focus on maximising the quality and reliability of the new improved modelling
approach. Further research and development are still urgently required for the following
essential aspects:
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Although the measurements obtained from five field load tests (cf. section 5-4) were
considered to calibrate the sophisticated three-dimensional numerical models used for
deriving the new modelling approach, it still requires experimental and empirical
validation. Therefore, further field measurements are necessary, particularly for the
calibration to the strain-softening soil response for large displacements that occasionally
characterises the behaviour of stiff clay in the event of a gapping formation at the backside
of the pile foundation subjected to short-term monotonic loading conditions.

The inclusion of the cyclic degradation of stiffness and soil strength as well as accumulated
deformation in the new modelling approach can be determined from varying the essential
system parameters of the pile-soil systems.

As previously mentioned, the new modelling approach was in principle derived by
considering a fully undrained soil behaviour. Therefore, it is also recommended that further
examinations be carried out for analysing the effect of the dissipation of the excess pore
pressure pexc on the stiffness of introduced p-y curves.

The application of the hyperbolic stress-strain relation, introduced by the HSsmall
constitutive material model, has demonstrated that it is feasible to use a single base
p-y function that correctly reflects the non-linear behaviour of the pile-soil system. A more
detailed examination of other soil types should be carried out by adopting the base
p-y function introduced in this thesis, which would allow the derivation of a unified
p-y approach that can also enable the study of stratified soils.
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Appendix A

Load-bearing capacity factor Np associated with ultimate bedding resistance py resulting from
the FEM analysis and the p-y approach recommended by API (2014) as well as the innovative

modelling approach
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Appendix B

Non-linear, soil- and depth-dependent characteristics of soil springs (also termed p-y curves)
acting orthogonally to the pile axis
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Appendix C

Contour plots of the quotients Qk = Kpy/ Krem between the lateral stiffness resulting from the
conventional p-y approaches and the FEM analysis
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Figure C-1: Quotient of lateral stiffness K.y / Krem based on the approaches by API (2002) and FEM
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Figure C-3: Quotient of lateral stiffness Kp-y/ Krem based on the approaches by Matlock (1970) and FEM
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Figure C-7: Quotient of lateral stiffness Kp.y/ Krem based on the approaches by Kirsch et al. (2014) and FEM
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