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Abstract 

The scope of the thesis is to broaden the knowledge about axially loaded pipe piles, that can play as 

foundations for offshore wind turbines based on jacket structures. The goal of the work was pursued 

by interpreting experimental data on large-scale model piles and by developing numerical tools for 

the prediction of their monotonic response to tensile and compressive loads to failure. The availability 

of experimental results on large scale model piles produced in two different campaigns at Fraunhofer 

IWES (Hannover, Germany) represented the reference for the whole work. Piles were installed in 

homogeneous, artificial layers of a clean commercial sand (namely Rohsand 3152) by impact driving. 

Data from CPTs, blow counts during installation and load-displacement curves allowed to develop 

considerations on the experimental results and comparison with empirical methods from literature, 

such as CPT-based methods and Load Transfer methods. The understanding of soil-structure 

interaction mechanisms has been involved in the study in order to better assess the mechanical 

response of the sand with the scope to help in developing predictive tools of the experiments. A lack 

of information on the response of Rohsand 3152 when in contact with steel was highlighted, so the 

necessity of better assessing its response was fulfilled with a comprehensive campaign of interface 

shear test. The tests investigated the response of the sand-steel system with changing different 

conditions (relative density, roughness of the steel, stress paths). It was found how the response of 

the sand to ultimate conditions evolve with the roughness of the steel, which is a precious information 

to take account of when attempting the prediction of a pile capacity; also, the stress paths evolution 

when different normal stiffness conditions are applied were investigated and compared with literature 

data from instrumented pile shafts. Parallel to this topic, the work has developed a numerical 

modelling procedure that was validated on the available large-scale model piles at IWES. The 

modelling strategy is intended to build a FE model whose mechanical properties of the sand come 

from an interpretation of commonly available geotechnical tests (site investigations such as Cone 

Penetration Tests, interface shear tests) that would generate a few parameters to be input. The results 

of the FE model were compared with other predictive tools currently used in the engineering practice. 

 



3 

 

Acknowledgments 

I am grateful to my supervisor Professor Laura Govoni for involving me in this research project, 

for introducing me to the fascinating subject of offshore geotechnics and for spending great amount 

of time and effort to help me develop my research. 

 

I thank my co-supervisor Dr. Aligi Foglia for helping me to frame my work sharing his tremendous 

research at Fraunhofer IWES, for leading with enthusiasm my stay in Hannover and for always 

attending when I needed an advice. 

 

I mention Professors Monica Prezzi and Rodrigo Salgado for letting me join their research group 

as a visitor and for sharing their knowledge. 

 

Despite my Ph.D. developed during the unpredictable times of the pandemic, I still had the chance 

to meet friends and colleagues I could work with and learn from: here I list Alessio and Giada as 

the ones I shared the most with. 

 

Finally, a special thanks to my family who supported me during this journey. 

 

Contents 
 

Abstract ........................................................................................................................................... 2 

Acknowledgments........................................................................................................................... 3 

List of Figures ................................................................................................................................. 6 

List of Tables .................................................................................................................................. 9 

Notation......................................................................................................................................... 10 

Introduction ................................................................................................................................... 12 

Background ............................................................................................................................... 12 

Objectives .................................................................................................................................. 14 



4 

 

Thesis outline ............................................................................................................................ 15 

PART 1 – Main features of axially loaded piles ........................................................................... 16 

1.1 Capacity of axially loaded piles .......................................................................................... 16 

1.2 Effects of driving to the soil surrounding the pile – focus on sandy soils .......................... 19 

1.3 Development of shear bands at pile shafts .......................................................................... 22 

Characterisation of the interface friction angle at pile shafts .................................................... 24 

1.4 Databases of axially loaded piles ........................................................................................ 25 

1.4.1 The Unified database (Lehane et al., 2017) .................................................................. 26 

1.5 Design methods ................................................................................................................... 27 

1.5.1 CPT-based design methods .......................................................................................... 28 

1.5.2 Load transfer design methods ....................................................................................... 31 

PART 2 – Physical modelling....................................................................................................... 33 

2.1 Investigation of the Rohsand 3152 properties ..................................................................... 33 

2.1.1 Sand Morphological analysis........................................................................................ 34 

2.2 Interface shear tests on Rohsand 3152 ................................................................................ 41 

2.2.1 Introduction and state of the art .................................................................................... 41 

2.2.2 Apparatus and Procedure .............................................................................................. 41 

2.2.3 Introduction to the concept of Constant Normal Stiffness ........................................... 47 

2.3 Results and discussion ......................................................................................................... 51 

2.3.1 Influence of the density ................................................................................................ 51 

2.3.2 Influence of confining stress levels .............................................................................. 51 

2.3.3 Influence of surface roughness ..................................................................................... 51 

2.3.4 Influence of the normal stiffness .................................................................................. 54 

2.3.5 Residual resistance ....................................................................................................... 57 

2.3.6 Comparison with stress at pile shafts: the Labenne literature case study ..................... 64 



5 

 

2.3.7 Remarks on the campaign of interface tests ................................................................. 65 

2.4 Large-scale model piles tests at IWES ................................................................................ 72 

2.4.1 Details of the experiment .............................................................................................. 72 

2.4.2 Large-scale model piles of the IRPWind campaign ..................................................... 72 

2.4.3 Single large-scale model piles of the Pile Group Effects campaign............................. 75 

2.4.4 Comparison with literature model piles ........................................................................ 82 

Prediction methods .................................................................................................................... 83 

3.1 Unified CPT-based method ............................................................................................. 83 

LT method ............................................................................................................................. 84 

2.5 Prediction methods .............................................................................................................. 85 

2.5.2 LT method .................................................................................................................... 85 

PART 3 – Numerical modelling ................................................................................................... 87 

3.1 Numerical modelling of axially loaded piles ...................................................................... 87 

3.2 Single-element FE models for the calibration of a Drucker-Prager constitutive model ..... 87 

3.2.1 Modelling of triaxial compressive drained tests ........................................................... 87 

3.2.2 Modelling of interface shear tests ................................................................................. 93 

3.3 Finite element model of axially loaded piles ...................................................................... 95 

3.3.1 Geometry, calculation steps and constitutive relationships .......................................... 95 

3.3.2 Procedure for the modelling materials properties ......................................................... 97 

3.4 Application of the modelling procedure to the IRPWind campaign ................................. 101 

3.5 Application of the modelling procedure to the single piles of the Pile Group Effects campaign

 ................................................................................................................................................. 106 

Concluding remarks .................................................................................................................... 116 

Original contribution and main findings ................................................................................. 117 

Further investigation ............................................................................................................... 120 



6 

 

References ................................................................................................................................... 120 

 

 

List of Figures 

Figure 1: scheme of pile plugging formation during driving. ....................................................... 19 

Figure 2: scheme of the friction fatigue influence on the pile shaft resistance to shear. .............. 21 

Figure 3: apparatus for the production of sand particles pictures. ................................................ 34 

Figure 4: picture taken with the AmScope camera of a selection of Rohsand 3152 grains retained 

by the ASTM #60 seeve. ............................................................................................................... 35 

Figure 5: approximation of one particle grain and of the quantities involved in the definition of the 

particle roundness R. ..................................................................................................................... 36 

Figure 6: grain size distribution of Rohsand 3152 compared with the three sands studied in Ganju 

et al. (2021). .................................................................................................................................. 38 

Figure 7: digital image of a Rohsand 3152 ASTM 60 retained fraction. ..................................... 39 

Figure 8: (a) schematic of the apparatus; (b) shear box installed in the apparatus. ...................... 42 

Figure 9: the three steel plates used for the interface shear tests, mounted on the lower part of the 

shear box. ...................................................................................................................................... 43 

Figure 10: (a): Brucker GT-X profilometer (© Brucker corporation). (b): detail picture of the 

roughness measurement on an untreated steel plate. .................................................................... 44 

Figure 11: illustration of the process for measuring the roughness of steel plates. ...................... 44 

Figure 12: roughness profiles for smooth (SM), rusted (RU), highly-rusted (HR) steel plates. .. 45 

Figure 13: visualisation of the interface roughness variables for the definition of R*
max and Rn. . 46 

Figure 14: Wernick model to explain the concept of the “confined dilatancy” for cylindrical 

inclusions (redrawn)...................................................................................................................... 48 

Figure 15: experimental results from monotonic TXCID on Rohsand3152. (a): volumetric strain 

vs. deviatoric strain. (b): deviatoric stress vs. deviatoric strain. Legend reports cell pressure of the 

three tests. ..................................................................................................................................... 49 

Figure 16: interpretation of the shear modulus at q = 50% peak from three TxCID tests performed 

on Rohsand 3152. Legend reports cell pressure of the three tests. ............................................... 50 



7 

 

Figure 17: trend of the ultimate conditions interface friction angle with confining stress. 

Comparison of HR plates results (from the present study) with ring-shear interface tests from Liu 

et al. (2019), Rcla ranging from 9 to 13 μm. .................................................................................. 51 

Figure 18: Evolution of the peak friction coefficient f with the plate roughness. Comparison of 

Rohsand 3152 with previous studies. Redrawn from Porcino et al. (2003). ................................ 53 

Figure 19: evolution of Rohsand 3152 critical state interface friction angle ratio. Comparison of 

Rohsand 3152 with the study from Han et al. (2018), redrawn. ................................................... 53 

Figure 20: evolution of normal stress reduction to the initial value for different CNS conditions on 

highly-rusted plates. (a): loose samples. (b): dense samples. Labels indicate the imposed CNS level 

in kPa/mm. .................................................................................................................................... 54 

Figure 21: normalised stress paths obtained from tests on highly-rusted plates. .......................... 56 

Figure 22: Critical state for the tests on a smooth interface and a dense aggregation state, legend 

reports constant normal stiffness levels. ....................................................................................... 61 

Figure 23: Critical state for the tests on a rusted interface and a dense aggregation state, legend 

reports constant normal stiffness levels. ....................................................................................... 62 

Figure 24: Critical state for the tests on a rusted interface and a loose aggregation state, legend 

reports constant normal stiffness levels. ....................................................................................... 62 

Figure 25: Critical state for the tests on a rough interface and a loose aggregation state, legend 

reports constant normal stiffness levels. ....................................................................................... 63 

Figure 26: Critical state for the tests on a rough interface and a dense aggregation state, legend 

reports constant normal stiffness levels. ....................................................................................... 63 

Figure 27: comparison of the normalised stress paths observed on instrumented pile shaft with HR, 

dense interface dense samples. ..................................................................................................... 65 

Figure 28 ....................................................................................................................................... 67 

Figure 29 ....................................................................................................................................... 68 

Figure 30 ....................................................................................................................................... 68 

Figure 31 ....................................................................................................................................... 69 

Figure 32 ....................................................................................................................................... 69 

Figure 33 ....................................................................................................................................... 70 

Figure 34 ....................................................................................................................................... 70 

Figure 35 ....................................................................................................................................... 71 



8 

 

Figure 36 ....................................................................................................................................... 71 

Figure 37: normalised load-displacement curves measured after the monotonic load tests ......... 73 

Figure 38: layout of the IRPWind campaign model piles............................................................. 74 

Figure 39: cumulated qc and fs profiles from the five CPTs performed in the surroundings of the 

three IRPWind campaign model piles. ......................................................................................... 75 

Figure 40: Layout of the test campaign. ....................................................................................... 77 

Figure 41: Summary of the three CPTs conducted at 1.3D from the piles’ axis after their 

installation. .................................................................................................................................... 78 

Figure 42: Blow counts of the three tested model piles ................................................................ 79 

Figure 43: Static load test of Pile P3, including loading frame, hydraulic actuator, and net-like 

support for the displacement transducer. ...................................................................................... 80 

Figure 44: Measured load-displacement curves of Pile P1, P2, and P3 from the static loading test

....................................................................................................................................................... 81 

Figure 45: Measured load-displacement curves of Pile P1, P2, and P3 from the static loading test. 

The factorized vertical load V* has been obtained by dividing the vertical load V by the average 

tip resistance value from the respective CPT. ............................................................................... 81 

Figure 46: dimensions of the piles reported in the Unified database. ........................................... 83 

Figure 47: representation of the LT model ................................................................................... 86 

Figure 48: sketch of a one element, axisymmetric FE model of a TxCID test. ............................ 88 

Figure 49: graphical interpretation of incipient plasticity of the TxCID tests. ............................. 90 

Figure 50: modelling of the TXCID tests with a linear Drucker-Prager isotropic hardening 

constitutive model. ........................................................................................................................ 91 

Figure 51: results of the modelling of TXCID tests performed on Rohsand 3152 with a two-surface 

bounding plasticity constitutive model. ........................................................................................ 93 

Figure 52: sketch of the one element FE model of a CNL test shear band................................... 94 

Figure 53: modelling of two interface shear tests on Rohsand 3152 ............................................ 95 

Figure 54: (a) schematic of the FE model for predicting the monotonic response of axially loaded 

piles; (b) representation of the target FE model output; (c): detail of the mesh in the vicinity of the 

model pile...................................................................................................................................... 96 

Figure 55: Identification of the soil model constants a) μDr on the experimental Dr profile and b) 

μKE on the experimental KE profile. ............................................................................................ 101 



9 

 

Figure 56: Identification of the shear band model parameters based on the results of interface tests.

..................................................................................................................................................... 102 

Figure 57: comparison of the performance of the FE model on the three IRPWind campaign model 

piles. (a): IRPWind Pile 1; (b): Pile 3; (c): Pile 4. ...................................................................... 105 

Figure 58: Estimated relative density profile from CPT. Faded data points were not considered in 

the calculation of the representative relative densities (Dr,in) because out of the influence volume 

of the piles under compression ................................................................................................... 107 

Figure 59: Comparison of the experimental cone tip resistance profile (grey squared markers) and 

the continuous monotonic artificial profile qc,ar for Pile P1. ....................................................... 108 

Figure 60: Values of peak friction angles against qc1 from Kulhawy and Mayne (1990) and 

Rohsand 3152.............................................................................................................................. 109 

Figure 61: Comparison of experimental results and prediction with LT and FE methods. (a) 

BorWin gamma campaign Pile 1; (b): Pile 2; (c): Pile 3. ........................................................... 113 

Figure 62: Comparison of ultimate capacity from experimental results and parametric study 

performed with the FE method addressing the change of Qc as a function of DR,in .................... 116 

 

List of Tables 

Table 1: summary of the Unified database of driven piles in sand (Lehane et al., 2017). ........... 27 

Table 2: comparison of different CPT-based methods. ................................................................ 31 

Table 3: properties of the Rohsand 3152 granular material. ......................................................... 34 

Table 3: comparison of Rohsand 3152 physical and morphological properties with silica sands in 

Ganju et al. (2021). ....................................................................................................................... 40 

Table 5: roughness of the steel plates used fort the interface shear tests. ..................................... 46 

Table 6: summary of the tests. ...................................................................................................... 47 

Table 7: estimation of the soil stiffness along the pile shaft of model piles used at Fraunhofer 

IWES. ............................................................................................................................................ 50 

Table 8: results from the CNL tests .............................................................................................. 52 

Table 9: synthetic results from tests on a smooth plate, dense aggregation state. ........................ 58 

Table 10: synthetic results from tests on a rusted plate, dense aggregation state. ........................ 59 

Table 11: synthetic results from tests on a rusted plate, loose aggregation state.......................... 59 



10 

 

Table 12: synthetic results from tests on a rusted plate, dense aggregation state. ........................ 60 

Table 13: synthetic results from tests on a rusted plate, loose aggregation state.......................... 61 

Table 15: dimensions of the three model piles. ............................................................................ 73 

Table 16: Comparison of the presented pile datasets (bottom of the table) with literature examples 

(partially collected from Tehrani, 2016). ...................................................................................... 82 

Table 17: interpretation of TxCID yield (incipient plasticity) ...................................................... 90 

Table 18: parameters of the two-surface bounding plasticity constitutive model calibrated on clean 

Ottawa sand (from Loukidis & Salgado, 2009). ........................................................................... 92 

Table 19: summary of the developed FEM procedure for predicting monotonic response of 

homogeneous sand deposits. ....................................................................................................... 100 

Table 20: Application of the FE procedure tot he IRPWind model piles campaign. ................. 102 

Table 21: Input relative density values, Dr,in, for Piles P1, P2 and P3 together with their statistical 

values .......................................................................................................................................... 107 

Table 22: Estimation of the Young’s Modulus number (KE,in) values from CPT profiles ......... 110 

Table 23: The Unified CPT-based Method performance on the present pile campaign with post-

installation CPTs. Qm is the measured pile capacity, whereas Qc is the predicted pile capacity. 111 

Table 24: Performance of the Unified CPT-based Method on the present pile campaign with pre-

installation CPTs. Qm is the measured pile capacity, whereas Qc is the predicted pile capacity. 111 

Table 25: Differences between measured and calculated pile head displacement, (w0.5,c - w0.5,m), at 

V = 0.5Qm and V = 0.5Qc for the three pile tests ........................................................................ 114 

 

Notation 

D: pile diameter 

L: pile length 

t: pile thickness 

Di: inner diameter of the pile 

Dr: soil relative density 

qc: cone tip resistance 
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qc,art: artificial cone tip resistance 

pa: atmospheric pressure (= 100 kPa) 

p’0: mean effective stress at rest 

Dr: mean soil density value of the deposit 

σ’v0: vertical effective stress at rest 

σ’ri: post-installation radial stress 

σ’θ: circumferential stress 

PLR: pile plug length ratio 

h: vertical distance of the local depth to the pile tip 

𝜑′𝑝,𝑠𝑜𝑖𝑙: peak friction angle of the soil surrounding the pile 

soil: dilation angle of the soil surrounding the pile 

Esoil: Young’s modulus of the soil surrounding the pile 

KE: Young’s modulus number 

KE: mean Young’s modulus number value of the deposit 

p
0i
' : post-installation mean effective stress of the soil adjacent and surrounding the pile 

Icn: normalised soil behaviour type index 

Gadj: shear modulus of the soil adjacent to the pile 

G*: model constant of the soil adjacent to the pile 

sadj: thickness of the layer of soil adjacent to the pile 

D50: mean particle size of the sand 

 𝜏𝑦𝑖𝑒𝑙𝑑: shear stress of the soil adjacent to the pile at incipient plasticity 

yield: yield interface friction angle 

cv: constant volume interface friction angle 
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b: model constant for the hardening law of the layer of soil adjacent to the pile 

p: plastic shear strain 

adj: dilation angle of the layer of soil adjacent to the pile 

emin: minimum void ratio of the material 

emax: maximum void ratio of the material 

𝜑’cv: constant volume friction angle of the material 

Ra: surface average roughness 

Vult: pile ultimate capacity prior to failure 

wult: pile head displacement at failure 

w’: pile head displacement at half of the measured ultimate capacity 

 

Introduction 

Background 

At present, eighty percent of operational Offshore Wind Turbines (OWTs) are installed on single 

steel piles, known as monopiles. This foundation type is considered the most effective up to about 

thirty meters water depth (Ramirez et al., 2020). Offshore wind in deeper water, up to about sixty 

meters, is exploited using jacket or multipod structures on piles or suction caissons. From sixty 

meters on, floaters should be used instead, connected to the seabed with anchors, through catenary 

steel chains, synthetic ropes taut lines and tendons, typically made of steel wires. At present, the 

sole floating wind farm in operation is supported by spar buoys connected to the soil bed with 

anchor piles through catenary moorings. This solution generally requires water depths above one 

hundred meters, while a vertical configuration of mooring, in a Tension Leg Platform (TLP) 

fashion, could cover for shallower depths (Wu et al., 2019).  
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The first prototype of a TLP wind turbine was installed off the coast of Brindisi (Italy) in the South 

Adriatic Sea. Italy features a good potential for offshore wind deployment, as documented by the 

large number of feasibility studies carried out in over the last fifteen years, with the first approved 

project soon starting in the Ionian Sea. Matching wind resources with isobaths (ORECCA, 2011), 

the most promising sites concentrate in the Central and South Adriatic Sea, with an estimate energy 

potential of about 600 MW, in water depths ranging between 50 m - 150 m, in large part deployable 

with jacket structures and (TLPs).  

Jackets and TLPs are traditionally supported by steel piles. Jackets are truss-work structures, which 

withstand the environmental actions arising from wind and waves through a push-pull mechanism, 

inducing to the piled foundations a prevalently axial load. When a jacket supports a light Offshore 

Wind Turbine (OWT), onerous tensile loads may arise and govern the foundation design. Piles for 

TLPs are also required to carry high uplift forces. These conditions significantly differ from those 

experienced by monopiles, generally subjected to high lateral loads. Tensile loads are particularly 

critical for piles in sand. Sand deposits, clean or with silt, are widely found in the Central and 

South Adriatic, up to typical offshore piles depths (lower than one hundred meters), below a thin 

layer of softer sediments, dispersed mainly by the Po river and constituted of sensitive, normally 

consolidated silty clays (Lanzo et al., 2009). 

The axial response of an offshore pile in sand is currently predicted combining load transfer curves 

and ultimate capacity equations, such as the American Petroleum Institute API-Main Text Method 

(API, 2002) or more advanced approaches, known as CPT-based methods, which implement the 

results from Cone Penetration Tests (CPTs) carried out at the relevant offshore site. LT-methods 

are developed after the schematisation of soil-structure response as a set of springs (Winkler’s 

beam problem), allowing to reproduce the whole load-displacement path (Bohn et al., 2017). Finite 

Element Modelling (FEM) finds its context in research activities, as researchers are still trying to 

find modelling procedure both effective and practical. These approaches were devised and 

calibrated for piles of Oil and Gas (O&G) platforms and their application to the design of OWTs 

foundation is recent. As the two energy sectors have different design requirements(Schneider & 

Senders, 2010), new research work is needed to support a rational transfer of knowledge between 

the two energy sectors.  
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The use of the Finite Element (FE) method to explore the axial response of piles dates back to the 

late Eighties (Boulon, 1989;,de Nicola & Randolph, 1993;,Altaee et al., 1992). The development 

of accurate FE models of the response of offshore piles in sand under static axial loading conditions 

relies on a correct representation of two crucial aspects. One concerns the implementation of 

realistic stress conditions in the soil, as produced by piles installation, prior to loading. For offshore 

piles, which are typically impact-driven, this also includes a correct modelling of the effects of 

friction fatigue, produced by the cyclic loading of the soil next to the pile shaft during the driving 

operations (Lehane et al., 1993). The other aspect relates to an accurate description of the interface 

response, which may be achieved through special interface elements with adequate constitutive 

properties, developed and calibrated based on standard and advanced laboratory tests (Fioravante 

et al., 1999; Ghionna & Mortara, 2002;,Hu & Pu, 2004). A realistic description of the pile 

geometry, notably plugging effects, can also play an important role towards the development of 

an accurate modelling strategy (Paik et al., 2003). 

Current foundation design methods for OWTs are derived from Oil and Gas (O&G) industry 

(Schneider & Senders, 2010) and are individuated in Cone Penetration Tests methods (CPT-

methods) and Load Transfer methods (LT-methods). CPT-methods are based on empirical 

equations which try to account for the physics of the problem but rely on the calibration of 

parameters on a large availability of pile test responses(Lehane et al., 2020; Lehane et al., 2005). 

They essentially provide to designers with an estimation of the ultimate capacity of the pile.  

Axially loaded piles are recognised to generate in the sand near the shaft a thin zone in which shear 

stress and strain concentrates, commonly named shear band. The behaviour may be modelled 

through interface elements with adequate constitutive properties, developed and calibrated on both 

standard and more advanced laboratory tests (Fioravante et al., 1999;,Hu & Pu, 2004). 

 

Objectives 

The research goals of the three years research project relate to study the response of offshore pipe 

piles loaded in axial conditions by means of physical, analytical and numerical modelling. 

Concerning the physical modelling, the scope was to observe the tensile and compressive 

behaviour of large scale steel open ended piles. The tests were produced at Fraunhofer IWES 

within the European Project IRPWind (Foglia et al., 2017; Schmoor et al., 2018) and the industry 
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Project Pile Group Effects (Wisotzki et al., 2018). These data were provided thanks to the 

collaboration with the co-supervisor of the overall research project, Dr. Aligi Foglia. Both 

campaigns featured piles that were relevant for the verification of the procedure i.e., slender, open-

ended steel piles installed in a partly plugged manner. 

The other aspect relates to an accurate description of the interface response. The response of 

RohSand 3152 when sheared in contact with steel interface had not been adequately investigated 

yet, and this need was highlighted along the past FEM activities, since an advanced interface model 

would require available information of the sand response at different confinement pressures, steel 

roughness, aggregation state.(Porcino et al., 2003; Han et al., 2018). Also, it was clear from 

previous literature studies (Fioravante, 2002) that more representative information of the stress 

path observed in soil in contact with axially loaded piles would come from Constant Normal 

Stiffness (CNS) direct shear interface tests, which are performed on modified direct shear 

apparatus usually referred as Constant Normal Load (CNL). Concerning the numerical modelling, 

two were highlighted while developing the FE model. One concerns the choice of the constitutive 

model designated to reproduce stresses and strains of the soil surrounding a loaded foundation. 

Basic constitutive models are implemented in commercial codes (e.g., ABAQUS) and are 

commonly used by designers. They are not meant to reproduce Critical State Soil Mechanics 

(CSSM) and therefore more advanced constitutive models are preferred by researchers. 

 

Thesis outline 

The thesis is organised in different chapters (namely Parts) whose content is outlined in the 

following list: 

- PART 1 reports the essential notions about the understanding of how offshore piles respond 

to axial loads, including the calculation of their ultimate capacity, the introduction of some 

mechanisms concerning soil surrounding the shaft and the base of foundations (i.e. friction 

fatigue, shear band formation, dilational effects), the illustration of the most exploited 

design methods (i.e. CPT-based methods, Load Transfer methods). 

- PART 2 reports the physical modelling that was analysed in the thesis. This includes the 

morphological and laboratory scale study of the silica sand Rohsand 3152, used at 
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Fraunhofer IWES for the large-scale model pile campaigns; interpretation of two 

campaigns of large-scale model piles tested at IWES in recent years. 

- PART 3 illustrates the numerical and analytical modelling that was conducted with 

reference to the Rohsand 3152 mechanical characterisation in the context of reproducing 

the large-scale model piles results. This includes the application of the latest proposed 

empirical methods illustrated in PART 1 (CPT-based methods and load-transfer methods), 

the FE modelling of laboratory experiments performed on Rohsand 3152 and on top of 

these results the development and calibration of FE model of the large-scale model piles in 

order to reproduce the load-displacement paths that had been recorded during the 

experiments. 

Finally, a paragraph with the concluding remarks and the suggested further investigations on the 

topic is reported. 

 

PART 1 – Main features of axially loaded piles 

1.1 Capacity of axially loaded piles 

Among different solutions, open-ended steel pipe piles are by far the most adopted solution for 

offshore platform foundation. Piles are installed by displacing soil by use of hydraulic hammers 

that can operate underwater. The piles are usually fabricated in lengths of up to 100 m and spliced 

during installation, if necessary. To support a jacket structure, piles are driven through sleeves 

attached to the structure. In shallow water, the piles can be driven using above-water hammers 

mounted on pile extensions, while in deep water underwater hammers are used. Modern 

underwater driving hammers follow the pile down through guiding sleeves on the jacket structure. 

After being driven to the required depth, the piles are welded or grouted to the sleeves at the base 

of the jacket legs.  

Piles are conventionally driven open-ended, with soil flowing into the pile and forming a “plug”. 

A thickened wall is often adopted near the pile toe (namely known as shoe) to reinforce the tip and 

to reduce the driving resistance along the shaft in hard soils. If a stiffer base resistance is needed, 
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a plate or a conical tip is used to create a closed-ended pile, but a greater driving resistance is 

needed.  

The axial strength, or capacity, of a pile Vult is the load on the pile head that will cause failure. The 

sum of the total ultimate shaft resistance Qsf and ultimate base resistance Qbf minus the submerged 

weight of the pile Wpile will produce the ultimate capacity of the pile by imposing the vertical 

equilibrium along the pile shaft: 

𝑉𝑢𝑙𝑡 = 𝑄𝑠𝑓 + 𝑄𝑏𝑓 −𝑊𝑝𝑖𝑙𝑒
′  

Equation 
(1) 

In uncemented soils, a Coulomb friction model can represent the mechanical phenomenon of 

resistance, with the product of the horizontal effective stress acting on the pile shaft at failure σhf 

and the mobilised coefficient of friction (tanδ) giving the ultimate unit shaft resistance Qsf. The 

unit shaft resistance is integrated over the surface of the pile to find the total ultimate shaft 

resistance. 

𝑄𝑠𝑓 = 𝜋𝐷∫ 𝜏𝑠𝑓 𝑑𝑧 =  𝜋𝐷 
𝐿

0

∫ 𝜎′ℎ𝑓𝑡𝑎𝑛𝛿 𝑑𝑧
𝐿

0

 

 

Equation 
(2) 

The ultimate base resistance Qbf is the maximum stress that can be mobilised on the pile base qbf 

multiplied by the base area Ab giving: 

𝑄𝑏𝑓 = 
𝜋𝐷2

4
𝑞𝑏𝑓 

Equation 
(3) 

A criterion of displacement for pile base failure is often defined by the mobilised resistance at an 

allowable settlement such as 10 per cent of the pile diameter (D/10).This is more practical than 

other choices that might suggest a greater pile displacement (up to 1D) that are usually observed 

to be mobilising increasing load but would represent already a catastrophic failure of the structure. 

On an open-ended pile, the base resistance is often assessed from two components acting on the 

pile wall and on the soil plug.  

At allowable settlements, the resistance on the pile wall is usually higher than on the soil plug. 

This is because the soil within the pile compresses as the axial load is mobilised, causing the soil 

plug response to be more compliant. Estimation of the base resistance qbf and and shaft resistance 

τsf at failure is challenging. Pile installation and loading is a process that causes complex stress 
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changes in the soil around the pile from the in situ conditions to the conditions at failure. The 

understanding of the mechanics underlying the loading process can help to build design methods 

to be more robust. It is necessary to estimate the net result of installation and loading effects based 

only on knowledge of the in situ conditions prior to pile installation as identified during the site 

investigation – such as in situ stresses and in situ strengths (su, φ, δ) or the results of an in situ test 

such as the cone penetration test (CPT) (qc, fs, etc.). The shaft resistance is affected by the rate of 

loading cycles of loading. Therefore, the expected loading cycles due to environmental conditions 

(wind, waves) as well as the maximum single applied load are inputs to the design. 

A further consideration for tubular piles is the possibility of plugging of soil during the installation, 

that can influence the response of the foundation when loaded. Alternative failure mechanisms are 

possible:  

• Unplugged penetration. The soil column in the pile remains stationary ('coring').  

• Plugged penetration. The soil column moves downwards with the pile.  

• Partial plugging. The soil column moves downwards, but slower than the pile.  

The degree of plugging is defined by the incremental filling ratio (IFR): 

𝐼𝐹𝑅 =  
𝛿ℎ𝑝

𝛿𝐿
 

Equation 
(4) 

Where: 

𝛿ℎ𝑝: incremental vertical length of the soil plug 

𝛿𝐿: incremental penetration of the pile 



19 

 

As IFR approaches its the upper limit of 1, the pile is considered to behave more and more in a 

fully coring mode. 

 

Figure 1: scheme of pile plugging formation during driving. 

IFR is related to another indicator of soil plugging namely known as Plug Length Ratio (PLR), 

defined as: 

𝑃𝐿𝑅 = ℎ𝑝/𝐿 
Equation 

(5) 

 

With the same symbology as above for Equation Equation (4). Among recent works studying the effect of 

soil plugging in open-ended piles, Gudavalli et al. (2013) collected information on plug formation 

from a large database of steel open-ended piles in sand, and related the measured PLR to the skin 

friction and to the unit end bearing value, finding how these were increasing with decreasing PLR. 

  

1.2 Effects of driving to the soil surrounding the pile – focus on sandy soils 

The shaft resistance of a driven pile in sand depends on the in situ conditions and the complex 

changes that take place during installation and subsequent loading. The installation and loading of 

a driven pile in sand can be divided into a number of stages in order to understand the resulting 
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shaft. Typically, sand is sufficiently free draining that no equalisation stage exists. Any excess 

pore pressure generated by the driving process dissipates prior to the end of installation. This 

simplifies the analysis of piles in sand and removes the need to wait for a period of set-up following 

installation before the pile can be loaded. As for clay, since shaft resistance is governed by 

Coulomb's Law, τsf can be estimated from the horizontal effective stress at failure, σ’hf and the 

pile-soil interface friction angle, δ. From an initial value of σ’h0 = K0 σ’v0 the horizontal effective 

stress changes during installation, friction fatigue, and finally loading, to the value at failure, σ’hf. 

During installation, as the pile tip advances towards a given element of sand, the stress level rises 

significantly to push the sand radially away from the pile tip. The stress level as the sand passes 

the pile tip will be comparable to the cone resistance qc which is typically 5-100 MPa in siliceous 

sands (ignoring dynamic stresses due to driving), or two orders of magnitude above the in situ 

stress (Randolph & Gourvenec, 2011). 

As the sand passes around the pile tip and reaches the pile shaft, the stresses drop. It has been 

widely observed in field and centrifuge model tests that the local shaft friction at a given soil 

horizon decreases as the pile tip penetrates further (White & Lehane, 2004). This process is known 

as friction fatigue and leads the distribution of stress at the pile shaft and the soil capacity both in 

monotonic and cyclic loading conditions (DeJong et al., 2006). As the impact-driving installation 

process proceeds, the sand adjacent to the pile is sheared back and forth at every hammer blow. 

This cyclic shearing leads to contraction of the sand since the permeability is high enough for 

volume change to occur (Figure 2). The contraction adjacent to the pile allows relaxation to occur 

in the surrounding cylinder of soil, causing a reduction in the horizontal stress acting on the pile 

shaft. Considering elements of volume in contact with the pile shaft at increasing distance from 

the pile base (h, vertical distance of a point from the pile base, increases), the horizontal stress state 

post-installation σh0 decreases, and hence the available shaft resistance decreases. 

 The vertical penetration load is now no longer acting on the sand, which has been displaced 

laterally for the pile to penetrate. This reduced stress level behind the tip can be compared with 

measured values of cone sleeve friction fs although measurements of fs can be unreliable, 

depending on the condition of the sleeve and the dimensional tolerance of the cone assembly. For 

most sands, fs is 0.5-2.5 per cent of qc. Therefore, the stress level has dropped by two orders of 



21 

 

magnitude. The value of fs in silica sands is typically 100-1000 kPa, but in carbonate sands is an 

order of magnitude lower, reflecting the low qc values.  

The process of friction fatigue leads to a reduction in unit shaft resistance with increasing distance 

behind the pile tip.  

 

Figure 2: scheme of the friction fatigue influence on the pile shaft resistance to shear. 

Plugging of open-ended piles rarely occurs during driving due to the inertia of the soil plug. This 

inertia component increases the resistance to plugged penetration, and the pile penetrates in a 

partially plugged or unplugged ('coring') manner instead. Full plugging is rare during installation. 

The degree of plugging during installation affects the subsequent shaft resistance, because it affects 

the volume of soil that is displaced by the pile and, therefore, the magnitude of the stresses set up 

in the surrounding soil. A closed-ended pile penetrates like a CPT, opening a cylindrical cavity 

from nothing, using a pressure of qc to generate the required radial soil displacement A thin-walled 

open-ended pile creates a smaller amount of radial displacement, so generates a lower pressure. A 

pile penetrating in a partially plugged manner lies between these extremes. To quantify this effect, 

the degree of plugging is quantified based on the effective area ratio Ar,eff which is the ratio of the 

displaced volume of soil (i.e. the gross pile volume minus any soil entering the plug) to the gross 

pile volume: 
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𝐴𝑟,𝑒𝑓𝑓 = 1 − 𝐼𝐹𝑅
𝐷𝑖
2

𝐷2
 

 

Equation 
(6) 

Where D is the pile outer diameter, Di is the pile inner diameter and IFR is the incremental filling 

ratio. Typical offshore piles have a wall thickness ratio of D/t - 40, for which Ar,eff ~ 0.1 during 

unplugged penetration. Large-diameter thin-walled caissons, which are increasingly being adopted 

in new offshore frontiers, displace a minimal volume of soil compared to their gross area (Ar,eff - 

0.01), leading to only a small stress increase in the surrounding soil. Conversely, an open-ended 

pile penetrating in a plugged manner causes the same soil displacement as a closed-ended pile 

(Ar,eff = 1). The area ratio, Ar,eff, can be incorporated in assessments of pile capacity to account for 

the influence of the pile end condition. 

A change in σh is observed when a pile is axially loaded in sands. This is attributed to Poisson's 

ratio strains in the pile, which cause outward expansion against the surrounding soil under 

compression loading, and to dilation of the soil close to the pile-soil interface, leading to an 

increase of the radial stress acting on the pile shaft. The influences of Poisson's ratio strains were 

explored by De Nicola and Randolph (1993) and Lehane et al. (1993) reviewed dilational effects. 

The confining stiffness k imposed by the surrounding soil is accounted to be related to the pile 

diameter and the operational shear modulus of soil G (7): 

𝑘 = 4
𝐺

𝐷
  (7) 

The dilation of the shearing zone close to the pile will be affected more by the particle size than 

the pile diameter, so the resulting stress increase will be lower for larger piles. Jardine et al. (1998) 

report how the additional term relative to the effects of sand dilation is not significant when dealing 

with real size of pile used offshore, but must be taken into account when interpreting small-scale 

pile tests to support design. 

 

1.3 Development of shear bands at pile shafts 

A shear band is a narrow zone in which large shear strain localizes. The formation of shear bands 

can happen in granular soils underneath shallow foundations (Ganju et al., 2021) or along the shaft 

of axially loaded piles (Galvis-Castro et al., 2019; Tovar-Valencia et al., 2018). The formation and 
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evolution of shear bands and their effect on the response of axially loaded piles have been 

investigated by many researchers over the years (e.g., Lehane et al. 1993). The thickness of a shear 

band s has typically been determined with different experimental techniques (Digital Image 

Correlation, X-ray tomography) with the scope of observing where around a model structure 

relatively large displacement of particles take place. The formation of a shear band strongly 

depends on the roughness of the pile surface. Tovar-Valencia et al. (2018) tested small-scale steel 

piles in a calibration chamber trying to determine a relationship between the shear band thickness 

along the shaft and the pile roughness. They observed how their tests on smooth model piles did 

not determine any shear band formation (s = 0), while increasing the pile roughness would lead to 

a clear zone along the shaft where deformation concentrate, with thickness ranging from 5 to 20 

times the mean particle diameter D50. This experimental observation agrees with previous studies 

on the topic (e.g. Uesugi et al. 1988). An interpretation of the observed phenomenon is that sand 

particles slide, roll and tend to move away from a rough surface (dilation) because of the 

engagement of the sand grains into the asperities of the solid surface, while tend to slide along a 

smooth surface without significant deformation of the soil surrounding the shaft (Uesugi and 

Kishida 1987; Uesugi et al. 1988). Therefore, thicker shear bands tend to form when the soil-pile 

interface is rough (Uesugi et al., 1988). Finno et al. (1997) found that the shear band thickness 

generally increases in the course of a plane-strain compression test on a sand sample. Alshibli and 

Sture (1999) found that s/D50 increases as the sand particle size decreases, sand density increases 

and the effective confining stress decreases. 

The response to shear of soil–steel interfaces has been investigated by performing laboratory tests 

with different apparatus. The pioneering work from Potyondy (1961) used a traditional direct shear 

box and several materials (steel, concrete, wood) were used in contact with granular and cohesive 

soils to determine resistive phenomena. Later, Al-Douri & Poulos (1995), Paikowsky et al. (1995) 

pursued this path. Porcino et al. (2003) experimented with the difference in interface shear 

response when the system has been constrained with different boundary conditions, including 

constant stiffness. Simple shear interface tests (Uesugi & Kishida, 1986), ring shear interface tests 

(Ho et al., 2011; Liu et al., 2019; Quinteros et al., 2017). An axisymmetric interface testing using 

a rod (with its shaft roughened to the desired level of roughness) slid through or rotated within an 

axisymmetric chamber sample (Hebeler et al., 2016; Martinez & Frost, 2017). The advantages and 
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disadvantages of these test setups have been discussed in detail by (Eid et al., 2015), Ho et al. 

(2011), and Paikowsky et al. (1995).  

Several literature studies agree on the reaching of a critical-state interface friction angle δcs of sand 

independently of relative density (Jardine et al., 1993); Porcino et al. 2003) and of normal stress, 

like for the internal critical-state friction angle. This statement is conservatively acceptable only 

for stress exceeding 100 kPa (Ho et al. 2011; Tabucanon et al., 1995, Liu et al. 2019) have observed 

how tests from a ring-shear apparatus performed on a selection of siliceous sands showed a slight 

increase in the critical state friction angle with the confining stress. 

Interest in studying how shear stress evolves depending on different conditions (surface roughness, 

boundary conditions, sand aggregation state) stands in understanding how the whole load-

displacement response of shafts can be predicted. This information can be used with Interface 

Models for a more accurate prediction of the phenomenon (De Gennaro&Frank 2002). 

In routine design, the steel–sand interface friction angle has often been assumed to be a constant 

equal to 29° (CUR 2001), a fraction of the sand critical-state friction angle (Basu et al., 2011; Foye 

et al., 2009; Han et al., 2017; Salgado, 2008; Salgado et al., 2011) or a function of the sand particle 

size (Jardine et al. 2005;  Lehane et al., 2005b). 

 

Characterisation of the interface friction angle at pile shafts 

The pile-soil interface friction angle depends primarily on the roughness of the interface relative 

to the size of the sand particles, and is also influenced by the particle mineralogy and shape. If the 

sand particles are relatively large compared to the solid surface asperities, the interface is termed 

“smooth” and the shearing resistance is governed by sliding of the particles over the interface 

surface. If the sand particles are sufficiently small (d50 < 10 Ra) that they engage with the asperities 

on the interface then the interface is 'rough' and the frictional resistance is identical to the soil-soil 

friction response. There is a transition range between the 'smooth' and 'rough' extremes (Subba 

Rao et al., 1998; Uesugi & Kishida, 1986a, 1986b). For a typical steel roughness of Ra = 10 μm, a 

fully 'rough' condition applies for fine sand, and typical interface friction angles of 28-32° are 

found. For coarse sand, the reduced relative roughness means that angles of 20-24° are more 
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typical. In practice, site-specific interface shear tests should be conducted to identify soils that lie 

outside typical trends. 

1.4 Databases of axially loaded piles 

Database studies in which field measurements are compared with predictive calculations show that 

the accuracies and reliabilities of the industry’s routine design tools are often far lower than 

practitioners appreciate. Briaud and Tucker (1988) demonstrated that conventional axial capacity 

calculations (Qc) show considerable bias and scatter when compared to the capacities (Qm) 

measured in careful field tests.  

The accuracy of a design method can be described by a model error, which is usually defined as 

the ratio of the calculated bearing capacity to the measured or in situ bearing capacity of a pile 

according to (8). A model error close to unity indicates a reliable design method and vice versa.  

𝑒𝑅 = 𝑄𝑐/𝑄𝑚 (8) 

It is important to note that the statistics determined from these ratios only provide an indication of 

relative performance of design methods and do not translate directly to the factor of safety required 

by any given method to obtain a target annual probability of failure. The statistical analysis of 

Qc/Qm ratios quantified the reliability of a range of design methods, reporting mean values μ and 

coefficients of variations (CoV—defined as the standard deviation, σ, divided by μ). Fundamental 

research with field ICPs (Imperial College Piles) equipped with high-quality surface stress 

transducers (SSTs) by Lehane et al. (1993), and (Chow, 1996) revealed that the routine design 

methods of that time were lacking in capturing key aspects of the stress regime that develops 

around pile tips and shafts during penetration in sand. The tip stresses were found to correlate 

directly with local cone penetration test (CPT) qc resistances, as did the radial stresses, set up on 

the pile shafts. The latter also reduced systematically, at any given depth (z) below ground level, 

as the pile tip advanced and the relative height above the tip, h=z−ztip, increased. A weak 

dependence on the free-field vertical effective stress, σ’v0 was also identified. The collection and 

comparison of rigorous model piles then became a key tool to understand the correlation between 

piles’ response and sand properties inferred from in situ tests, converting into new design 

procedures. Lehane and Jardine (1994), Chow (1997), (Kolk et al. (2005), Clausen et al. (2005), 

Jardine et al. (2005), and Schneider et al. (2005) all assembled databases to test their new tools for 

predicting the stress at failure of pile foundations, called CPT-based design procedures; these were 
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compared with the offshore industry-standard “Main Text” API RP2GEO approach. It was found 

that the “Main Text” approach was subject to very conservative predictions (CoVs in estimating 

the model error e = Qc/Qm was found 0.88 when predicting compression capacity in sand) and that 

the new procedures led to lower CoVs and less bias with respect to pile geometry (diameter D and 

L/D ratio, where L=embedded length), loading sense (tension or compression), and sand relative 

density (Dr). Williams et al. (1997), Jardine et al. (2005) reported case histories where the “Main 

Text” API approach gave Qc/Qm values ranging from 0.4 to 2.9.  

1.4.1 The Unified database (Lehane et al., 2017) 

Following a request from Statoil, a Joint-Industry Project (JIP) was initiated by the Norwegian 

Geotechnical Institute (NGI) in 2013 to improve assessments of the annual probability of failure 

for axial loading of driven piles designed using design methods accepted in guidelines and 

standards in use today. The JIP was supported by Statoil, DONG Energy, Lundin, ONGC, 

Petrobras and DNV GL, and had the following three objectives:  

• Establish a database of reliable static load tests performed on piles driven in clay and sand, 

which has the consensus of the profession, and which would enable the assessment of 

different design methods employed for calculation of axial capacity.  

• Calibrate the resistance factor applied to axial pile capacity against a target annual 

probability of failure for each of the pile design methods.  

• Based on the results obtained, prepare recommendations for design guidelines for the 

design of offshore piles. 

The authors examined almost 600 tests on driven piles in various soils and, following stringent 

selection criteria, accepted 71 tests for the sand database and only 49 tests for the clay database 

(Table 1). The authors assigned quality index ratings to all selected pile tests and these ratings 

were incorporated in the statistical analyses. It was found that weighting of the test results in 

accordance with the ratings led to a 10% reduction in the spread of the ratios of calculated to 

measured capacities in the sand database; the spread in the same ratios for the clay database did 

not show a systematic improvement when the rating weighting was applied. 
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Table 1: summary of the Unified database of driven piles in sand (Lehane et al., 2017). 

  Number of piles 

Description Closed Open All 

Material Steel 20 25 45 

 Concrete 22 4 26 

Shape Circular 31 29 60 

 Square (and others) 11 0 11 

Loading 

direction 
Compression 

31 

(CEC) 
17 48 (17 with Qb,ult data) 

 Tension 
11 

(CET) 
12 23 

Total 42 29 71 

CEC: Closed-End pile, Compression load 

CET: Closed-End pile, Tensile load 

 

1.5 Design methods 

The axial bearing resistance of such piles is normally estimated according to the recommendation 

of API (2002) by applying the so- called “Main Text” method. 

For pipe piles in cohesionless soils, the unit shaft friction at a given depth, may be calculated by 

the equation:  

 

𝑓 =  𝛽 𝑝0
′  

Equation 
(9) 

Where: 

𝛽 = dimensionless shaft friction factor,  

p’0 = effective overburden pressure at the depth in question. 

This is in agreement with the scientific works from Lehane et al. (1993) and Chow (1997) that 

showed how local shaft failure obeys the Coulomb failure criterion at the pile–soil interface and 

that the local ultimate shaft friction τf developed under static testing can be calculated by: 
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𝜏𝑓 = 𝜎𝑣0
′ 𝑡𝑎𝑛𝛿𝑓 (10) 

However, several investigations have shown that the application of the Main Text method, at least 

for foundation piles of wind energy converters, is not reliable and may lead to a significant 

deviation compared to the in situ bearing capacity. 

 

1.5.1 CPT-based design methods 

Since CPT execution is commonly used in offshore investigations, design methods using qc 

measurements have found general support for inclusion in the API recommendations for offshore 

driven piles in sand. The 22nd edition of the American Petroleum Institute (API) recommendations 

included the following: 

- Fugro-05 

- ICP-05 

- NGI-05 

- UWA-05 

 All of these methods employ the CPT tip resistance (qc) as the primary input parameter for 

calculating the skin friction along the shaft and the resistance offered by the soil surrounding the 

pile base. Although it is believed that the proposed CPT-based methods better performs than the 

API Main Text method, care should be taken in the application, as their application might still lead 

in practice to a high deviation in the required pile length within a design. 

Three out of the four listed methods (Fugro-05, ICP-05, UWA-05) share the same formulation 

(Equation Equation (11) for the skin friction, being the skin friction at failure τf  dependent on the friction 

angle at the interface 𝛿𝑐𝑣 and the cone tip resistance qc. 

𝜏𝑓(𝑧) = 𝑢 𝑞𝑐(𝑧) [
𝜎′𝑣0(𝑧)

𝑝𝑎
]

𝑎

𝐴𝑟
𝑏 [max (

ℎ

𝐷
, 𝑣)]

−𝑐

(𝑡𝑎𝑛𝛿𝑐𝑣)
𝑑 [min (

ℎ

𝐷

1

𝑣
, 1) ]

𝑒

 

Equation 
(11) 

With a, b, c, d, e, u, v calibration coefficients that change from method to method. 

This expression is valid as it is for the Simplified ICP-05 and the Offshore UWA-05, considering 

the additional contribution of dilation to the skin friction ∆𝜎′𝑟𝑑  to be negligible with respect to the 

scale of the resistance phenomenon developing on full-scale offshore piles (concept already 
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introduced in Part 1, paragraph 1.2 Effects of driving to the soil surrounding the pile – focus on 

sandy soils) . 

The NGI-05 method relates pile capacity directly to the sand relative density (Dr), the method was 

derived using a specific relationship between qc and Dr and is therefore, in essence, a CPT-based 

design approach. The NGI-05 approach starts from different principles and leads to a direct 

expression for the τf available at any given depth z that relies on the assessment of local relative 

density, rather than a direct link with qc. 

𝜏𝑓 = 𝑧/𝑧𝑡𝑖𝑝  𝑝𝑎𝐹𝐷𝑟𝐹𝑙𝑜𝑎𝑑𝐹𝑡𝑜𝑝𝐹𝑚𝑎𝑡𝐹𝑠𝑖𝑔 

𝜏𝑓(𝑧) > 0.1𝜎′𝑣0 

 

Equation 
(12) 

With 𝐹𝐷𝑟 , 𝐹𝑙𝑜𝑎𝑑 , 𝐹𝑡𝑜𝑝,𝐹𝑚𝑎𝑡 , 𝐹𝑠𝑖𝑔 calibration coefficient taking account of different factors that might 

be involved in the problem (pile end, load conditions, pile material). The method was first proposed 

in Clausen et al. (2005). 

Considering the contribution of the soil surrounding the base, which is activated in case the pile is 

loaded in compression only, different qb,0.1 expressions are used in each method. There is no 

difference between the full and “simplified” ICP base resistance expressions, but the “offshore 

UWA” method assumes full coring during driving as part of its base capacity calculation (Lehane 

et al., 2005b). The shaft and base UWA-05 expressions therefore differ between the “full” and 

“offshore” versions. A variety of techniques are also recommended for averaging the key input 

CPT tip design value qc,avg required for end-bearing assessment. Both ICP-05 and Fugro-05 

employed the recommendation of averaging qc over an interval ±1.5D above and below the pile 

tip level, while UWA-05 adopted the “Dutch” averaging technique that can be formulated as 

reported in Equation (14: 

𝑞𝑐,𝑎𝑣𝑔 = 0.5 × [0.5 × (𝐼 + 𝐼𝐼) + 𝐼𝐼𝐼] 
Equation 

(13) 

Being: 

I: average cone resistance below the tip of the pile over a depth which may vary between 0.7 to 4 

times the pile diameter D 

II: Minimum cone resistance recorded below the pile tip over the same depth of 0.7D to 4D 
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III: average of the envelope of minimum cone resistances recorded above the pile tip over a height 

of 8D. 

NGI-05 employs the relative density Dr at the pile tip level to calculate a qc,tip input parameter. 

Research by Xu (2006) has shown that pile base resistance is more strongly affected than had been 

thought by any weak layers beneath and above the pile tip. The ICP-05 authors have proposed 

recently that while the best estimate (average) profile may be used to estimate shaft resistance in 

design, a lower bound profile should be adopted for base capacity assessment (see Yang et al., 

2015b). 
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Table 2: comparison of different CPT-based methods. 

 API Main 

Text 

Fugro-05 ICP-05 NGI-05 UWA-05 

σrc  no yes yes yes yes 

Tension friction capacity 

lower than compression 

no yes yes yes yes 

friction fatigue limiting 

shaft 

friction 

h/D h/D z/L h/D 

increase in lateral stress 

during pile loading 

no no yes no yes 

Interface friction angle 

influenced by relative 

roughness 

no no yes 
 

yes 

plugged end 

bearing/internal shaft 

friction 

yes yes * yes 
 

Pile displacement ratio * yes yes * yes 

Incremental filling ratio 

(shaft) 

no no no no yes 

Incremental filling ratio 

(base) 

no no no no yes 

time effects * 

*: time effects are not explicitly accounted; performance of piles is dependant on the equalisation of post-installation 

overpressure but the phenomenon was (and still is) being studied. 

 

 

1.5.2 Load transfer design methods 

Pile load-settlement behaviour is often assessed by professionals using load transfer analysis. This 

approach reproduces the pile-soil interaction assigning to a series of 'springs' distributed down the 

length of the pile (namely known as ‘t-z’ curves) and at the base (namely knowns as ‘q-z’ curves) 

a load-displacement behaviour, instead of explicitly modelling the elements of soil from the pile 
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away to the far field. At any location, a pair of springs represents the axial and lateral responses. 

The simplest form of such springs would be linear elastic, or elastic-perfectly plastic (i.e maximum 

value of local shear stress). More complex non-linear 'springs', with a gradual reduction of secant 

stiffness as the load level increases, are usually adopted as they are more realistic in reproducing 

the actual behaviour of the soil. If non-linear 't-z' curves are used, the load-settlement response 

cannot be calculated in closed form, so numerical methods are adopted to incrementally calculate 

the deformation of the pile along the shaft. This modelling of the pile response is normally 

achieved using a computer code that implements the beam-column equations for axial loading. 

The governing differential equations are standard from structural engineering, and a variety of 

programs are available in the industry. 

A limitation of the approach is the loss of direct modelling of interaction between adjacent piles 

(through the soil continuum) and a tendency towards empiricism in the choice of load transfer 

parameters, divorced from the actual continuum behaviour of the soil. 

Load-settlement behavior analyses of piles are getting more and more important compared to 

solely bearing capacity analyses. This tendency is reported in the European standard for 

geotechnics Eurocode 7. Until now, it was admitted that a single bearing capacity check leads 

automatically to acceptable settlements. This is not true if group effects occur, if the soil between 

the piles contributes to the load transfer mechanism, or if a load transfer platform separates the 

structure from the foundation (Bohn et al., 2017). 

Developing settlement calculation methods for these foundation systems implies a careful study 

of the single pile case. The axial load transfer or “t-z” method (LTM) describes the pile shaft and 

pile tip local resistance mobilization as a function of the pile axial displacement at the 

corresponding depth, minus the soil settlement in the absence of the pile in case of free-soil 

settlement (Frank et al. 1991). It represents a very straightforward and practical method for isolated 

piles. This mobilization is represented by springs that are in general nonlinear, made to replace the 

soil continuum around the pile, and not only the interface behaviour. The estimation of the ultimate 

value of the friction and of the tip resistance depends mostly on regional ground properties and on 

local practice. The load transfer method is thus an intermediate tool between fundamental soil 

mechanics and empirical approaches. It promotes good engineering judgment in foundation design 

with meaningful output results in the form of profiles with depth of settlement, mobilized skin 
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friction, load, and stress. Though finite-element analyses are well-established today, offer a wider 

range of applications, and are very powerful if the soil parameters are well-calibrated, the results 

evaluation remains often tedious with a “black-box” impression.

PART 2 – Physical modelling 

The aim of the work presented in this part of the thesis was to interpret results from physical 

models produced at Fraunhofer IWES on large-scale model piles. 

Fraunhofer IWES have been using a silica sand material for the large-scale model piles tested at 

their facility. This material is a commercial sand called Rohsand 3152. The investigation of the 

mechanical and physical properties of this material is still on the way. In particular, the response 

of the sand when sheared in contact with solid surfaces (such as steel pile shafts) is still to be 

assessed. A full understanding of such behaviour can help in interpreting the large-scale model 

pile tests performed at the IWES facility, to better predict design future experimental campaigns 

and to improve modelling tools meant to reproduce these experiments. 

In the first two paragraphs of PART 2, the preparation and the results of original tests performed 

on the sandy material used at Fraunhofer IWES (Rohsand 3152) are presented. These tests 

comprehend a morphology analysis on the sand, the comparison of the results from such analysis 

with other literature sands, the performance of interface shear tests on the same sand. The interface 

shear tests were performed by the candidate at the Purdue University geotechnical laboratory. The 

aim of the interface shear tests campaigns was to assess the response of the sand when sheared in 

contact with steel surfaces, so that the material could be collocated in the literature and the physical 

models produced with the sand could be better modelled by analytical or numerical predictive 

tools.  

 

2.1 Investigation of the Rohsand 3152 properties 

A summary of the main mechanical and physical properties of the sand is reported in the Table 3. 
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Table 3: properties of the Rohsand 3152 granular material. 

Property Definition Unit Value 

D50 sieve diameter by 50% passing mm 0.36 

Cu Uniformity coefficient - 1.82 

Cc Coefficient of curvature - 0.96 

USCS* Soil classification - SP* 

Gs Grain density g/cm3 2.65 

emin Minimum void ratio - 0.44 

emax Maximum void ratio - 0.83 

*SP: Poory Graded Sand, according to USCS classification (ASTM D2487-17). 

 

2.1.1 Sand Morphological analysis 

The morphological analysis was performed by means of a microscope (Model No. SM-4TZ-144A, 

AmScope, Irvine, California) and a 8 megapixel eye-piece camera (Model No. MU-800, 

AmScope, Irvine California), Figure 3. 

 

Figure 3: apparatus for the production of sand particles pictures. 
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Sand particles are placed on a microscope slide treated in order to make the contrast between the 

grains and the background the greatest (e.g. colouring the slide with a black crayon); an example 

of a picture from the campaign on Rohsand3152 is reported in Figure 4. 

 

Figure 4: picture taken with the AmScope camera of a selection of Rohsand 3152 grains retained by the ASTM #60 seeve. 

 

Two parameters are commonly referred for assessing the particle morphology of a granular 

material such as sands:  

- Roundness (R): ratio of the average radius of curvature r of the n particles corners, to the 

radius RI of the largest circle that can be inscribed inside the particle boundaries. (Wadell, 

1932): 

- 𝑅 =  
∑ 𝑟𝑖/𝑅𝐼
𝑖=𝑛
𝑖=1

𝑛
 

(14) 

- Sphericity (S) has been defined by researchers in different ways. Two were selected as 

representative, here listed:  

o ratio of the width to the length of the particle, obtained by fitting an ellipse to the 

2D image of the particle. (Zheng & Hryciw, 2015) 
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o Defined after Altuhafi et al. (2013) with Equation (15): 

2√𝜋𝐴

𝑃
 (15) 

Where A, P are the projected area and the perimeter of the particle, respecively. 

The two definitions of the sphericity parameter will be used for calculation with the image-analysis 

software ImageJ and the MATLAB code from Zheng (2015) respectively. 

 

Figure 5: approximation of one particle grain and of the quantities involved in the definition of the particle 

roundness R. 

 

In order to collocate the results of the morphological analysis in a framework, a previous work 

performed in the same laboratory on three silica sand was selected as a referential work (Ganju et 

al., 2021). This work compare the resistance characteristics of three silica sands in different loading 

conditions, and this assessment includes results from morphology analysis.  

 Values of the three silica sands roundness and sphericity were obtained from analysis of over 90 

randomly selected particles for each sand and the production and elaboration of the digital images 

was performed with the same instruments using the same apparatus and software. The three silica 

sands were a #2 Q-Rok sand, a Ohio Gold Frac Sand, a Ottawa 20-30 sand. The three sands have 

similar particle – size but differ in particle morphology and particle strength. 

The three sands show similar particle-size distributions, but different particle morphology and will 

see how this can be related to their different particle strength, obtained from uniaxial compression 
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tests on single particles, whose details are given in the same paper. The morphological 

characteristics of the three sands are compared with Rohsand 3152. 

Tests on uniaxial compression of the three silica sands showed a correlation between average 

roundness and fracture stress. Being all the sands constituted of siliceous grains, the resistance to 

fracture of the particle can be related to the particle shape. The stress resistance to fracture of the 

three sands was tested with a uniaxial apparatus at the Argonne National Laboratory (ANL, 

Chicago, Illinois, USA). Fifty particles of each sand were loaded in quasi-static compression 

conditions, once placed between two smooth loading platens. A Weibull distribution of the fracture 

stress from each test was obtained with correlating to the particle diameter. The 2QR, the most 

subangular, showed the lowest value of average fracture stress, while OTC and OGF showed the 

stronger resistance. The Weibull distribution parameter m is lower for 2QR, indicating this sand 

as largely variable in fracture resistance. These features are related to the least number of asperities 

and defects in rounded particles, compared with subangular ones. 

As a result of these differences at the microscale, the three sands show differences in behaviour at 

the macroscale. A drained triaxial compression test (TxCID) on a 100 kPa confining stress was 

conducted on each sand, showing how the least round material (2QR) showed the highest critical-

state friction angle, and the roundest material (OTC) the smallest one (29.3°). These can be related 

to the greater interlocking of surface asperities in aggregates with subangular grains (Ganju et al, 

2021). 
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Figure 6: grain size distribution of Rohsand 3152 compared with the three sands studied in Ganju et al. (2021). 

Results from the morphological analysis show that the Rohsand 3152 material is made of rounded, 

spherical particles according to the classification proposed by Powers (1953). This information 

enriches the knowledge of this commercial sand and allows to comment how its mechanical 

properties so far observed collocate with respect to other silica sands taking account of this 

information (Table 4) 
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Figure 7: digital image of a Rohsand 3152 ASTM 60 retained fraction. 

 



40 

 

Table 4: comparison of Rohsand 3152 physical and morphological properties with silica sands in Ganju et al. (2021). 

Symbol Description 2QR OGF OTC Rohsand 3152 

D50 Average 

particle size 

0.73 0.62 0.72 0.36 

CU Uniformity 

coefficient 

1.4 1.4 1.4 1.76 

CC Coefficient of 

curvature 

1 1 1 0.99 

USCS Classification* SP SP SP SP 

Savg Average 

particle 

sphericity 

0.74 0.73 0.79 0.73 

Ravg Average 

particle 

roundness 

0.24 0.37 0.74 0.76 

emin Minimum 

void ratio 

0.67 0.61 0.5 0.44 

emax Maximum 

void ratio 

0.99 0.89 0.75 0.83 

φc Critical state 

friction angle 

33 32.5 29.3 32.5 

*SP: Poorly-graded sand 

Rohsand 3152 appears to have similar characteristics to other commonly used sands (Ottawa 20-

30 sand, Ohio Gold Frac sand), and can be classified as SP (Sand Poorly graded). The most 

represented fraction corresponds to the ASTM 60 sieve (openings 0.25mm), which retains over 

50% of the tested sample of sand, on average. Results of morphology are then calculated with 

reference to particles retained by this sieve and compared with the results from the 2QR, OGF, 

OTC sands (Figure 6). 
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2.2 Interface shear tests on Rohsand 3152 

The goal of the tests campaign was to assess a complete study on the response of this sand in 

different loading conditions and with different steel surfaces.  

 

2.2.1 Introduction and state of the art 

An experimental campaign on the response of Rohsand 3152 when in contact with steel surfaces 

has been performed by means of a direct shear apparatus. Results from a series of Constant Normal 

Stiffness (CNS) sand-to-sand and sand-to-steel (“interface”) shear tests performed on a siliceous 

sand. Three different interface roughness have been used to cover the whole spectrum of pile-soil 

interfaces. The effects of different constant normal stiffnesses on the response in monotonic tests 

are reported for two relative densities. 

The following aspects have been investigated on the change of resistance: 

- Change of density. 

- Change of confining stress levels. 

- Change of surface roughness. 

- Different stress paths. 

2.2.2 Apparatus and Procedure 

Samples are installed in a circular 63mm diameter shear box apparatus. The box is connected to a 

machine able to control the vertical confining stress via an electromechanical system, so different 

stress paths can be applied on the sample, including Constant Normal Stiffness and Constant 

Normal Volume conditions (Figure 8). 
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Figure 8: (a) schematic of the apparatus; (b) shear box installed in the apparatus. 

 

The sand samples have been prepared dry by using a funnel method filling procedure. Height and 

rate of the funnel pluviation depended on the target relative density. A consolidation phase 

precedes the application of shear, which is displacement-controlled and equal to 0.5 mm/min. The 

results of the tests were confirmed to be independent on the rate of displacement, in agreement 

with previous observation from other researchers (Han et al. 2018). The steel plates were fixed to 

the lower half shear box, while the sand sample would have filled the upper half. Samples in dense 

(Dr = 70 – 80%) and loose (Dr = 30-40%) states were tested against smooth, untreated plates and 

rougher, rusted plates (Table 6). 
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The tests were performed using full hard cold rolled steel plates as solid surfaces in contact with 

the sand. Before executing the tests the steel plates were treated so different roughness levels could 

be tested (Figure 9). The roughness measurements were conducted using an optical profilometer 

(Brucker ContourGT-X, Figure 10). The profilometer is equipped with a technology able to detect 

the asperities along a linear profile or inside an area. For each plate, measurements were repeated 

on three different areas of 1200x868 micrometer extension, and from each area three profiles along 

the direction of shear were considered for the analysis (see Figure 11). 

 

Figure 9: the three steel plates used for the interface shear tests, mounted on the lower part of the shear box. 
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Figure 10: (a): Brucker GT-X profilometer (© Brucker corporation). (b): detail picture of the roughness measurement on an 

untreated steel plate. 

 

 

Figure 11: illustration of the process for measuring the roughness of steel plates. 

 

The most common variables for quantifying the surface roughness of solid surfaces interfaces are 

the centerline average roughness Ra, and the maximum peak-to-valley distance over a reference 

length Rmax.. The calculation of Rmax involves the distance normal to the surface between the highest 

peak and the deepest valley registered along a reference length Lm, that is now commonly defined 

as the average particle size D50 (Han et al., 2018). All the measured profiles on a single plate were 

manipulated to a single, average profile per plate. These are reported in Figure 12 with the statistics 

obtained on Rmax and Rn. These variables were introduced to the soil-interface discipline by 

Uesugi&Kishida (1986), who also proposed the concept of a normalised surface roughness 

variable Rn with respect to the average particle size D50. (Figure 13). 
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Figure 12: roughness profiles for smooth (SM), rusted (RU), highly-rusted (HR) steel plates. 
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Figure 13: visualisation of the interface roughness variables for the definition of R*
max and Rn. 

The elaboration of the roughness measurements on the steel plates in Figure 9 brings to average 

values of Rmax and of Rn reported in Table 5. These were considered as representative values of 

surface roughness for the interpretation of the interface shear tests. 

Table 5: roughness of the steel plates used fort the interface shear tests. 

Variable 
Plate roughness 

HR RU SM 

Rmax [μm] 43.0 14.9 5.8 

Rn = Rmax/D50 0.120 0.041 0.016 

 

Constant Normal Stiffness tests have been conducted to assess the resistance of the sand when at 

the interface with structures. This stress path is considered relevant for the boundary conditions 

along the soil-structure interface. Examples of previous campaign in the literature are (Porcino et 

al. 2003), 

Tests were performed for three initial normal stresses (50, 100, 200 kPa) using different normal 

stiffnesses (0, 100, 250, 500 kPa/mm).  
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Table 6: summary of the tests. 

Description Dr [%] Kn [kPa/mm] σn,ini [kPa] 

HR, loose 35 0, 100, 250, 500 50, 100, 200 

HR, dense 75 0, 100, 250, 500 50, 100, 200 

RU, loose 35 0 50, 100, 200 

RU, dense 75 0 50, 100, 200 

SM, dense 75 0, 250, 500 50, 100, 200 

 

The normal stiffnesses were chosen to cover the expected range for model large-scale piles 

installed in the Fraunhofer IWES sandpit, where usually piles have a length of 5 to 7 m. Relevant 

normal stiffness expected along the piles’ shaft were estimated using TxCID data and considering 

a Young’s modulus secant to the 50% of the deviatoric stress at peak, for each test.  

Crushing of particles was observed but considered not to be relevant, as sieve analyses from 

undisturbed samples and samples used after 10 tests reported a 2% change in the estimation of D50. 

This was found also in other previous experimental campaigns on silica sands (Porcino et al. 2003). 

 

2.2.3 Introduction to the concept of Constant Normal Stiffness 

The use of a constant normal stiffness is based on the observation that most of the soil deformation 

is concentrated in a thin region close to the pile (Porcino, 2003). Uesugi and Kishida (1986) had 

highlighted the great importance exerted by the phenomenon of “confined dilatancy” at the 

interface between soil and solid surface, which is responsible for the elevated values of friction 

angles obtained in pull-out tests on metal strips and bars and for the reduction of friction coefficient 

with the embedment depth of the reinforced elements. Dilation or compression within the shearing 

zone can have a significant effect on the confining stress, and hence on the frictional strength 

(Porcino, 2003). The increase or decrease of the mobilized shear resistance in CNS tests compared 

to those determined in CNL tests are a consequence of the evolution of the current normal stresses 

and not an effect of a modification of the mobilized friction angle that, conversely, remains 

unaltered. 
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The understanding of the concept of “confined dilatancy” in the development of friction between 

soil and solid materials can be understood by Wernick (1978), who developed an effective scheme 

for understanding how interface behaves when sheared. Several studies (Johnson et al., 1987; 

Boulon et al., 1986; Boulon, 1988; Boulon; 1989; Boulon 1991; Moutraji 1992; Tabucanon, 1995) 

highlighted how the phenomenon of confined dilatancy is related to a thin stratum of soil at the 

interface between soil and solid surface, whose thickness is in the order of 2-10 times the mean 

diameter of the grains (Fioravante, 1999, Tovar-Valencia et al., 2018). 

 

Figure 14: Wernick model to explain the concept of the “confined dilatancy” for cylindrical inclusions (redrawn). 

Jardine et al. (1993) have pointed out that the stress paths on the plane τ– σn observed during some 

loading tests on piles were similar to the corresponding ones obtained in CNS direct shear tests 

and they have suggested a new method for the calculation of the shaft friction of offshore piles, 

based on the concept of the “confined dilatancy”. This represents a further confirmation of the 

importance of the problem for design purpose and therefore the need for deeper research into the 

study on soil-solid surface behaviour (Fioravante, 1999). Constant Normal Stiffness tests are 

regulated by an imposed value of normal stiffness Kn. The stiffness Kn should be chosen to 

represent the cavity expansion stiffness around the pile. A method for the calculation of the 

stiffness at the pile shaft comes from the assumption that the volume changes in the deforming 

region cause an elastic cavity expansion of the surrounding soil, and the apparent stiffness of the 

soil formation can be determined and is given in Equation ion (16 by Porcino (2003): 

Equat 

𝐾𝑛 =
4𝐺

𝐷
 

ion 
(16) 

Where: 
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G = shear modulus of soil, 
1

3

𝑑𝑞

𝑑𝜀𝑞
 

D = pile diameter 

Three monotonic, consolidated drained triaxial tests (TXCID) performed on a dense aggregation 

state (target relative density after the consolidation phase was 75%) were considered for estimating 

the shear modulus of the sand. Tests were conducted on cell pressure levels of 30, 60 and 120 kPa. 

 

Figure 15: experimental results from monotonic TXCID on Rohsand3152. (a): volumetric strain vs. deviatoric strain. (b): 

deviatoric stress vs. deviatoric strain. Legend reports cell pressure of the three tests. 

 

The shear modulus is used for estimating the imposed normal stiffness that might be relevant 

confined dilatancy. Note that shear conditions enhanced with triaxial tests are relevant for sand-

sand shear. The estimation of the shear modulus of the soil has been conducted considering the 

yield to happen at half of the peak deviatoric stress measured for any test. The interpretation of the 

tests is reported in Figure 16 and the calculation of the approximate values of Kn at different 

confining stress levels is in Table 7, considering a representative pile diameter of 300mm as 

reference for the large scale model piles tested at Fraunhofer IWES in recent experimental 

campaigns (Foglia et al., 2021; Schmoor et al., 2018). 
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Table 7: estimation of the soil stiffness along the pile shaft of model piles used at Fraunhofer IWES. 

σ'c  

[kPa] 

G50  

[MPa] 

Kn 

[kPa/mm] 

30 4.4 59.1 

60 5.8 76.9 

120 8.9 118.6 

 

 

Figure 16: interpretation of the shear modulus at q = 50% peak from three TxCID tests performed on Rohsand 3152. Legend 

reports cell pressure of the three tests. 

Porcino defines as relevant variables to calculate for the interpretation of such tests: 

- Peak friction coefficient: 𝑓 =
𝜏𝑚𝑎𝑥

𝜎𝑛
= tan 𝛿 

- Apparent friction coefficient f*, relevant for smooth surfaces: 𝑓∗ =
𝜏𝑢𝑙𝑡

𝜎𝑛0
 

These variables have been used for the interpretation of the tests and their comparison to reference 

previous studies on sands to prove their reliability and collocate the response of Rohsand 3152 in 

a broader frame. 
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2.3 Results and discussion 

2.3.1 Influence of the density 

The response at ultimate conditions, that can be related to what is defined for soils as critical state, 

are reported to be independent of initial relative density and control ultimate pile capacity (Jardine 

et al., 2005). Peak (δ′peak) and intermediate angles depend on soils initial states. 

2.3.2 Influence of confining stress levels 

Figure 17 compares results from CNL tests on HR plates at ultimate conditions for different 

confining stress levels. Namely, ultimate conditions correspond to the reaching of a critical state 

and therefore the confining stress level should not influence the mobilised friction angle at this 

stage. The results are compared with ring-shear interface tests demonstrates the correlation 

between δ′ult and n' observed in the dataset of tests that imposed fast conditioning shearing before 

slow shearing which indicated δ′ult increasing with n' 

 

Figure 17: trend of the ultimate conditions interface friction angle with confining stress. Comparison of HR plates results (from 

the present study) with ring-shear interface tests from Liu et al. (2019), Rcla ranging from 9 to 13 μm. 

2.3.3 Influence of surface roughness 

It can be observed how the roughness of the plate will change the results in terms of vertical 

deformation.  

Smooth, untreated plates do not allow interlocking of particles, as the surface asperities are not big 

enough to trap the grains of sand. This allows the slipping of the sand-steel interface and reduces 
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the resistance of the system. It is observed how this behaviour corresponds to a contractive 

response. When tests are performed in CNS conditions, the contractive response implies a 

reduction in the normal stress, that should be more and more important at the increasing of the 

normal stiffness level. This is confirmed by the experiments, as reported in Table 8. 

Rusted, rough plates already show interlocking of particles. A normalized roughness R*
n = 0.12 

was estimated from the information on the sand (D50 = 0.36 mm) and the calculated parameter 

R*
max, defined after Tovar-Valencia et al. (2018). This value is reported to be sufficient for the start 

of interlocking, according, to results reported in previous studies (Han et al., 2018). 

 

Table 8: results from the CNL tests  

 
f f* Rn 

SM_D 0.528 0.433 0.016 

RU_D 0.663 0.633 0.041 

RU_L 0.608 0.541 0.041 

HR_D 0.803 0.670 0.120 

HR_L 0.689 0.601 0.120 

 

(Porcino et al., 2003) observed how peak friction coefficient f trend with normalized roughness Rn 

can be ascribed to a linear evolution up to a threshold value of Rn = 0.06. Han et al. (2018) 

confronted the response of different sands at ultimate conditions (that can be considered related to 

critical state conditions) with a non-linear trend up to a threshold value of Rn = 0.04. Results 

obtained from this campaign in CNL conditions are confronted with the aforementioned references 

(Figure 18,Figure 19). Highly rough plates allow interlocking of particles. A difference in the 

response of the system can be addressed to change in the aggregation state, but the residual 

response is uncoupled to this parameter, as already observed by Porcino et al. (2003).  
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Figure 18: Evolution of the peak friction coefficient f with the plate roughness. Comparison of Rohsand 3152 with previous 

studies. Redrawn from Porcino et al. (2003). 

 

Figure 19: evolution of Rohsand 3152 critical state interface friction angle ratio. Comparison of Rohsand 3152 with the study 

from Han et al. (2018), redrawn. 
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2.3.4 Influence of the normal stiffness 

CNS interface tests results have generally shown that a rough surface tends to exhibit a dilatant 

behaviour that is more pronounced for low normal stress (Porcino et al., 2003). In this case, the 

elastic reaction of the soil beyond the interface causes an increase of the current normal stresses 

and a subsequent increase of the ultimate shear resistance. The way normal stiffness influences the 

response of the system can be inferred from the evolution of the mobilized friction angle and the 

vertical deformations. Results are displayed in Figure 20 for different levels of confining stress. 

 

Figure 20: evolution of normal stress reduction to the initial value for different CNS conditions on highly-rusted plates. (a): loose 

samples. (b): dense samples. Labels indicate the imposed CNS level in kPa/mm. 

Loose samples have been prepared on the same rough plate. An average relative density of 37.6% 

with a standard deviation of 3% is representative for the whole dataset, allowing to refer to a 35-

40% relative density of the whole dataset at the beginning of the shear phase. The evolution of 

vertical deformations with increasing normal stiffness shows how the sample contracts less as the 

stiffness increases. This agrees with the physics of the problem, as a contractive behaviour is going 

to produce on CNS stress path a decrease of vertical confining stress which will be greater with 

greater normal stiffness levels.  

Dense samples on rough interfaces have reported an initial contractive response, followed by a 

dilatant phase. Dilatancy has shown to be more important as the normal stiffness was smaller, 
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which agrees with the physics as constant normal stiffness condition would increase the normal 

stress acting against the development of vertical deformation. Critical state is reached at about a 

shear strain level of 1.5 times the estimated thickness of the shear band, meant to be 5D50 according 

to previous experimental studies on the topic. As it can be seen the increase of Kn causes a 

significant increase of peak shear stress. Residual values of shear stresses are collected in a 

neighbourhood of a critical state value. Residual values correspond to the maximum sliding 

elongation reached at the end of the test in case of smooth samples, while were extracted at the 

phase transformation point for rough interfaces, as suggested for shear tests by Salgado (2008). 

Considering highly rusted plates, the increase of normal stiffness results in an increase of the 

current normal stresses measured during the shearing phase. This feature can be explained if one 

considers that dense/rough interfaces exhibit a dilatant behaviour in CNL tests. Such tendency to 

dilate is “elastically” resisted by the surrounding soil so giving rise to an increase of the current 

normal stress followed by an increase of τ. Results from smooth interfaces show an opposite 

behaviour, so contractive response leads to a reduction of normal stress and consequently a 

reduction of shear stress, both at peak and large deformations response. This effect happens the 

larger the imposed normal stiffness and the smaller the confining stress are. 

To assess a link in between the interface shear tests and the stress paths that may develop at the 

shaft between pile and sands, stress paths were observed with a normalization on the current 

normal stress acting on the steel plate. This is representative to understand how different imposed 

levels of normal stiffness would influence the development of shear stress. Results are compared 

for different levels of initial normal stress. Figure 21 reports a complete comparison of the 

normalized stress paths obtained on highly rusted steel plates at different levels of Constant 

Normal Stiffness.  
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Figure 21: normalised stress paths obtained from tests on highly-rusted plates. 
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2.3.5 Residual resistance 

The local stress measurements confirm that shaft capacity is controlled by the constant volume 

angle (δcs), which appears to be independent of relative density. This parameter is best determined 

in laboratory tests, which show how it is affected by the sand type, stress level, interface surface 

roughness, and hardness (Jardine, 1993). 

Resistance of the tests at large deformations is compared for any of the group of tests, considering 

aggregation state and interface roughness separately. Some comments on the influence of normal 

stiffness on the reaching of a critical state friction angle follows. 

Considering rough (highly rusted) interfaces, for loose aggregation state levels one might notice 

how higher normal stiffness levels conduce to lower values of shear stress resistance of the sand-

steel interface. This is related to the contraction-only response that the interface generates, as the 

aggregation state is comparatively loose, and the interlocking is not activated by the asperities of 

the rough plate. Generally, a good agreement with an interface critical state friction angle value is 

found for any of the initial confining stress levels. On the other hand, tests performed on with 

dense samples show as a general trend a rise in confining stress acting on the sand-steel system 

while the sample is sheared, while shear stress resistance levels seem not to be particularly 

influenced. This suggests how the resistance of the system might reach an upper-bound value for 

sand grains sticking to steel, followed by a somewhat “slipping” response of the system afterwards. 

An interface critical-state friction angle value of 34.2° is considered representative for Rohsand 

3152 in contact with a highly-rusted plate. 

Results from smooth interfaces show how shear stress resistance levels are lower than ones from 

rough steel plates. As previously discussed, smooth surfaces do not lead to significant formation 

of shear bands in the vicinity of the interfaces, meaning there is no real involvement (particle 

interlocking) of the sand. For this reason, shear strains were computed with considering an element 

thickness s = D50. Results obtained from smooth interfaces are reported in Figure 28, Figure 29, 

Figure 30; if considering the whole travel length the sample was subjected, x-tan(δ) would tend to 

exhibit a behaviour addressable as an elastic, perfectly plastic response. The influence of the 

normal stiffness Kn on the residual resistance of the system does not show coupling with the normal 

stiffness level, indicating a quite scatter distribution. This was already observed in previous studies 

(Porcino et al. 2003). Shear resistance is mobilized with very small values of horizontal 
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displacement, indicating a stiff response up to failure of the system. Interlocking is not triggered 

in such system, so the layer of grains in contact with steel just slips along the solid surface without 

the formation of any shear band. Therefore, shear strains tend to concentrate in a very thin layer 

that was considered equal to the D50 of the material. It was observed how horizontal displacements 

greater than D50 would be coupled with indefinite contraction of the sample, leading to unreliable 

measures, therefore measurement from these tests beyond γ = x/D50 > 1 were discarded. An 

interface friction angle of 24.2° is considered representative for Rohsand 3152 when in contact 

with untreated plates. 

Results from lightly rusted plates were produced on CNL stress paths only, leading to a friction 

angle at ultimate conditions of 29.7° 

Results of the 36 performed tests are reported in the Tables from Table 9 to Table 13. Critical state 

friction angle values are inferred from the failure envelopes reported in Figure 23, Figure 25, 

Figure 26 

Table 9: synthetic results from tests on a smooth plate, dense aggregation state. 

SMOOTH INTERFACE, DENSE 

σini 

[kPa] 

K 

[kPa/mm] 

δr 

[°] 

τr 

[kPa] 

σr 

[kPa] 

50 0 27.0 25.1 49.3 

50 250 23.5 13.6 31.3 

50 500 21.7 13.1 32.9 

100 0 26.6 50.0 100.0 

100 250 27.7 50.4 95.8 

100 500 27.0 45.4 89.2 

200 0 22.4 82.3 200.2 

200 250 23.4 84.9 196.2 

200 500 25.5 90.7 190.0 

 



59 

 

Table 10: synthetic results from tests on a rusted plate, dense aggregation state. 

RUSTED INTERFACE, DENSE 

σini 

[kPa] 

K 

[kPa/mm] 

δr 

[°] 

τr 

[kPa] 

σr 

[kPa] 

50 0 26.9 25.4 52.9 

100 0 31.9 62.2 105.0 

200 0 32.8 128.9 213.0 

 

Table 11: synthetic results from tests on a rusted plate, loose aggregation state. 

RUSTED INTERFACE, LOOSE 

σini 

[kPa] 

K 

[kPa/mm] 

δr 

[°] 

τr 

[kPa] 

σr 

[kPa] 

50 0 30.5 29.5 51.8 

100 0 29.1 55.6 106.4 

200 0 28.1 106.7 206.2 
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Table 12: synthetic results from tests on a rusted plate, dense aggregation state. 

HIGHLY RUSTED INTERFACE, DENSE 

σini 

[kPa] 

K 

[kPa/mm] 

δr 

[°] 

τr 

[kPa] 

σr 

[kPa] 

50 0 31.0 30.4 50.7 

50 100 29.3 30.3 45.7 

50 250 31.2 27.8 45.8 

50 500 32.0 20.7 33.1 

100 0 28.4 54.5 100.9 

100 100 29.2 75.9 132.3 

100 250 31.0 57.7 96.0 

100 500 29.0 49.7 89.5 

200 0 34.8 141.1 203.3 

200 100 30.3 117.5 200.7 

200 250 28.6 106.8 195.8 

200 500 30.3 109.1 186.6 
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Table 13: synthetic results from tests on a rusted plate, loose aggregation state. 

HIGHLY RUSTED INTERFACE, LOOSE 

σini 

[kPa] 

K 

[kPa/mm] 

δr 

[°] 

τr 

[kPa] 

σr 

[kPa] 

50 0 31.7 31.0 50.1 

50 250 31.5 25.5 41.6 

50 500 34.1 21.4 31.6 

100 0 32.9 64.6 99.9 

100 250 33.6 66.1 94.9 

100 500 32.4 45.8 72.0 

200 0 30.5 117.8 200.1 

200 250 32.3 111.4 176.0 

200 500 35.5 112.3 157.7 

 

 

Figure 22: Critical state for the tests on a smooth interface and a dense aggregation state, legend reports constant normal stiffness 

levels.  
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Figure 23: Critical state for the tests on a rusted interface and a dense aggregation state, legend reports constant normal stiffness 

levels. 

 

 

Figure 24: Critical state for the tests on a rusted interface and a loose aggregation state, legend reports constant normal stiffness 

levels.  



63 

 

 

Figure 25: Critical state for the tests on a rough interface and a loose aggregation state, legend reports constant normal stiffness 

levels.  

 

 

Figure 26: Critical state for the tests on a rough interface and a dense aggregation state, legend reports constant normal stiffness 

levels. 
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2.3.6 Comparison with stress at pile shafts: the Labenne literature case study 

The obtained normalized stress paths were compared with analogous information from 

instrumented piles from literature, selected to be the information from a programme of pile tests 

performed in 1989 at the Laboratoires des Ponts et Chaussés research site at Labenne, S.W. France; 

full details of these experiments are given by Lehane (1992), Jardine et al. (1993), and Lehane et 

al. (1993). Data were obtained throughout the process of installation, equalization and load testing. 

One of the key results was that the equalized radial effective stress σrc was not a constant multiple 

of σv0, but was strongly dependent on the relative density of the sand (which varied with depth at 

Labenne) and also on the relative position of the pile tip. 

Among the tests performed for the present study, the HR interface, dense sample tests were chosen 

to be the most comparable to the scenario of the piles at the Labenne test center. Data from the 

Labenne tests were normalized with respect to the initial normal stress acting at the considered 

vertical location h/R (being h the vertical distance from the pile base and R the pile radius). One 

can see how the qualitative path is reproduced by the original tests, suggesting their affinity with 

previous experimental findings. Normalised shear stress from the original tests reaches a higher 

value, that might be related to the greater friction resistance of the Rohsand 3152 with comparison 

to the Labenne material (δcv = 28° against a Rcla = 9.5 μm steel plate, as reported in Jardine et al. 

(1993). 
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Figure 27: comparison of the normalised stress paths observed on instrumented pile shaft with HR, dense interface dense 

samples. 

 

The comparison highlights a satisfactory match, especially in capturing what is the reduction of 

the current stress acting normal to the pile prior to the dilation of the soil surrounding it, which 

later brings to an increase of the confinement. This result suggests how the produced tests can be 

relevant in inferring what the stress evolution is at the shaft of driven steel pipe piles in sands. 

2.3.7 Remarks on the campaign of interface tests 

A total of 36 sand-steel interface shear tests were conducted on Rohsand 3152, a clean, poorly 

graded silica sand. The tests were performed changing the aggregation state, the interface 

roughness and the boundary conditions applied to the apparatus. The goal of the campaign was to 

document a complete response of the sand when in contact with steel and to collocate the sand 

response when in contact with steel in the literature.  
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- Results were compared with traditional direct shear tests and with previous literature 

results on siliceous sands, showing satisfactory agreement.  

- Effects of relative density, confining stress and imposed constant normal stiffness were 

analysed and found agreement with previous findings from the literature. 

- A satisfactory evolution of δcs/φcs with the steel roughness was drawn, in agreement with 

findings from Han et al. (2018). 

- Normalised stress paths σ/σini were produced from the interpretation of the tests and their 

overall evolution was found to be comparable to measurements along instrumented piles, 

taken the work by ICL in the 90’s as a benchmark. The comparison highlights a qualitative 

match, which is satisfactory especially in capturing what is the reduction of the current 

stress acting normal to the pile prior to the dilation of the soil surrounding it, which later 

brings to an increase of the confinement. This result suggests how the produced tests can 

be relevant in inferring what the stress evolution is at the shaft of driven steel pipe piles in 

sands. The modelling of these tests with numerical tools can be relevant for calibrating 

constitutive models and later expect a relevant prediction of the foundation response. 
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Appendix – evolution of shear stress and strains 

 

Figure 28 
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Figure 29 

 

Figure 30 
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Figure 31 

 

Figure 32 
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Figure 33 

 

Figure 34 
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Figure 35 

 

Figure 36 
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2.4 Large-scale model piles tests at IWES 

2.4.1 Details of the experiment 

The tests were carried out at the Test Centre for Support Structures of the Leibniz Universität of 

Hannover and were selected as they involved offshore piles for wind turbine jackets driven in a 

uniform sand deposit.  

The soil deposit is made of the Rohsand 3152 siliceous, sand (D50 = 0.36 mm, emin = 0.44 and emax 

= 0.83), whose properties are illustrated in Table 3. 

 

2.4.2 Large-scale model piles of the IRPWind campaign 

The experimental campaign has been conducted within the European Project IRPWind at the Test 

Centre for Support Structure of the Leibniz University Hannover in 2016 by Fraunhofer IWES. 

Six tubular hollow steel piles have been installed by impact driving and statically tested in an 

artificially prepared siliceous sand deposit featuring the following dimensions: length 14 m, width 

9 m and depth 10 m. Piles were driven using a double-acting pile hammer and subjected to pull-

out at 0.01 mm/s rate, to ensure drained conditions. 

The soil sample was prepared by distributing and compacting the sand in layers of approximately 

25 cm thickness so to create a uniform soil deposit. The tests are thoroughly documented in 

Schmoor et al. (2018), where information on the material used, pile geometry and plug condition 

are described. For this study the response of the tested piles was reanalysed by means of normalised 

load – displacement curves (Figure 37), obtained from the Equations Equation (17), (Equation 18): 

 

𝑤𝑛𝑜𝑟𝑚 = 
𝑤

𝐷𝑝𝑖𝑙𝑒
 

Equation 
(17) 

𝑉𝑛𝑜𝑟𝑚 =
𝑉

𝐷𝑝𝑖𝑙𝑒 × ∫𝛾 × 𝑍 𝑑𝑧
 

Equation 
18 
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Figure 37: normalised load-displacement curves measured after the monotonic load tests 

Three out of the six piles were selected after noticing how their response to static loading was 

influenced by factors not dealing with geotechnical conditions (the aggregation state and in general 

the overall condition of the deposit was confirmed to be homogeneous by laboratory experiments). 

The normalised load – displacement curves of piles 1, 3 and 4 shows a general good agreement 

with a slightly larger normalised capacity mobilized by the slenderest and were selected as a mean 

to validate the FE procedure.  

Their geometry is given in Table 14. The other three model piles (Pile 2, 5 and 6) showed different 

behaviours from this interpretation, which can be ascribed to instrumented pile shafts, as already 

pointed out in Foglia et al. (2017). 

Table 14: dimensions of the three model piles. 

Test D [m] L/D [-] D/t [-] 

Pile 1 0.273 20.9 54.6 

Pile 3 0.356 16 71.2 

Pile 4 0.356 18.8 56.51 

 

 



74 

 

 Figure 38 depicts the layout of the entire test campaign with the position of the model piles and 

CPT tests performed before the pile installation as well as a picture of the Pile 4 shortly before its 

installation. 

The sample was prepared in the laboratory sand pit to achieve a dense state, overlapping compacted 

dry sand layers of about 25 cm thickness up to a height of 9.65 m. Saturation was carried out at 

the end of the process up to 0.5 m below the sample surface. 

 

Figure 38: layout of the IRPWind campaign model piles. 

Five CPTs were performed at various locations (Figure 38a). The summary of qc and shaft friction 

is given in Figure 39. 
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Figure 39: cumulated qc and fs profiles from the five CPTs performed in the surroundings of the three IRPWind campaign model 

piles. 

Consistency is shown with data falling in a relatively narrow band. Fluctuations of constant 

amplitudes about average values, clearly visible at the tip passage and then attenuated along the 

shaft, are ascribable to the sample preparation procedure, as already observed in similarly 

conducted campaign at the same facility (Foglia et al., 2021). The relative density was directly 

measured collecting samples during the sample preparation and resulted equal to 0.747. 

 

2.4.3 Single large-scale model piles of the Pile Group Effects campaign 

The experimental campaign took place in 2016 at the Test Centre for Support Structures Hanover, 

an indoor test facility of Leibniz Universität Hannover. The test centre features a geotechnical sand 

pit with considerable dimensions − length: 14 m, width: 9 m, and depth: 10 m − that allows large-

scale foundations to be installed and statically, cyclically or dynamically tested in a fully controlled 

test environment. The soil used for the tests is a uniformly graded silica sand called Rohsand 3152, 

whose physical properties are listed in Table 4, page 40. 
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From previous laboratory tests conducted on triaxial apparatus in consolidated and drained 

conditions, a critical state friction angle, φ’c, equal to 32.5° was found. The sand sample was 

prepared by distributing and compacting 25 cm thick layers until reaching the designated ground 

level. The compaction of each layer was executed with directional plate compactors. Abutment 

walls made of reinforced concrete surround the sand sample offering rigid boundaries. A 

flooding/drainage system at the bottom of the sand pit allowed for water to be added to the sample 

at a rate of approximately 30 cm/day. The three model piles tested had the same geometry: L = 5.5 

m, D = 0.254 m and t = 8 mm. The layout of the tests is shown in Figure 40, where the pile groups 

already reported in Wisotzki et al. (2018) and are also shown for the sake of completeness. Pile P1 

was installed with significant distance from the rigid boundaries, i.e. minimum 4 m (15.7D). A 

boundary effect for Pile P1 can be reasonably excluded. Pile P2 was installed at the minimum 

distance recommended by the German Recommendations on Pile Testing (DGGT, 2012), i.e. 

minimum 2.5 m (9.8D). The minimum clearance to the rigid boundary wall of Pile P3 was 2 m 

(7.9D) and, therefore, not compliant with the German Recommendations (DGGT, 2012). 

Numerical simulations exploring this issue were performed to make sure that the rigid wall did not 

influence the three geotechnical systems in different manners. These revealed that the load 

discrepancy between clearance of 9.8D and 7.9D at a given pile head displacement was less than 

2.0%. Such a small disparity was deemed tolerable and allowed the three piles to be tested with 

substantially equal boundary effects.  

To characterise the soil volume, six core samples were taken from each sand layer and CPTs were 

performed upon completion of the soil preparation and after the pile installation. The core sample’s 

average relative density Dr was evaluated as 0.705, which correspond to an effective unit weight, 

γ’ = 10.4 kN/m3. The associated coefficient of variation (CoV) equals 2.9%, which indicates rather 

consistent relative densities along with depth and across the area. 
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Figure 40: Layout of the test campaign. 

The three CPTs used as the main input for the prediction methods are K3-P3 for Pile P1, K3-P7 

for Pile P2 and K4-P1 for Pile P3. These were conducted after the pile installation at 1.3D from 

the piles’ vertical axis (see the layout in Figure 40). The CPT probe used had a cone area ACPT = 5 

cm2 (CPT cone diameter, dCPT = 25.2 mm), and the profiles are shown in Figure 41. Both tip 

resistance, qc, and the sleeve friction, fs, measurements show a wavy evolution, reflecting the 

preparation of the sample by successive strata of 25 cm. The finding of (Foglia et al., 2021) 

regarding the substantial invariance of CPT profiles before and after a single pile installation is 

quantitatively confirmed by using the CPT-based method with profiles before and after the 

installation as inputs. Even though the Load Transfer curves method tends to underestimate the 

initial stiffness, they deliver good prediction at loads equal to 50% of the pile ultimate capacity, 

which are deemed relevant for design purposes. 

The CPTs show somewhat contrasting results to the core samples analysis in terms of 

homogeneity, especially with reference to Pile P2 (CPT K3-P7), where a material with a higher 

compaction state than the rest lays. In fact, the preparation of the sand deposit proceeded by adding 

layers of sand one on top of another; at any new layer the sand amount necessary to be distributed 

all over the installation area was dumped from a bulldozer in the area surrounding Pile P2 and later 

distributed and compacted to form the new layer. This dumping of the sand was later understood 

to be responsible of making this local area of the sand pit to form an overconsolidated layer. In 
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Figure 40, the potential extent of the sand pit area, which resulted overconsolidated, is hatched. 

Note that because the core samples from each layer were taken before the beginning of the sand 

distribution of the following layer – i.e. before the overconsolidation took place – this effect could 

not be detected through them. Another observation from Figure 41 is that the profile for Pile P3 

generally shows lower qc and fs values. This might be due to a slightly different efficacy of the 

directional plate compactors when closer to the rigid boundary.   

 

Figure 41: Summary of the three CPTs conducted at 1.3D from the piles’ axis after their installation. 

CPTs K1-P7, K2-P2 and K2-P3 were performed before the pile installation and are also shown in 

Figure 40. As thoroughly reported in Foglia et al. (2021), CPTs performed at 1.3D from the pile 

axis after the installation of a single pile do not differ considerably from those performed before 

the installation.   

The three model piles were installed by impact-driving with the double-acting pile hammer Menck 

SB 120. The blow count profiles are shown in Figure 42 and confirm the CPT results with Pile P1 
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laying between Pile P2 and Pile P3. Also, the plot shows a broadly similar behavior of all three 

model piles until a depth of approximately 2.2 m. As expected, the effect of the overconsolidation 

is less prominent in the superficial sand layers due to decreasing falling heads with each prepared 

layer. After each pile installation, the plug length ratio (PLR) was measured. The average PLR 

equals 0.86 with CoV of 2%. The measured PLR values are slightly higher than ones which can 

be predicted with the relationships proposed by Yu & Yang (2012 - PLR = 0.82), by Gudavalli et 

al. (2013 - PLR = 0.71), and by Lehane et al. (2020 - PLR = 0.73).  

 

Figure 42: Blow counts of the three tested model piles 

The static tests were performed in a load-controlled manner according to the German 

Recommendations (DGGT, 2012) until a pile head displacement, w, of at least one-tenth of the 

diameter was reached (w ≥ D/10). To apply the vertical load, V, to the model piles, a 1 MN 

hydraulic actuator was connected between the pile head and the loading frame. The pile head 

displacement was measured with a displacement transducer fitted to a net-like support, uncoupled 
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from the geotechnical system. A picture of the Pile P3 together with the loading frame, the net-

like support, and the hydraulic actuator is illustrated in Figure 43. Piles P2 and P3 were tested 33 

days after the installation. Pile P1 underwent dynamic pile load and was tested 14.5 days after the 

last capacity mobilization and 22.4 days after the installation. As a result, the test of Pile P1 is not 

a first-time static test. After the static test, the PLR values were measured again, revealing that the 

piles failed in a fully plugged manner. This result was not surprising, as the absence of inertia 

forces when loading a pile statically induces open-end piles to behave as closed-end ones 

(Randolph and Gourvenec, 2012). 

Similarly to CPT profiles (Figure 41) and blow counts (Figure 42), also the load-displacement 

curves shown in Figure 44, have analogous form but different magnitudes in terms of stiffness and 

ultimate capacity. The plot features the normalized displacement, w/D, on the x-axis. Figure 45 

shows that by plotting a normalized vertical load V* = V / (ACPT qc,avg), where qc,avg is the average 

cone resistance of each profile, the curves overlap. This simple normalization acknowledges the 

essential role played by CPT profiles for the geotechnical system considered. However, it should 

be noted that it can probably be efficacious only if a high degree of similarity between the 

geotechnical systems applies.  

 

Figure 43: Static load test of Pile P3, including loading frame, hydraulic actuator, and net-like support for the displacement 

transducer. 
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Figure 44: Measured load-displacement curves of Pile P1, P2, and P3 from the static loading test 

 

Figure 45: Measured load-displacement curves of Pile P1, P2, and P3 from the static loading test. The factorized vertical load V* 

has been obtained by dividing the vertical load V by the average tip resistance value from the respective CPT. 
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2.4.4 Comparison with literature model piles 

The presented model pile campaigns can be collocated in the rich literature database of model piles 

in sand (Table 15). It is important to underline how a specific measure of the pile roughness was 

not carried out prior the testing of the piles, therefore a value of surface roughness Rt = 20 μm was 

assumed for comparing the normalised roughness of the tests, after the nominal centerline average 

roughness Rcla = 10 μm (declared by the model piles producer).  

Table 15: Comparison of the presented pile datasets (bottom of the table) with literature examples (partially 

collected from Tehrani, 2016). 

Literature 
Pile 

Material 
Pile type 

Surface 

roughness 

Rt [μm] 

Sand 
D50 

[μm] 

Normalised 

roughness 

Lehane et al. (1993) Steel Jacked pile 16* 
Labenne dune sand 

(quartz) 
320 0.05 

Fioravante (2002) Aluminum 
Non-

displacement 
2,13,100 

Toyoura sand 220 0.01-0.45 

Fine silica sand 93 0.02-1.08 

Pando et al. (2006) Steel Driven pile 66.7 
Silica sand 500 0.13 

Model sand** 180 0.37 

Fioravante and 

Guerra (2010) 
Aluminum 

Non-

displacement 
120 Silica powder sand 93 1.29 

Yang et al. (2010) 
Stainless 

steel 
Jacked pile 32.9 Fontainebleau sand 210 0.16 

Jardine et al. (2013) 
Stainless 

steel 
Jacked pile 8* Fontainebleau sand 210 0.04 

Tovar-Valencia et al. 

(2017) 
Steel Jacked pile 

49.1 – 

159.2 
Ohio Gold Frac 620 0.08 – 0.25 

       

Schmoor et al. (2017) 

Foglia et al. (2021) 
Steel Driven 20* Medium silica sand 360 0.06 

*estimated based on the centerline average roughness (Rt ≈ 2Rcla) 

**fine-grained sand with sub-angular to angular particles 

 

In the context of the Unified Database that was presented in the contribution from Lehane et al. 

(2017), the six piles collocate among the smallest and the less slender of the selection. These 

characteristics might play a role in the effectiveness of the CPT-based design method that was 

developed starting from the Unified Database, as it is illustrated later in the PART 3. 
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Figure 46: dimensions of the piles reported in the Unified database. 

 

Prediction methods 

3.1 Unified CPT-based method 

CPT-based methods are semi-empirical approaches to estimating the ultimate capacity of impact-

driven piles on the base of the qc profile. These were originally conceived to replace the overly 

simplified Main Text Method, where the shaft friction factor β is a function of the relative density 

only (API, 2011). The recommended practice of the American Petroleum Institute (API, 2011) 

includes four CPT-based methods: the simplified ICP-05, whose extended version is described in 

Jardine et al. (2005) the simplified UWA-05 (also called Offshore UWA-05), whose complete 

version is presented in (Lehane et al., 2005a), FUGRO-05, and NGI-05. Recently, the research 

groups behind these methods proposed the Unified CPT-based Method to provide offshore 

geotechnical designers with a consistent and unique approach. This method is based on a selected 

Unified Database of reliable load tests on impact driven piles (Lehane et al., 2017) and is adopted 

in this study to estimate the ultimate capacity of the tested piles. In particular, the Unified CPT-

based method is used to calculate the local shaft shear stress at failure, τf, and the base resistance 
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at a displacement of 10% of the pile diameter, qb0.1, 10 days after the pile installation. These two 

values are integrated over the respective areas to find the predicted ultimate capacity, Qc. 

It is well-known that due to changing failure mechanisms with confining stress, superficial qc 

values should not be considered in the same manner as those measured deeper into the soil. 

Although relatively short piles such as those considered in this paper might be particularly 

influenced by this aspect, such pile geometries have been included in the Unified Database without 

correcting their CPT profiles (Lehane et al., 2017). Even though methods to correct these values 

have been proposed (Puech & Foray, 2002), they have not been adopted in this study for the sake 

of coherence with the Unified Database.  

LT method  

(Lehane et al., 2020a) slightly modified the LT approach of Randolph (2003) by introducing a 

normalised displacement to peak shear wf/D varying along depth as a function of qc. The t-z and 

Q-z curves adopted by (Lehane et al., 2020b) were validated against a comprehensive database of 

pile load tests and are used in this paper. The t-z curves have a parabolic form and is expressed as: 

𝜏

𝜏𝑓
= (

𝐺

𝜏𝑓
) (

𝑤

2𝐷
) [1 −

𝑤

2𝑤𝑓
] 

(19) 

 

Where: 

𝑤𝑓

𝐷
=

4

(𝐺/𝜏𝑓)
=  
𝑞𝑐
0.5𝜎𝑣0

0.25

𝐴𝑝𝑎
0.75  

 

(20) 

In (19) and (20) τ is the local shaft shear stress, wf is the pile head displacement at failure, G is the 

operational shear modulus, A is parameter that equals 1250 in compression and 625 in tension, pa 

is the atmospheric pressure, and σv0 is the vertical soil stress at rest. The Q-z curve has the following 

hyperbolic form: 

𝑤𝑏
𝐷
= 0.01 [

𝑞𝑏/𝑞𝑏0.1
1 − 0.9(𝑞𝑏/𝑞𝑏0.1)

] 

 

(21) 
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where wb is the pile base displacement and qb the pile base stress. The Unified CPT-based Method 

is employed to define the maximum shear stress at each depth, τf, and the ultimate base resistance, 

qb0.1, of the LT curves. A parametric study focusing on the number of load transfer springs along 

the pile length was performed revealing that the accuracy between 10 and 20 springs was not 

significant. The analyses presented here features ten t-z spring along the pile length and one Q-z 

spring at pile base. The pile elements between the springs were assigned elastic properties of steel 

Young’s Modulus Esteel = 200 GPa and Poisson’s Ratio νsteel = 0.25. 

 

2.5 Prediction methods 

2.5.2 LT method  

Lehane et al. (2020b) slightly modified the LT approach of Randolph (2003) by introducing a 

normalised displacement to peak shear wf/D varying along depth as a function of qc. The t-z and 

Q-z curves adopted by Lehane et al. (2020b) were validated against a comprehensive database of 

pile load tests and are used in this paper. The t-z curves have a parabolic form and is expressed as 

𝜏

𝜏𝑓
= (

𝐺

𝜏𝑓
) (

𝑤

2𝐷
) [1 −

𝑤

2𝑤𝑓
] (22) 

where 𝑤𝑓 is: 

𝑤𝑓

𝐷
=

4

(𝐺/𝜏𝑓)
=  
𝑞𝑐
0.5𝜎𝑣0

0.25

𝐴𝑝𝑎
0.75  

 

(23) 

In Equation (22) and Equation (23) wf is the pile head displacement at failure, G is the operational 

shear modulus, A is parameter that equals 1250 in compression and 625 in tension, pa is the 

atmospheric pressure, and σv0 is the vertical soil stress at rest. The Q-z curve has the following 

hyperbolic form: 

𝑤𝑏
𝐷
= 0.01 [

𝑞𝑏/𝑞𝑏0.1
1 − 0.9(𝑞𝑏/𝑞𝑏0.1)

] 
(24) 
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where wb is the pile base displacement and qb the pile base stress. The Unified CPT-based Method 

is employed to define the maximum shear stress at each depth, τf, and the ultimate base resistance, 

qb0.1, of the LT curves.  

The model was implemented in ABAQUS as follows. The pile was represented with deformable 

parts which were prescribed the steel Young’s Modulus and Poisson’s ratio (Figure 47). The shaft 

was discretised in ten element, after a sensitivity analysis demonstrated how the effect of a further 

refinement would lead to negligible differences in the calculated output. Non-linear springs were 

assigned to the element’s nodes, using wire connectors behaving according to Equation (22), with 

the experimental profile of qc averaged along the height of each element. 

 

Figure 47: representation of the LT model 

  

The analyses presented here features ten t-z spring along the pile length and one Q-z spring at pile 

base. The pile elements between the springs were assigned elastic properties of steel Young’s 

Modulus Esteel = 200 GPa and Poisson’s Ratio νsteel = 0.25. 
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PART 3 – Numerical modelling 

3.1 Numerical modelling of axially loaded piles 

Numerical modelling has been extensively used in predicting the capacity of pile foundations and 

research is focusing on understanding how predictions can be enhanced for further realistic results. 

First efforts in this direction were made in the 80’s. In the 1990s several other examples were 

brought to the literature demonstrating the pros of using such instruments. De Nicola & Randolph 

(1993) tried to demonstrate the physics of the consistent difference in tensile and compressive shaft 

capacity of piles in sand by means of a Finite Difference model that could give information of the 

radial stress at the pile shaft. 

The introduction of more advanced constitutive models to numerical analyses opened a new era of 

research on the topic, allowing to predict deformations around the piles (Han, Salgado, et al., 

2017), response of foundations in cyclic conditions (Huang & Liu, 2015). 

Calibration of advanced constitutive models is a costly procedure and can be helped by numerical 

modelling of laboratory tests.  Recent examples are reported by (Machaček et al., 2021) where the 

calibration of three different constitutive models was investigated when modelling triaxial and 

oedometric tests results. 

Simpler constitutive models are widely used in the professional applications and simulations of 

geotechnical problems with those are still are investigated in research activities (Abdel-Rahman et 

al., 2020). 

This work investigates an approach for reproducing the experimental results of monotonic axially 

loaded piles driven in sand with simple constitutive models, by using an interpretation of 

laboratory tests (triaxial tests, interface shear tests) and site investigation tests (CPTs). The 

modelling of laboratory tests is performed with a calibration of the parameter which are then 

assigned to the sand modelling material of the pile simulation.

3.2 Single-element FE models for the calibration of a Drucker-Prager constitutive model 

3.2.1 Modelling of triaxial compressive drained tests 

A 1-element FE model was built in ABAQUS for the reproduction of triaxial compressive 

monotonic shear tests. The element is assigned to a linear Drucker-Prager constitutive model 
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whose properties were calibrated to reproduce available tests performed on the Rohsand 3152 

material. 

 

Figure 48: sketch of a one element, axisymmetric FE model of a TxCID test. 

 

Modelling TxCID tests on Rohsand 3152 with an experimental interpretation and a simple 

constitutive model (linear Drucker-Prager). 

A linear elastic hardening plastic Drucker-Prager constitutive model formulation was used as 

implemented in the commercial FE software ABAQUS. The yield criteria for this class of models 

are based on the shape of a yield surface in the meridional plane. A linear form of the yield surface 

was used, among other options (hyperbolic, general exponent) that can help to calculate consistent 

values of stress in the vicinity of the meridional plane. Referring to a simplified condition of 

triaxial stress (case in which two of the three principal stresses coincide) the linear yield surface F 

can be identified with respect to the stress invariants p, t as: 

𝐹 = 𝑡 − 𝑝 tan𝛽 − 𝑑 = 0 

Where: 

t: deviatoric invariant of stress in triaxial conditions; 
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p: volumetric invariant of stress in triaxial conditions; 

β: slope of the yield surface in the p, t plane, whose physical meaning is relatable to a yield friction 

angle of the material; 

d: intercept of F with the vertical axis, whose physical meaning is relatable to the cohesion of the 

material. 

The linear model provides for a possibly noncircular yield surface in the deviatoric plane to match 

different yield values in triaxial tension and compression, associated inelastic flow in the deviatoric 

plane, and separate dilation and friction angles. Input data parameters define the shape of the yield 

and flow surfaces in the meridional and deviatoric planes as well as other characteristics of 

inelastic behaviour such that a range of simple theories is provided. For granular materials (such 

as sandy soils) a Drucker-Prager modelling material can be used as a failure surface, in the sense 

that the material can exhibit unlimited flow when the stress reaches yield (ABAQUS, 2014). An 

isotropic hardening can be assigned to the Drucker-Prager formulation can be added, prescribing 

the plastic flow to make the yield surface change size uniformly with respect to all stress directions. 

This hardening model is useful for cases involving gross plastic straining or in which the straining 

at each point is essentially in the same direction in strain space throughout the analysis. As plastic 

strain starts to accumulate in the material, the hardening law allows the yield strength to increase 

by making the yield surface to expand isotropically. Among different options one might use to 

define how the allowable stress state can enlarge when hardening happens, it was chosen to adopt 

the shear yield stress (or cohesion, d) to drive the process of coupling the allowable stress state to 

the plastic strain. For the definition of hardening, the plastic strain is referred to a scalar quantity 

namely equivalent plastic strain, whose rate is indicated with 𝜀̅𝑝𝑙 
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Table 16: interpretation of TxCID yield (incipient plasticity) 

p’0 

[kPa] 

qmax 

[kPa] 

qyield 

[kPa] 

pyield 

[kPa] 

30 87.3 43.6 44.5 

60 174.9 87.5 89.2 

120 388.1 194.1 184.7 

 

 

Figure 49: graphical interpretation of incipient plasticity of the TxCID tests. 

 

A hyperbolic hardening law is imposed after the yielding of the material to reproduce the non-

linear response of the deviatoric stress the sand opposes to increasing axial deformation. 
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 𝜎𝑐 = 𝜎0

𝑐 =
𝑑

(1 −
1
3𝑀)

,    𝜀𝑞
𝑝𝑙 = 0 (𝑌𝐼𝐸𝐿𝐷)

𝜎𝑐 = 𝜎0
𝑐 +

(𝜎𝑓
𝑐 − 𝜎0

𝑐)𝜀𝑝𝑙

𝑎 + 𝜀𝑝𝑙
,   0 <  𝜀𝑞

𝑝𝑙 <  𝜀𝑞𝑝𝑒𝑎𝑘
𝑝𝑙

  

𝑑, intercept of the failure line on the p’ – q chart, taken as small as 0.1kPa; 

 𝜎𝑓
𝑐 =  

𝑞𝑝𝑒𝑎𝑘−𝑀𝑝𝑞,𝑝𝑒𝑎𝑘

(1−
1

3
𝑀)

 

a = 0.01 form parameter calibrated on the tests 

 

 

Figure 50: modelling of the TXCID tests with a linear Drucker-Prager isotropic hardening constitutive model. 
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Modelling TXCID on Rohsand 3152 with an advanced constitutive model (Loukidis & Salgado, 

2009) 

The modelling of four TxCID tests performed in 2020 at the Leibniz Universität Hannover on 

Rohsand 3152 was performed by means of the two-surface bounding plasticity constitutive model 

calibrated on the Ottawa sand material. This choice was due to the similarities that the Rohsand 

3152 and the Ottawa sand share, whose details were given in paragraph 2.1. Details of the 

calibration of the constitutive model are reported in Loukidis & Salgado (2009), with significance 

of the notation reported in Table 17. 

Table 17: parameters of the two-surface bounding plasticity constitutive model calibrated on clean Ottawa sand (from Loukidis & 

Salgado, 2009). 

Clean Ottawa Sand (slurry-deposited / water-pluviated) 

Small strain parameters 

v 0.15 

C
g
 611 

n
g
 0.437 

γ
t
 0.00065 

Critical state 

Γ
c
 0.47 

λ 0.081 

ξ 0.196 

M
cc

 1.21 

Bounding surface k
b
 1.9 

Dilatancy 
D

0
 1.31 

k
d
 2.2 

Plastic modulus 

h
1
 2.2 

h
2
 0.24 

e
lim

  0.81 

μ 1.2 

Stress-induced anisotropy 

c
1
 0.71 

c
2
 0.78 

n
g
 0.35 

Inherent anisotropy 
α 0.31 

k
h
 0.39 

Yield surface radius m 0.05 
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Figure 51: results of the modelling of TXCID tests performed on Rohsand 3152 with a two-surface bounding plasticity 

constitutive model. 

 

3.2.2 Modelling of interface shear tests 

The reproduction of interface shear tests by means of a FE model would require the modelling of 

a contact between a solid surface material and a sand material, with the definition of appropriate 

mechanical properties. This has been done in some recent works (Machaček et al., 2021), 

(Staubach et al., 2022). The approach proposed here takes account of the concentration of stress 

and of plastic deformation in the shear band only, considering it to be a thin layer of sand grains 
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in contact with the solid surface, therefore having a constitutive behaviour which is not of the sand 

nor of the steel.  

Constant Normal Load (CNL) conditions 

The shear band has been modelled with a 2D plane strain hinged surface at its base, a constraint 

limiting the top and the bottom edges to be parallel, and a distributed pressure acting on the top 

edge to be equal to the confining stress acting during the test. A sketch of the model is reported in 

Figure 52. Results are reported in Figure 53 for the modelling of two interface shear tests that were 

performed on Rohsand 3152 prior to the campaign illustrated in paragraph 2.2. Details of the 

Drucker-Prager properties definition are reported later in the Soil adjacent to the pile paragraph 

(3.3.2 Procedure for the modelling materials properties), as the same FEM model is applied to the 

column of soil adjacent to the pile shaft for the prediction of monotonic compressive and tensile 

load of pipe piles. 

 

Figure 52: sketch of the one element FE model of a CNL test shear band. 
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Figure 53: modelling of two interface shear tests on Rohsand 3152. 

 

3.3 Finite element model of axially loaded piles 

The aim of the developed FE model is to enable parametric studies or reliability analysis at any 

project stage through a simple-to-build – given the simplified geometry – and easy-to-run – given 

the limited number of soil state parameters – numerical tool. In the following two subsections, the 

FE model is presented, and the identification of the input parameters for a general case is described. 

3.3.1 Geometry, calculation steps and constitutive relationships 

Given the geometry and the loading condition of the geotechnical system of an axially loaded 

cylindrical open-ended pile, the problem can be simplified in axisymmetric conditions. The 

modelling region is represented by a two-dimensional domain, whose external boundaries have 

been set to 15D in the lateral direction and 10D in the vertical direction under the pile base. 
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Figure 54: (a) schematic of the FE model for predicting the monotonic response of axially loaded piles; (b) representation of the 

target FE model output; (c): detail of the mesh in the vicinity of the model pile. 

Both lateral and bottom model boundaries are prevented from displacing by hinge constraints. 

Mesh elements are CAX4R, four nodes bilinear axisymmetric quadrilateral with reduced 

integration. The mesh is refined horizontally from the external boundary towards the pile, and 

vertically from the inferior boundary towards the pile tip. The greatest mesh refinement occurs in 

the elements in contact with the pile. No mesh refinement is expressed in the vertical direction 

along the pile shaft, so the elements have constant vertical dimension. The number of elements 

underneath the pile base was selected as a representative element length for the whole mesh. To 

optimize the model, a sensitivity analysis was performed by varying the representative element 

length of the mesh. A mesh with six elements underneath the pile base was found to be a good 

compromise in terms of computational time and accuracy. The foundation is modelled as a closed-

end pile with density and Young’s Modulus that are a compromise of sand and steel properties. 

This modelling choice is justified through the experimentally observed fully plugged failure 

mechanism. 

The analysis is performed in three static stages. The first phase consists in enforcing the gravity 

load to the whole modelling domain, generating a geostatic stress distribution. In the second stage, 

the pile elements enter the model and are positioned adjacent to the symmetry axis with removal 
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of the relevant soil elements. This procedure is referrable to a wished-in-place pile modelling, but 

the effects of the installation are taken into account by assigning a “post-installation” earth 

coefficient to the soil adjacent to the pile and the soil surrounding it (see Figure 54). In the third 

stage, a 0.1D vertical displacement is imposed to the pile head. 

The soil constitutive law consists of a linear elastic perfectly plastic model with Drucker-Prager 

yield criterion. A spatial distribution with depth of the physical and mechanical soil parameters is 

assigned to the soil domain through continuous monotonic functions vertically with dependence 

on the stress state. The derivation of the soil parameters is detailed in the following subsections. 

The interface between pile and soil is modelled through a surface-to-surface, finite sliding contact 

interaction. The interaction under the pile base is assigned to a “hard contact” relationship with a 

penalty enforcement method. The contact along the shaft is assigned to a “penalty” friction 

property, i.e. a Coulomb’s friction law. In the absence of site-specific data, the friction coefficient 

is chosen to be 29°, as also suggested in the Unified CPT-based Method. 

3.3.2 Procedure for the modelling materials properties 

The procedure is designed to reproduce the properties of a uniform soil deposit surrounding the 

pile location. In the case of more complex soil layering, a subdivision of the soil domain into 

uniform sectors is advisable. 

Soil surrounding the pile 

Soil properties can be fully characterized with three input parameters representative of the pile 

location: 1) A critical state friction angle φ’c,in; 2) A global relative density, Dr,in; and 3) A global 

soil-pile stiffness parameter, KE,in. The modelling procedure can be used once physical and 

geometrical properties of the system, such as pile dimensions and soil unit weight, are known. The 

three input parameters can be estimated with preliminary ground models of the site, e.g. after the 

desk study phase of a given offshore wind project. Generally, the input parameters lay in a 

relatively narrow range and their estimation can become more reliable through the comparison 

with CPTs, boreholes and laboratory tests, e.g. at further project stages when advanced ground 

models are available. 

An artificial cone resistance qc,art, is calculated according to (Jamiolkowski et al., 2003) inputting 

a constant Dr value: 
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𝑞𝑐,𝑎𝑟𝑡  =  24.94𝑝𝑎 (
𝑝0
′

𝑝𝑎
⁄ )

0.46

𝑒2.96𝜇𝐷𝑟 (25) 

where p’0 is the mean, effective in situ stress at rest, pa is the atmospheric pressure and Dr is the 

mean soil density evaluated with the same reversed equation and the measured qc values. The 

equation was chosen as suitable for silica sands and recommended by the ISO Standards for pile 

design (ISO, 2006). 

The calculated qc,art is used to set the initial stress field in the soil according to (Lehane et al., 

2020a): 

 

𝜎′𝑟𝑐  = 𝜎′𝜃 =
𝑞𝑐
44
[1 − 𝑃𝐿𝑅 (

𝐷𝑖
𝐷
)
2

]

0.3

[max [1, (
ℎ

𝐷
)]]

−0.4

 (26) 

 

where PLR is the measured plug length ratio (mobilised in the installation phase), Di is the inner 

diameter of the pile (equal to D – 2t), h is the vertical distance of the local depth to the pile tip. 

The equation is relevant to rough piles driven sand and explicitly accounts for friction fatigue and 

geometrical effects.  

The resistance of the soil surrounding the pile is prescribed to vary with depth with the artificial 

cone tip resistance according to (Kulhawy & Mayne, 1990): 

𝜑′𝑝,𝑠𝑜𝑖𝑙 = 17.6 + 11𝑙𝑜𝑔 (
𝑞𝑐,𝑎𝑟𝑡

(𝑝𝑎𝜎𝑣0
′ )0.5⁄ ) (27) 

 

Where 𝜑′𝑝,𝑠𝑜𝑖𝑙 is the peak friction angle of the material and 𝜎𝑣0
′  is the local vertical effective stress. 

The elastic stiffness Esoil follows a linear response with elastic deformation that locally varies with 

depth following the power law: 

𝐸𝑠𝑜𝑖𝑙 = 𝜇𝐾𝐸  𝑝𝑎 (
𝑝0𝑖
′

𝑝𝑎
⁄ )

𝑚

 (28) 

where KE and m are dimensionless models constant, calculated as follows from the interpretation 

of available CPTs (Robertson, 2009): 

𝜇𝐾𝐸 = 𝑚𝑒𝑎𝑛 (
𝐸𝐶𝑃𝑇

𝑝𝑎⁄ ) (
𝑝0𝑖
′

𝑝𝑎
⁄ )

−𝑚

  (29) 

 

𝐸𝐶𝑃𝑇  =  0.015(10
0.55𝐼𝑐𝑛+1.68)( 𝑞𝑐  −  𝜎

′
𝑣0) (30) 
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where p’0i is the mean, post-installation, effective stress, Icn are qc are the experimental normalised 

soil behaviour type index and cone tip resistance and m = 0.5. 

 

Soil adjacent to the pile  

The behaviour of soil at the interface with the pile foundation is modelled with a different material, 

whose mechanical properties are reduced in terms of strength and are assigned on the interpretation 

of interface shear tests. In this context, the modelling of the single element shear band in direct 

shear conditions (see 3.2.2 Modelling of interface shear tests paragraph) provides the validation 

of the mechanical properties to be assigned to this portion of model. 

The shear elastic modulus Gadj was prescribed as function of the normal stress acting on the pile 

shaft (De Gennaro & Frank, 2002): 

𝐺𝑎𝑑𝑗 = 𝐺
∗ ∙ 𝑠 ∙ (𝜎′𝑟𝑐)

𝑛 (31) 

Where σrc is the radial stress of Equation (26), G* and n are model constants and s is the thickness 

of the layer of soil adjacent to the pile. 

The shear stress at yield (incipient plasticity of the material) is given by: 

 𝜏𝑦𝑖𝑒𝑙𝑑  =  𝜎′𝑟𝑖 ∙ 𝑡𝑎𝑛(𝛿𝑦𝑖𝑒𝑙𝑑)    (32) 

where yield is the interface friction angle at the yield point. Once plasticity is enhanced, the shear 

stress evolves with a hardening behaviour depending on the plastic shear strain p up to a failure 

value when the mobilised friction angle  = cv according to: 

𝜏 =  𝜎′𝑟𝑐 ∙ [
𝑡𝑎𝑛(𝛿𝑐𝑣) − 𝑡𝑎𝑛(𝛿𝑦𝑖𝑒𝑙𝑑)

(𝑏 + 𝛾𝑝)
] 𝛾𝑝     (33) 

where cv is the constant volume interface friction angle and b is a model constant. The yield 

surface and plastic potential constants are yield and adj. The five model constants (G*, b, cv, yield, 

adj) can be calibrated using the results of constant stress interface tests, assuming that simple 

shear conditions occur within a shear band of thickness 5D50 for rough steel interfaces (DeJong et 

al., 2006). 
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Table 18: summary of the developed FEM procedure for predicting monotonic response of homogeneous sand deposits. 

Steps Equations FE model parameters 

1. Set an artificial qc,art, function of the soil mean 

relative density Dr, Dr. 
(25) 

used to derive model 

parameters 

2. Use the calculated qc,art to estimate the post-

installation radial stress acting on the pile and 

implement the value as initial ’rc and ’i. 

(26) 

In situ stress 

𝐾 = 𝜎′𝑟𝑐  /𝜎′𝑣0 

3. Use the calculated qc,art to predict the evolution 

of the soil peak friction angle ’p,soil with depth. (27) 

Soil, plastic 

’p,soil 

𝜓𝑠𝑜𝑖𝑙 = 𝜑′𝑝,𝑠𝑜𝑖𝑙 − 𝜑′𝑐𝑣  

4a. Express the soil Young’s modulus, Esoil, as a 

power law of the post-installation mean effective 

stress p’0i 

(30) 

Soil, elastic 

Esoil,  

v = 0.3 

4b. Take a constant KE corresponding to the mean 

soil value, KE. 
(29) 

5. Set the interface friction angle equal to the 

critical cv 
- 

Interface 

tan(cv ) 

6. Calibrate the model parameters of soil adjacent to the pile in simple shear conditions using the results of 

interface direct shear tests assuming the shear band thickness s = 5D50. 

6a. Express the shear modulus Gadj as function of 

the confining stress, ’n, and thickness, sadj. 
(31) 

Adjacent soil, elastic 

v = 0.3, Eadj= Gadj/[2(1+ν)] 

6b. Identify the friction angle at yield yield and 

dilation angle adj Best fit to experiments (see 

Figure 56) 

- 

Adjacent soil, plastic§ 

yield, adj 

6c. Set shear stress as function of mobilised 

plastic shear strain, p and confining stress, ’n up 

to critical state (with  = cv) 

(33) 

Adjacent soil, plastic§ 

Hardening§ 

d = f(p) 

7a. In the pile model, pick a line of finite elements of thickness s/D = 0.05 along the pile shaft. 

7b. Incorporate the shear band model constants calibrated in Step 6 using ’n = ’rc 

§Parameters corresponds to plane strain conditions and require non-associated flow matching to DP 

(Abaqus, 2014) 
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3.4 Application of the modelling procedure to the IRPWind campaign 

The experimental campaign has been introduced in the 2.4 Large-scale model piles tests at IWES 

paragraph. Employing the available CPT data and laboratory tests, the approach parameters were 

identified. The profile of artificial qc,art is shown in Figure 55a using the measured mean sample 

density μDr = 0.74 and presented along the profile calculated employing the standard measured 

standard deviation (σDr = 0.1). The value μDr = 0.74 compared on sample density profile, obtained 

using (25), confirming the suitability of the selected empirical equation for the sand deposit in 

exam. Figure 55b illustrates the profile of KE, calculated according to Equation (29) along with the 

average value μKE = 1100 and those within the standard deviation of the distribution (σKE = 290). 

 

Figure 55: Identification of the soil model constants a) μDr on the experimental Dr profile and b) μKE on the 

experimental KE profile. 

The parameters of the model assigned to the soil elements adjacent to pile wall were calibrated 

using the interface tests data and their values are inserted in Table 19. The numerical curve is 

compared to the experimental results in Figure 56, showing a good match. Figure 56 also illustrates 

the meaning of the elastic G* and plastic constants φyield and φcv of the model. 
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Table 19: Application of the FE procedure tot he IRPWind model piles campaign. 

Steps Input 

parameters 

1. Set an artificial qc,art, function of the soil mean relative density Dr, Dr. Dr =0.74 

(CPTs) 

2. Use the calculated qc,art to estimate the post-installation radial stress acting on the pile ’r and 

implement the value as initial ’ri and ’i. 

’cv =32.5° 

(triaxial tests) 

3. Use the calculated qc,art to predict the evolution of the soil peak friction angle ’p,soil with 

depth.  

KE = 1100 

m = 0.5 

(CPTs) 

4a. Express the soil Young’s modulus, Esoil, as a power law of the post-installation mean 

effective stress p’0i 

4b. Take a constant KE corresponding to the mean soil value, KE. cv = 25° 

(DS interface) 

5. Set the interface friction angle equal to the critical cv G* = 2.2 mm-1 

n = 1 

6a. Express the shear modulus Gadj as function of the confining stress, ’n, and thickness, sadj. yield = 8.5°; 

adj =0.5° 

6b. Identify the friction angle at yield yield and dilation angle adj Best fit to experiments (see 

Fig. 3) 

cv =25° 

b = 0.04 

 

 

Figure 56: Identification of the shear band model parameters based on the results of interface tests. 
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The FE models of piles 1, 3 and 4 were created using these inputs. Analyses were small strain, 

total stress carried out applying a 0.1D upward displacement to the pile head. 

The numerical load-displacement curves are compared to the experimental in Figure 57 a, b, c for 

piles 1, pile 3 and pile 4 respectively.  

The numerical results reproduce accurately the load displacement curves for the three piles, well 

capturing the non-linearities prior to failure. 

The performance of the model is evaluated with reference to some significant values of load and 

displacements (Lehane et al., 2020b). These are the tensile ultimate capacity Vult, the upward pile 

head displacement at failure, wult and the mobilized pile head displacement at half of the measured 

ultimate capacity, w’ (see Figure 54b). 

The tensile capacity, extrapolated along the curves using the 0.1D failure criterion, is particularly 

well predicted, notably for pile 3 and pile 4. The 17% underestimation on pile 1 (Figure 56a) can 

be partly ascribable to a comparatively higher experimental normalised capacity, as it is observed 

in Figure 37 (2.4.2 Large-scale model piles of the IRPWind campaign, pag.72). The numerical 

final displacement, evaluated when all the nodes at the pile-soil interface have reached the slipping 

conditions, were 0.05D, 0.04D and 0.06D for Pile 1, Pile 3 and Pile 4 respectively. The data well 

compare with the experimentally observed values, measured as the displacement corresponding to 

which the pile was no longer able to take further load and equal to 0.06D for pile 3 and 0.07D for 

pile 4. Pile 1 was shown to slightly harden even at w = 0.1D so the data for comparison could not 

be evaluated. The performance of the model was also assessed comparing the numerical and 

experimental pile head displacement at the 50% of the ultimate capacity, using the parameter (w’FE 

– w’exp)/D, with subscript FE and exp representing the numerical and experimental data. The values 

are 0.0024, 0.0010, 0.0014, for Pile 1, 3 and 4 respectively. This performance is in close agreement 

with the semi-empirical Load-Transfer Method (LTM) approach recently proposed by Lehane et 

al. (2020b), whose results on the present dataset are also inserted for comparison in Figure 57.  

The LTM approach uses the shear stress at failure calculated with the Unified CPT-based method 

and the t-z curves from RATZ (Randolph, 2003). In terms of ultimate capacity, the method 

provides a non-conservative prediction, with an error which is, however, within the declared CPT-

based method accuracy (Lehane et al. 2020a). Despite both the FEM and the LTM are both CPT-

based, the better performance observed with the continuum approach. This might be ascribable to 

the implementation of the experimental interface properties and to the partial mobilisation of the 
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total shear resistance the FEM is able to provide by means of modelling a frictional contact. The 

unified CPT-method, in fact, requires an angle of 29° to ensure the target reliability is achieved, 

whatever the steel roughness and sand type. The proposed approach, although in a simplified way, 

enable to implement the entire shear stress-shear strain response observed in interface test, 

allowing to model the progressive mobilisation of shaft resistance. As a result, the non-linearities 

prior to pull-out are also better captured with a back-bone shape which closely tracks the 

experimental, allowing for a good prediction of the ultimate displacement at failure.  
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Figure 57: comparison of the performance of the FE model on the three IRPWind campaign model piles. (a): IRPWind Pile 1; 

(b): Pile 3; (c): Pile 4. 
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3.5 Application of the modelling procedure to the single piles of the Pile Group Effects 

campaign 

Soil properties – specific procedure for Piles P1, P2 and P3 

The artificially prepared soil deposit of this study was well characterized with analysis of full 

physical properties and results from CPTs, core samples, and triaxial tests. Through the entire 

calculation procedure, the effective unit weight, γ’, is measured equal to 10.4 kN/m3, while the 

critical state friction angle, φ’c,in, is 32.5°. To assess the input relative density, Dr,in, for each pile, 

the authors deliberately chose to average the values that are strictly relevant to each geotechnical 

system. To this end, qc records shallower than 0.5 m were discarded, because of their unrealistic 

estimation of Dr due to low stress levels. In addition, qc records taken at greater depth than 1.5D 

from the pile base have also been discarded to ensure that Dr,in is not influenced by uninvolved soil 

portions in the failure mechanisms. The 1.5D value under the pile tip is a common choice as a limit 

for CPT records (e.g. UWA-05 CPT-based method). The latter is coherent with the base resistance 

calculation of the Unified CPT-based Method. Equation (8 is then used to calculate Dr,in with the 

CPT profiles performed after the installation at each pile location (i.e. K3-P3, K3-P7 and K4-P1). 

Figure 58 shows the Dr profiles while Table 20 summarizes the computed values for Pile P1, P2 

and P3. It is reassuring to observe that the global Dr values for Pile P1 and P3 fall in the expected 

range found through core samples (Dr = 0.705 ± 2.9%). As previously described, Pile P2 was 

installed in the sand pit’s overconsolidated portion and features a significantly higher Dr,in. 
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Figure 58: Estimated relative density profile from CPT. Faded data points were not considered in the calculation of the 

representative relative densities (Dr,in) because out of the influence volume of the piles under compression 

 

Table 20: Input relative density values, Dr,in, for Piles P1, P2 and P3 together with their statistical values 

CPT / Test Dr,in [-] Standard deviation  CoV 

K3-P3 / Pile P1 0.724 0.059 8% 

K3-P7 / Pile P2 0.825 0.055 7% 

K4-P1 / Pile P3 0.677 0.083 12% 

 

By applying Equation Equation (11)with the three Dr,in values as inputs, the three artificial, continuous, 

monotonic qc profiles (qc,ar) are obtained. Figure 59 exemplifies the expected reasonable agreement 

between the raw qc data and the artificial profile, qc,ar, for Pile P1. 
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Figure 59: Comparison of the experimental cone tip resistance profile (grey squared markers) and the continuous monotonic 

artificial profile qc,ar for Pile P1. 

According to the artificial cone tip resistance, qc,ar, relevant CPT correlations to assess the peak 

soil friction angle, φ’, can be used straightforwardly (Mayne, 2007; Robertson & Cabal, 2015). 

Here the CPT-based correlation of Kulhawy & Mayne (1990) is employed: 

𝜙′ = 17.6 + 11.0 log (𝑞𝑐1) (1) 

where qc1 is the stress normalised cone resistance qc,ar/(patm σ’v)
0.5. In Figure 60 a comparison of 

the triaxial test data from Kulhawy & Mayne (1990) and those of Rohsand 3152 at relevant 

overburden stresses (30 kPa) corroborates the use of (1). Dilatancy angle values are then 

conventionally calculated as Ψ’ = 𝜙’ - 𝜙’c. 
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Figure 60: Values of peak friction angles against qc1 from Kulhawy and Mayne (1990) and Rohsand 3152. 

The post-installation stress state of the soil domain, p’0,inst, is estimated by using the CPT 

correlation proposed by Lehane et al. (2020) for the calculation of the post-installation radial stress, 

σ’rc : 

𝜎′𝑟𝑐 = (
𝑞𝑐
44
)𝐴𝑟𝑒

0.3 [𝑀𝑎𝑥 [1, (
ℎ

𝐷
)]]

−0.4

 

 

(2) 

In (2), h is the distance from the pile tip to the calculation depth while Are is the effective area ratio: 

𝐴𝑟𝑒 = 1 − 𝑃𝐿𝑅(𝐷𝑖/𝐷)
2 (3) 

To simulate Pile P1, P2 and P3 a KE,in values for each pile location was derived by combining and 

the empirical correlation proposed by Robertson (2009)using the relevant CPT data − from 0.5 m 

below the sand surface to 1.5D below pile tip − as input: 

𝐸′ = 0.015(100.55𝐼𝑐+1.68)(𝑞𝑐 − 𝜎′𝑣0) (4) 
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where Ic is the Soil Behaviour Type index. The obtained KE values were averaged to find a constant 

stiffness parameter, KE,in, for each pile (see Table 21). Analogously to the Dr,in values listed in 

Table 20, the KE,in value representative for the overconsolidated pile location (Pile P2) is larger 

than those for Pile P1 and P3. 

Table 21: Estimation of the Young’s Modulus number (KE,in) values from CPT profiles 

CPT / Test  KE,in [-] Standard deviation  CoV 

K3-P3 / Pile P1 1019.9 183.5 18% 

K3-P7 / Pile P2 1286.5 174.9 14% 

K4-P1 / Pile P3 970.8 211.6 22% 

 

Comparison between model tests and prediction methods 

Table 22 shows the measured pile capacity, Qm, at a normalized vertical displacement w/D = 0.1 

and the capacities predicted with the Unified CPT-based Method, Qc. It is seen that the prediction 

method consistently overestimates the experimental data with similar relative errors. Despite some 

differences in set-up periods between the piles exist, and the test of Pile P1 was not a first-time 

static load test, the prediction ratios are rather consistent with an average of 0.78 and CoV = 2.5%. 

What was qualitatively shown in Figure 45 is quantitatively reaffirmed in Table 22: Different soil 

conditions − in this case compaction states − do not prevent geotechnical systems from being 

compared to each other and used for model validation purposes. 
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Table 22: The Unified CPT-based Method performance on the present pile campaign with post-installation CPTs. Qm is the 

measured pile capacity, whereas Qc is the predicted pile capacity. 

  Pile P1 Pile P2 Pile P3 

Qm [kN] 315 440 281 

Measured PLR 

Qc [kN] 402 539 370 

Predicion ratio 

Qm/Qc  
1.28 1.23 1.32 

Estimated PLR  

Qc [kN] 468 636 406 

Predicion ratio 

Qm/Qc  
1.49 1.45 1.45 

 

The Qc values obtained with the PLR estimated according to the Unified CPT-based Method show 

larger prediction ratios. This was expected, as PLR and ultimate capacity are notably inversely 

proportional to each other, and the measured PLR values were larger than those estimated through 

the Unified CPT-based Method. Another issue worth addressing is the difference of prediction 

ratio when using the CPTs performed before the pile installation (see K1-P7, K2-P2, and K2-P3 

in Figure 40), as this was the case for the Unified CPT-based Method. The results of the predictions 

compared to the Qm values are given in Table 23 and show no substantial difference from Table 

22 in term Qm/Qc values. 

Table 23: Performance of the Unified CPT-based Method on the present pile campaign with pre-installation CPTs. Qm is the 

measured pile capacity, whereas Qc is the predicted pile capacity. 

  CPT K1-P7 CPT K2-P2 CPT K2-P3 

Qc [kN] 431 442 363 

Qm [kN] 314 314 314 

Predicion ratio 

Qc/Qm  
1.37 1.41 1.15 
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The results from LTM analyses and FE simulations of Pile P1, P2, and P3 are shown in Figure 61, 

together with the experimental results. Not surprisingly, the LTM predictions tend to the estimated 

capacity Qc when the normalized displacement approaches 0.1. Indeed, the outputs from the 

Unified CPT-based Method have been employed for the maximum resistances of both t-z and Q-z 

curves. As a result of that, the predicted pile behaviour at large displacements is overestimated. In 

the close-ups emphasizing the initial stiffness of the systems, the experimental curve shows a very 

stiff behaviour that cannot be captured neither through the LT curves nor through the FE 

simulation.  

Turning now to the FE simulations capture the overall load-displacement curves better than the 

LT analyses. At very small strains though (see close-ups in Figure 61), they underestimate the 

experimental stiffness of the geotechnical system following a very similar pattern to the LT 

method. At large strains, the physical data is again overestimated by the prediction, though not as 

much as by the Unified CPT-based Method and the LT method. Indeed, the ultimate capacity 

prediction ratio given by the FE method are better than those given by the CPT-based and LT 

methods: 0.90 for Pile P1, 0.91 for Pile P2 and 0.89 for Pile P3.  
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Figure 61: Comparison of experimental results and prediction with LT and FE methods. (a) BorWin gamma 

campaign Pile 1; (b): Pile 2; (c): Pile 3. 
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To quantify the methods performance at realistic loads, the difference in terms of displacement 

between a prediction method and the experimental observations can be calculated (Lehane et al., 

2020b). The difference between calculated and measured displacement, (w0.5,c - w0.5,m), at a 

respective given load of V = 0.5 Qm and V = 0.5 Qc are listed in Table 24. The difference between 

measured and calculated displacement is generally very small and for each case smaller than 

D/100.  

Table 24: Differences between measured and calculated pile head displacement, (w0.5,c - w0.5,m), at V = 0.5Qm and V = 0.5Qc for 

the three pile tests  

  Pile P1 Pile P2 Pile P3 

w0.5 = displacement at V = 0.5Qm in [mm] 

FE 

(w0.5c - w0.5m)  -0,38 -0,24 0,22 

LT 

(w0.5c - w0.5m)  -0,38 -0,21 -0,11 

w0.5 = displacement at V = 0.5Qc in [mm] 

FE 

(w0.5c - w0.5m)  -0,65 -0,39 -0,54 

LT 

(w0.5c - w0.5m)  -1,28 -0,81 -1,35 

 

Some comments on the FE modelling of the large-scale model piles at Fraunhofer IWES 

The experimental results presented in the thesis add valuable data to the international literature on 

large-scale pile tests. In particular, the inherent vertical homogeneity of the artificial soil deposit 

used for the experiment is a unique feature, which reduces the uncertainty regarding the soil 

characterization lending thereby ideal conditions for the validation of geotechnical models. This 

is exemplified in Achmus et al. (2020), where the prediction ratios of the three geotechnical system 

are very similar despite the tangible disparity of the CPT profiles. Moreover, this observation 

confirms in turn the substantial robustness of the Unified CPT-based Method, as also stated by 

Lehane et al., 2020). Keefe et al. (2020) have recently reported field tests of pipe piles with small 

diameters (114.3 mm) and found a consistent overestimation of the UWA-05. They justify the 

overprediction by invoking the theory of cavity expansion, which expresses the normal stiffness 

of the pile-soil interface as inversely proportional to the pile diameter. The resultant high normal 
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stiffness value leads to a very large reduction of the normal stress acting on the pile when small 

shear band contractions occur, i.e. when installing with an impact hammer. This aspect might have 

been a concurrent cause of the overprediction shown by the Unified CPT-based Method in Table 

22. Another point of discussion is the relevance of PLR in estimating the bearing capacity. Table 

22 distinctly indicates that the choice of PLR is meaningful. However, this observation is likely to 

be relevant only for piles featuring small diameters (D < 0.5 m). Offshore piles typically have 

larger diameters making the PLR estimation less significant.  

Moving to the consistent underprediction of the load-bearing behaviour at small strains for both 

LT and FE methods shown in the close-ups of Figure 61, it can be noted that the experimental 

curve shows a larger magnitude and a more prominent nonlinearity. At small strains the pile 

behaviour is driven by the shaft friction. This means that optimised t-z curves for the LT method 

and more realistic contact model for the FE method could be adopted to reduce the observed 

discrepancy.   

Considering now the FE model, it is worthwhile to notice that despite its simplicity, it can capture 

the physical model results with reasonable accuracy. Moreover, it delivers consistent results, 

regardless of the compaction state of the sand deposit. Figure 62 exemplifies a parametric study 

that can be easily carried out by means of the FE model. Through a Python script, the FE model 

implementation was automatized, allowing the creation of models with different parameters at 

once. The parametric study was conducted by varying the input value DR,in and keeping the pile-

soil global stiffness parameter KE,in constant. The KE,in  representative for Pile P1 was deliberately 

chosen for the study (see Table 21). The varying DR,in influences mainly the generation of the soil 

resistance properties and of the generation of the post-installation stress state. The crosses 

represent the ultimate capacity simulated with the FE model, Qc, using a wide range of DR,in. It is 

seen that the numerical trend is rather similar to the experimental one, laying slightly on the 

unconservative side. Given the very limited and straightforward assessment of the model 

parameters, similar parametric studies focused on a narrower range of input parameters can assist 

designers throughout the different design phases of a given project.  
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Figure 62: Comparison of ultimate capacity from experimental results and parametric study performed with the FE 

method addressing the change of Qc as a function of DR,in

Concluding remarks 

The thesis reports experimental and numerical evidence on the behaviour and prediction of steel 

pipe pile foundations loaded in axial conditions meant to support jacket structures in marine 

environment. In the first part, the context of axially loaded piles was framed, reporting the 

principles of bearing capacity behaviour of such foundations, the phenomena occurring around the 

shaft and in the vicinity of the base. The state of the art in terms of design procedures and research 

interests was summarised, introducing the CPT-based methods and load transfer methods which 

are of interest both for practitioners and researchers. The experimental data produced at Fraunhofer 

IWES (Hannover, Germany) where different large-scale model piles were conducted, were then 

illustrated. Results from six model piles were analysed. These were loaded in monotonic 

conditions to failure with a quasi-static procedure. Three piles belonging to the research IRPWind 

project campaign were loaded in tension. Three piles belonging to the industry Pile Group Effects 
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project were loaded in compression. Load displacement behaviour data were collected, 

representing a precious source of information to be compared with predictive methods. Piles were 

installed in a deposit made of a clean commercial silica sand namely known as Rohsand 3152. 

Laboratory tests were conducted on this silica sand, including Triaxial Isotropically Consolidated 

Drained tests (TxCID), Direct Shear tests and Interface Shear tests.  

Original contribution and main findings 

A coherent correlation between CPTs, blow counts during installation and load-displacement 

curves consistently acknowledged the experimental findings from the large-scale piles tests. In the 

case of the three IRPWind model piles campaign, consistency was found in three out of six model 

piles, so these were selected. The single model piles of the Pile Group Effects campaign confirmed 

the consistency of the loading conditions on the three piles to be strictly dependent on the CPTs 

measurements, as the load displacement curves of the three models resulted to be comparable if 

normalised by the average tip resistance of the single CPTs performed in the strict vicinity of the 

pile. This finding substantiates the principle that the CPT is an appropriate geotechnical-sounding 

technique for the design of these foundation systems. 

The results of the model piles in terms of ultimate capacity were compared with the newly 

proposed Unified CPT-based method, which was recently proposed after a more than 20-year 

period of study of such empirical correlation based on physical observations on the pile-soil 

system. The Unified CPT-based method and the Load Transfer curve method after B. M. Lehane, 

Li, et al. (2020b) were compared with the experimental results. The ultimate capacity predicted 

with the Unified CPT-based method is overestimated. The shown discrepancy is at least partly 

ascribable to the scale effect as explained by Keefe et al. (2020).  

Concerning the collocation of Rohsand 3152 in the framework of other sandy materials, a 

morphology analysis was conducted in the laboratories of Purdue University in order to better 

assess the response of such material. The sand was found to be formed by rounded, spherical grains 

and therefore similar to the Ottawa ASTM 778 sand, which is extensively used in geotechnical 

laboratories for mechanical tests. This allowed to infer how its mechanical behaviour might be 

similar to the Ottawa sand, and thereforenumerical simulations of TxCID were performed with a 

constitutive model calibrated on the aforementioned Ottawa sand, well reproducing the evolution 

of shear stress and deformation. It should be assessed how despite the many similarities of the 
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Rohsand 3152 and the Ottawa sand, the resistance of the first one is greater at critical state by three 

degrees. A reason might be the smaller average size of Rohsand 3152 particles, which was 

demonstrated to play a role in influencing the response of such aggregates.  

Another trait that was missing in the Rohsand 3152 mechanical characterisation was its response 

when sheared in contact steel surfaces, a condition which is particularly crucial for offshore piles 

and foundations in general. At the time the two large scale model piles campaign were performed, 

no such assessment had been performed, despite this behaviour plays an important role when piles 

are axially loaded. The interface shear tests have been conducted at a Purdue University facility, 

in the context of a visiting period of the candidate. The goal of the campaign was to have a 

comprehensive picture of the response of sand when in contact with steel and to compare such 

response to available sand-steel databases.  

Thirty-six sand-steel interface shear tests were performed in order to study the response of the 

sand-steel system depending on the interface roughness, sand density and stress path. Results were 

also compared with direct shear tests and with previous literature results on siliceous sands, 

showing satisfactory agreement. Effects of relative density, confining stress and imposed constant 

normal stiffness were analysed and found agreement with previous findings from the literature. 

Relative density was found to have a specific role in the peak response of shear stress, leading to 

greater peak friction angles for denser samples. The relative density plays a smaller influence at 

larger deformations. Still, a greater resistance at ultimate conditions (comparable to what is more 

clearly defined as “critical state” for soil-only samples) was found for denser samples, which does 

not agree with literature evidence from previous studies. Confining stress acting on the sample was 

found to play a role as well, indicating a tendency to increase the friction angles as greater levels 

of stress were acting on the shear box. This was confirmed by a recent observation from Liu et al. 

(2019) that compared results from a broad database of ring-shear tests performed on different sands 

and silty-sand mixtures. An evolution of δcs/φcs with the steel roughness was drawn, defining a 

trend in agreement with findings from Han et al. (2018) on clean, dry sand-steel samples. 

Normalised stress paths σ/σini were produced from the interpretation of the tests and their overall 

evolution was found to be comparable to measurements along instrumented piles, taken the work 

by ICL in the 90’s as a benchmark. This information is relevant to predictive tools, such as Finite 

Element models, for calibrating constitutive models.  
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A finite element procedure for the prediction of static loading of such piles was developed with 

the commercial finite element package ABAQUS. The procedure makes use of CPTs 

measurements and interface shear tests for assessing mechanical properties of the soil surrounding 

the pile and of the pile-soil interface. A focus on pile-soil interface is worth to be considered, since 

this approach wanted to reproduce what other researchers have done (e.g. Said et al., 2009). The 

use of a simple frictional contact between the pile and the sand modelling material would work for 

capturing the initial response and the ultimate capacity of the system, just like simple linear elastic-

perfectly plastic load transfer curves would allow to predict. This approach would not justify the 

use of a continuous approach, which are relatively costly from a computational point of view and 

laborious to implement. The goal of capturing the whole load-displacement path was pursued, with 

a focus on non-linearities that are observed from the response of such systems. The accurate 

capturing of the monotonic response of an axially loaded pile is diriment for further considerations 

on the cyclic response of such foundations, as the monotonic load displacement curve is usually 

taken as a benchmark and later scaled to assess the response to cyclic loads. 

The use of a modelling material whose properties are meant to represent the resistance of the pile-

soil interface was developed, in connection with studying the response of interface shear tests. 

This modelling material, assigned to the column of elements in contact with the foundation, allows 

a progressive calculation of the mobilization of resistance. It is characterized by a hardening law 

calibrated on experimental observation that accounts for a progressive resistance once the element 

reaches plasticity. In this way, it was possible to reproduce the response of tensile load tests with 

greater accuracy along the whole load test. Another decisive trait of the adopted procedure stands 

in assigning a stress-state which is meant to reproduce the post-installation conditions that are 

given by the driving of the foundation. The post-installation conditions are assigned with an earth 

coefficient which is calculated by considering a radial effective stress coming from a CPT-based 

method formulation. These empirical methods, in fact, take account of the effects of driving at the 

pile-soil interface. The recently proposed Unified CPT-based formulation was used to assign a 

post-installation stress state and results of the simulation were interestingly more accurate than 

using the CPT-based method itself, leading to better performance on the six model piles tested at 

IWES. This is believed to be related to the partial mobilization of the ultimate resistance of the 

soil in contact with the pile, thanks to the frictional contact formulation that reaches failure at 
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different times along the shaft and does not solicitate the elements of soil in contact with the pile 

anymore. 

Further investigation 

The main limit of this approach stands in its surrogate reproduction of the real geotechnical system, 

as simple constitutive models are involved in the simulations. Also, assigning a post-installation 

stress state uniform in the radial direction represents a deviated representation in reproducing the 

reality of the system. The most important development this research can benefit lays in the use of 

advanced constitutive models that account for Critical State Soil Mechanics. This would both 

allow to reproduce more accurately the stress paths surrounding the foundation and to simulate the 

installation of the foundation, which is trendy in research as it is a challenging problem to be 

predicted (lastly, for the sake of practitioners) and also because it can provide information of the 

stress state post-installation for predicting more accurately loading scenarios like the ones studied 

in this present contribution. 

Given the relative simplicity of the method’s implementation and the small number of input 

parameters, the Finite Element model lends itself to readily adoption at any stage of the design 

process for parametric studies or probabilistic analysis also thanks to its convenient automatization 

through a Python script. The approach is developed for a uniform soil deposit and can be extended 

to deposits with uniform soil layers. Its simple implementation and computational cost 

effectiveness also allow for extensive parametric studies, which can be interpreted within the 

framework of new probabilistic approaches (e.g. Mentani et al., 2022).
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