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1 Introduction 
 
In an attempt to limit the impact of humankind on the 
environment, governments from countries around the 
globe have ratified the following landmark agree-
ments: (i) Montreal Protocol, 1987; (ii) UN Frame-
work Convention on Climate Change (UNFCCC), 
1992; (iii) Kyoto Protocol, 2005, (iv) Paris Agree-
ment, 2015. At the end of 2019, the European Union 
(EU) complemented these efforts by sanctioning the 
European Green Deal, aiming to reduce the carbon 
footprint of its member states and achieve no-net 
greenhouse gases by 2050. To date, offshore wind en-
ergy is expected to contribute substantially to this 
transition towards carbon neutrality. 

Until 2050, the global forecasted capacity is ex-
pected to reach or even surpass 2000 GW (Lee et al., 
2021), with Asia expected to lead the way in the de-
velopment of installations of offshore wind turbines, 
followed by Europe, North America, the Pacific, 
South America, and Africa. To facilitate such an ex-
traordinary transition towards green energy, consid-
erable research efforts are being devoted to closing 
knowledge gaps through innovation in all areas of 
offshore wind science and engineering. Such areas 

include the advance of installation (and future decom-
missioning) technologies for ever larger offshore 
wind turbines (OWTs) and their foundations (Tsetas, 
et al., 2023; Kementzetzidis et al., 2023b). 

Presently, the majority of offshore wind farms 
have been commissioned in Northern Europe (Lee, 
Zhao, & Dutton, 2021). The relatively shallow coast-
line of the northern European countries has promoted 
the large diameter monopile as the most selected 
foundation option (i.e., tubular steel piles with a di-
ameter in the range from 5 to 11 m and a low ratio 
between embedded length and diameter typically be-
tween 3 and 6). With 80% of all European offshore 
wind turbines (more than 4600 in total) supported by 
monopiles (Ramirez et al., 2021), the foundation con-
cept has matured enough, for the engineering chal-
lenges to become apparent to the offshore wind indus-
try. Such concerns primarily relate to the monopile 
installation procedures but also the long-term behav-
iour of these enormous foundations.  

The design of monopiles against lateral environ-
mental loading (concerning the long-term behaviour 
of monopiles) is usually conducted by modelling the 
soil-monopile interactions via the 1D p-y method. 
Based on the classical Winkler approach, the 
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Figure 9 Average and cyclic shear strains at N=1, as functions of average and cyclic stresses 
 
 

Acknowledgement 

The authors appreciate all comments and discussions 
from colleagues at NGI for developing IT4CT.  

7 References 

Andersen, K.H. (2015). Cyclic soil parameters for offshore 
foundation design. The 3rd ISSMGE McClelland Lecture. 
Frontiers in Offshore Geotechnics III, ISFOG'2015, Meyer 
(Ed). Taylor & Francis Group, London, ISBN: 978-1-138-
02848-7. Proc., 5-82. Revised version in: 
http://www.issmge.org/committees/technical-
committees/applications/offshore and click on ‘Additional 
Information’. 

Andersen, K.H. (2004). Cyclic clay data for foundation design 
of structures subjected to wave loading. Invited General 
Lecture; Proc., Intern. Conf. on Cyclic Behaviour of Soils 
and Liquefaction Phenomena, CBS04, Bochum, Germany, 
31.3-2.4, 2004. Proc. p. 371-387, A.A. Balkema Publishers, 
Ed Th. Triantafyllidis. 

Andersen, K.H., A. Kleven and D. Heien (1988a). Cyclic soil 
data for design of gravity structures. American Society of 
Civil Engineers, Journal of Geotechnical Engineering, Vol. 
114, No. GT5, pp. 517 539. 

Andersen, K.H. and R. Lauritzsen (1988b). Bearing capacity for 
foundation with cyclic loads. American Society of Civil 
Engineers, Journal of Geotechnical Engineering, Vol. 114, 
No. GT5, pp. 540 555.  

Andersen, K.H., J.H. Pool, S.F. Brown and W.F. Rosenbrand 
(1980). Cyclic and static laboratory tests on Drammen Clay. 
ASCE. Vol.106, No. GT5:499-529. 

Ciuriuc, A., Rapha, J., Guanche, R. and Dominguez-Garcia, J. 
(2022). Digital tolos for floating offshore wind turbines 
(FOQT): A state of the art. Energy Reports 8, 1207-1228. 

Yang, S., B. He, K. H. Andersen, Caiyun Huan, Songwang 
Zhou. DSS tests on marine clays for offshore windfarm 
foundation design. Marine georesources and geotechnology, 
http://doi.org/10.1080/1064119X.2022.2151389, 2022. 

Yang, S., B. He, K.H. Andersen, Sarah Firouzianbandpey. 
Monotonic and cyclic properties of silty sand and sandy silt 
for foundation design of offshore windfarms. Canadian 
Geotechnical Journal, 00:1-14, 2023. 

 
 



1084

Innovative Geotechnologies for Energy Transition  |  The Society for Underwater Technology

(mono)pile-soil system is simulated via a set of beam 
elements (for the pile) supported horizontally by in-
dependent, usually non-linear elastic (p-y) springs. 
Although conceptually simple, the challenge of the 
method lies in the appropriate selection of those p-y 
relationships that relate the spring reaction 𝑝𝑝𝑝𝑝, with the 
pile/soil deflection 𝑦𝑦𝑦𝑦 along the pile length. Estab-
lished p-y monotonic formulations were originally 
conceived (and proven in practice) for small-diame-
ter, flexible piles used in the design of oil and gas plat-
forms under monotonic loading (API, 2011; DNVGL 
(Det Norske Veritas GL), 2016). The method is cur-
rently under "revision" as it has been found inaccurate 
for the design of large-diameter, stubby (non-flexible) 
monopiles (Byrne, et al., 2019; Pisanò, et al., 2022) 
due to the disregard of reaction mechanisms consid-
ered inconsequential for the design of small-diameter 
flexible piles (Gerolymos & Gazetas, 2006; Byrne, et 
al., 2019). Finally, the method is currently under fur-
ther development, to enable the simulation of com-
plex cyclic loading time histories (Kementzetzidis et 
al., 2022; Pisanò, et al., 2022; White et al., 2022; 
Kementzetzidis, 2023a; Kementzetzidis et al. 2023c) 

This study examines the applicability of the CPT 
calibrated cyclic p-y model originally proposed by 
Kementzetzidis et al., (2022), and later updated in 
Kementzetzidis, (2023a), and Kementzetzidis et al., 
(2023c) to simulate the measured response of a 
monopile to complex lateral loading histories, 
obtained from centrifuge tests conducted as part of 
the MIDAS project (Pisanò, et al., 2022). The aim of 
such endeavours is to improve existing engineering 
tools for the design of monopile foundations against 
lifetime environmental loading. 

1.1 Centrifuge tests on monopiles 
Centrifuge tests were carried out at the Geo-engineer-
ing section of TU Delft – organized as part the exper-
imental campaign of the MIDAS project (Pisanò, et 
al., 2022). The beam centrifuge of the faculty (Figure 
1) has a nominal diameter of 2.5m and can accelerate 
samples of maximum 30kg at 300g.  

Particular to the MIDAS project, aluminium pipes 
of different geometries (𝐸𝐸𝐸𝐸 = 71.7GPa, 𝜈𝜈𝜈𝜈 = 0.33) 
were first jacked at 1g in clean fine Geba sand (prop-
erties are summarised in Table 1) and then were lat-
erally loaded both monotonically and cyclically for 
thousands of cycles at meaningful eccentricities for 
offshore wind conditions – monotonic and cyclic 
loads were applied to different samples with the same 
test features. More information concerning the centri-
fuge tests and the general scope of the project can be 
found in Pisanò, et al., (2022); Wang, et al., (2022). 

Table 1. Geba sand properties 
Property  Sand 
Median grain size, D50 (mm) 0.11 
Curvature coefficient, Cc 1.24 
Uniformity coefficient, CU 1.55 
Specific gravity, Gs 2.67 
Maximum void ratio, emax 1.07 
Minimum void ratio, emin 0.64 
Critical friction angle, φ (º) 35 

 
This study concerns the cyclic lateral loading tests 
conducted on a test pipe (scaled down monopile) at 
100g, with the following geometrical features: 
embedded length 𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒 = 9m, diameter 𝐷𝐷𝐷𝐷 = 1.8m, steel 
thickness 𝑡𝑡𝑡𝑡 = 0.1m, and load eccentricity 𝑒𝑒𝑒𝑒 = 9m 
(𝐿𝐿𝐿𝐿/𝐷𝐷𝐷𝐷 = 5, 𝑒𝑒𝑒𝑒/𝐿𝐿𝐿𝐿 = 1). The presented test was 
performed in dry clean sand at relative density of 
80%. For modelling and testing purposes, mini-CPT 
tests were conducted in-flight (Wang, et al., 2022), 
presented in Figure 2.  

For the examined test case, the monopile was 
loaded laterally for a total of 𝑁𝑁𝑁𝑁 = 4000 cycles of 
varying load amplitude. The loading programme is 
presented in Figure 3 with 𝐹𝐹𝐹𝐹𝑓𝑓𝑓𝑓 the monotonic load 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 2. CPT cone resistance profiles (𝑞𝑞𝑞𝑞𝑐𝑐𝑐𝑐) versus depth (𝑧𝑧𝑧𝑧), 
from mini-CPT tests performed in clean fine sand of 80% 
relative density. Solid line denotes the CPT test used for the 
calibration of the 1D 𝑝𝑝𝑝𝑝 𝑝 𝑦𝑦𝑦𝑦 model 

 

 
 
Figure 1. Geo-centrifuge at TU Delft 
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necessary to displace the monopile for 0.1𝑈𝑈𝑈𝑈/𝐷𝐷𝐷𝐷 -𝑈𝑈𝑈𝑈 the 
monopile displacement at the soil surface as obtained 
from separate monotonic centrifuge tests. During 
testing, the motion of the pile was measured at 8.5m 
and 4.5m above the soil surface, while down the 
embedded length, the mechanical strain (axial) was 
measured via 16 pairs of strain gauges installed at 
each side of the monopile. The test results are 
presented in Section 3 (Figures 6-8) alongside the 1D 
FE modelling efforts. 

2 1D FE modelling of cyclic soil reactions 

The salient features of the cyclic p-y model for sand 
used to simulate the monopile cyclic test at the TU 
Delft centrifuge are presented herein. For the sake of 
simplicity, the additional reaction mechanisms of 
distributed moment, base shear, and base moment 
(Gerolymos & Gazetas, 2006; Byrne, et al., 2019) are 
neglected in this study. 

2.1 1D p-y model 
Elasto-plastic modelling of soil reactions is carried 

out by combining in series a linear elastic spring and 
a non-linear hysteretic element as demonstrated by 
Kementzetzidis, (2023a), and Kementzetzidis et al., 
(2023c) . These p-y spring elements associate the lo-
cal lateral deflection of the monopile (𝑦𝑦𝑦𝑦 → 𝑦𝑦𝑦𝑦 = 𝑦𝑦𝑦𝑦𝑒𝑒𝑒𝑒 +
𝑦𝑦𝑦𝑦𝑝𝑝𝑝𝑝) with the soil reaction (𝑝𝑝𝑝𝑝). 

2.1.1 Elastic component 
The mentioned linear elastic component is fully char-
acterised by the corresponding value of the elastic 
stiffness 𝐾𝐾𝐾𝐾𝑒𝑒𝑒𝑒 since: 
 
𝑝𝑝𝑝𝑝 = 𝐾𝐾𝐾𝐾𝑒𝑒𝑒𝑒 ∙ 𝑦𝑦𝑦𝑦𝑒𝑒𝑒𝑒                                                                     (1) 
  

 

2.1.2 Plastic component with cyclic ratcheting 
control 

 
The hysteretic and ratcheting features of cyclic 
monopile soil interaction, are introduced in the 1D 
simulations via the non-linear hysteretic, spring 
element -set in series with the elastic component, 
originally presented in Kementzetzidis et al., (2022). 
The model enables the accurate simulation of cyclic 
(drained) monopile-soil interaction in either dry or 
water-saturated sand. Under monotonic loading 
conditions, the plastic component of the 1D model 
exactly replicates the empirical relationship by 
Suryasentana & Lehane, (2014) between soil reaction 
(𝑝𝑝𝑝𝑝) and the irreversible/plastic displacement, 𝑦𝑦𝑦𝑦𝑝𝑝𝑝𝑝: 
 

𝑝𝑝𝑝𝑝 = 𝑝𝑝𝑝𝑝𝑢𝑢𝑢𝑢  �1 − 𝑒𝑒𝑒𝑒−𝑎𝑎𝑎𝑎𝑎
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where 𝑝𝑝𝑝𝑝𝑢𝑢𝑢𝑢 represents the ultimate soil reaction force 
(per unit length), 𝐷𝐷𝐷𝐷 is the pile diameter, while 𝛼𝛼𝛼𝛼 and 
𝑚𝑚𝑚𝑚 are dimensionless shape parameters. 

2.1.3 Extension to cyclic loading 
The irreversible response to unloading-reloading cy-
cles (hysteretic behaviour) is reproduced via a stand-

ard kinematic hardening mechanism, resulting in the 
following form of the plastic modulus, 𝐾𝐾𝐾𝐾𝑝𝑝𝑝𝑝: 
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in which 𝑝𝑝𝑝𝑝𝑢𝑢𝑢𝑢��� = 𝑝𝑝𝑝𝑝𝑢𝑢𝑢𝑢 sgn(d𝑝𝑝𝑝𝑝) with d𝑝𝑝𝑝𝑝 denoting the soil 
reaction increment within the current calculation step; 
𝑝𝑝𝑝𝑝0 represents a projection centre that takes the current 
𝑝𝑝𝑝𝑝 value whenever a soil reaction reversal occurs (i.e., 
whenever sgn(d𝑝𝑝𝑝𝑝) changes). Equation (3) produces a 
mechanical response that, under monotonic loading, 
reduces exactly to that established by Equation (2) in 
the case of monotonic loading. 

2.1.4 Ratcheting control mechanism 
Excessive ratcheting in the elasto-plastic p-y response 
under (asymmetric) cyclic loading is prevented by in-
troducing a memory-enhancing mechanism. To this 
end, the model is endowed with an additional memory 
locus, whose size and location evolve depending on 
the cyclic loading history. The main role of the 
memory locus is to introduce an additional metric as-
sociated with the distance 𝑏𝑏𝑏𝑏𝑀𝑀𝑀𝑀 between the current soil 

 
 
Figure 3. Applied load (normalized) versus number of cycles, 
for the loading programme on the tested monopile in the TU 
Delft centrifuge. 𝐹𝐹𝐹𝐹𝑓𝑓𝑓𝑓 is the lateral load required to attain 𝑈𝑈𝑈𝑈 =
0.1𝐷𝐷𝐷𝐷 at the soil surface. Red dots denote the instants at which 
the bending moment profiles in Figure 7 were measured.  
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Figure 2. CPT cone resistance profiles (𝑞𝑞𝑞𝑞𝑐𝑐𝑐𝑐) versus depth (𝑧𝑧𝑧𝑧), 
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reaction and its projection onto the memory locus 
along the loading direction. 𝑏𝑏𝑏𝑏𝑀𝑀𝑀𝑀 is exploited to en-
hance the definition of the plastic modulus in Equa-
tion (3) as follows: 

 

      𝐾𝐾𝐾𝐾𝑝𝑝𝑝𝑝,𝑀𝑀𝑀𝑀   =  𝐾𝐾𝐾𝐾𝑝𝑝𝑝𝑝 𝑒𝑒𝑒𝑒
𝜇𝜇𝜇𝜇0�

𝑏𝑏𝑏𝑏𝑀𝑀𝑀𝑀
𝑏𝑏𝑏𝑏𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

�
2

                                          (4) 
 
where 𝜇𝜇𝜇𝜇0 is a scalar ratcheting-control parameter, and 
𝑏𝑏𝑏𝑏𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒  =  2 𝑝𝑝𝑝𝑝𝑢𝑢𝑢𝑢 is introduced for normalisation pur-
poses. Equation (4) returns either 𝐾𝐾𝐾𝐾𝑝𝑝𝑝𝑝.𝑀𝑀𝑀𝑀  =  𝐾𝐾𝐾𝐾𝑝𝑝𝑝𝑝 when 
𝑏𝑏𝑏𝑏𝑀𝑀𝑀𝑀 = 0 (`virgin' loading conditions, i.e., when the 

soil reaction point lies on the memory locus) or  
𝐾𝐾𝐾𝐾𝑝𝑝𝑝𝑝.𝑀𝑀𝑀𝑀  >  𝐾𝐾𝐾𝐾𝑝𝑝𝑝𝑝 when 𝑏𝑏𝑏𝑏𝑀𝑀𝑀𝑀 > 0 due to an expansion of the 
memory locus induced by the previous loading his-
tory. In the latter case, the evolution of the tangent 
stiffness, and therefore the cyclic accumulation of lat-
eral deflection, is controlled by the value of 𝜇𝜇𝜇𝜇0.  

2.2 Parameter calibration 
The behaviour of the above constitutive equations de-
pends on the calibration of 𝐾𝐾𝐾𝐾𝑒𝑒𝑒𝑒, 𝑝𝑝𝑝𝑝𝑢𝑢𝑢𝑢,𝛼𝛼𝛼𝛼,𝑚𝑚𝑚𝑚 and 𝜇𝜇𝜇𝜇0. 

2.2.1 Elastic component 
The calibration of 𝐾𝐾𝐾𝐾𝑒𝑒𝑒𝑒 can be obtained following re-
cent studies (Wan et al., 2021; Delavinia et al., 2023) 
which examine the elastic lateral behaviour of mono-
piles under static and dynamic (seismic) loading con-
ditions. With the aid of 3D FE analyses, these studies 
have reported the equivalent elastic p-y relationships 
for monopile soil modelling at 1D which in turn can 
reproduce the behaviour calculated by the 3D models. 
Specifically, for p-y modelling of quasi-static soil-
monopile interactions, Wan et al. (2021) identified an 
expression for uniform 𝐾𝐾𝐾𝐾𝑒𝑒𝑒𝑒 (down the monopile 
embedded lenght), which relates the elastic spring 
stiffness 𝐾𝐾𝐾𝐾𝑒𝑒𝑒𝑒 to the monopile aspect ratio (𝐿𝐿𝐿𝐿/𝐷𝐷𝐷𝐷) and 
the elastic shear modulus of the soil (𝐺𝐺𝐺𝐺0) and reads: 

𝐾𝐾𝐾𝐾𝑒𝑒𝑒𝑒
𝐺𝐺𝐺𝐺0

= 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒 = 33.73 − 12.56
𝐿𝐿𝐿𝐿
𝐷𝐷𝐷𝐷

 + 1.98 �
𝐿𝐿𝐿𝐿
𝐷𝐷𝐷𝐷�

2

− 0.105 �
𝐿𝐿𝐿𝐿
𝐷𝐷𝐷𝐷�

3

 

(5) 
For the monopile examined in this study (𝐿𝐿𝐿𝐿/𝐷𝐷𝐷𝐷 = 5) 
the above expression yields 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒 = 7.22. To infer the 
𝐺𝐺𝐺𝐺0 profile in this study, the methodology recom-
mended by (Robertson, 2009) is employed. This 
methodology establishes a correlation between the  𝑞𝑞𝑞𝑞𝑐𝑐𝑐𝑐 
profile (illustrated in Figure 2) and 𝐺𝐺𝐺𝐺0 in the subse-
quent manner. In elastic solids shear waves propagate 
at a velocity (𝑉𝑉𝑉𝑉𝑠𝑠𝑠𝑠) proportional to their shear modulus 
𝐺𝐺𝐺𝐺0 and the material density (𝜌𝜌𝜌𝜌):  
 
𝐺𝐺𝐺𝐺0 = 𝜌𝜌𝜌𝜌𝑉𝑉𝑉𝑉𝑠𝑠𝑠𝑠2                 (6) 
 
In Robertson (2009), 𝑉𝑉𝑉𝑉𝑠𝑠𝑠𝑠 is estimated via the empirical 
correlation with the CPT cone resistance 𝑞𝑞𝑞𝑞𝑐𝑐𝑐𝑐: 
 

𝑉𝑉𝑉𝑉𝑠𝑠𝑠𝑠 = �𝛼𝛼𝛼𝛼𝑣𝑣𝑣𝑣𝑠𝑠𝑠𝑠
𝑞𝑞𝑞𝑞𝑐𝑐𝑐𝑐−𝜎𝜎𝜎𝜎𝑣𝑣𝑣𝑣
𝑝𝑝𝑝𝑝𝑎𝑎𝑎𝑎

�
0.5

             (7) 

where 𝑝𝑝𝑝𝑝𝑎𝑎𝑎𝑎 is the atmospheric pressure used for normal-
ization purposes, 𝜎𝜎𝜎𝜎𝑣𝑣𝑣𝑣 the total vertical stress (the cor-
relation concerns drained CPT tests – obtained from 
CPTs in dry sand), and 𝛼𝛼𝛼𝛼𝑣𝑣𝑣𝑣𝑠𝑠𝑠𝑠 a dimensionless parameter 
depending on the soil type estimated from: 
  
𝛼𝛼𝛼𝛼𝑣𝑣𝑣𝑣𝑠𝑠𝑠𝑠 = 100.55𝐼𝐼𝐼𝐼𝑐𝑐𝑐𝑐+1.68               (8) 
 
with 𝐼𝐼𝐼𝐼𝑐𝑐𝑐𝑐 = 1.31 (values suggested for clean sands). 

2.2.2 Plastic component 
The constitutive parameters that relate to the mon-

otonic monopile behaviour (𝑝𝑝𝑝𝑝𝑢𝑢𝑢𝑢,𝛼𝛼𝛼𝛼,𝑚𝑚𝑚𝑚) are currently 
calibrated with the CPT-based calibration procedure 
for dry sand presented in Suryasentana & Lehane, 

 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 4a. Response of the elasto-plastic cyclic p-y model 
to one-way cyclic load for different values of the ratcheting 
parameter 𝜇𝜇𝜇𝜇0 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 4b. Response of the elasto-plastic cyclic p-y model 
to two-way cyclic loads for different values of the ratcheting 
parameter 𝜇𝜇𝜇𝜇0 
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(2014) and Suryasentana & Lehane, (2016), and later 
modified in Kementzetzidis, et al. (2022; 2023c), 
Kementzetzidis, (2023a) namely: 

 

⎩
⎪
⎨

⎪
⎧𝑝𝑝𝑝𝑝𝑢𝑢𝑢𝑢 = 𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝𝑢𝑢𝑢𝑢 𝜎𝜎𝜎𝜎′𝑣𝑣𝑣𝑣0𝐷𝐷𝐷𝐷 �

𝑞𝑞𝑞𝑞𝑐𝑐𝑐𝑐
𝜎𝜎𝜎𝜎′𝑣𝑣𝑣𝑣0

�
0.67

�
𝑧𝑧𝑧𝑧
𝐷𝐷𝐷𝐷
�
0.75

≤ 𝑞𝑞𝑞𝑞𝑐𝑐𝑐𝑐𝐷𝐷𝐷𝐷

𝛼𝛼𝛼𝛼 = 𝐶𝐶𝐶𝐶𝑎𝑎𝑎𝑎 �
𝑧𝑧𝑧𝑧
𝐷𝐷𝐷𝐷
�
−1.25

𝑚𝑚𝑚𝑚 = 1

      (9) 

 
In the originally studies (Suryasentana & Lehane, 

2014; Suryasentana & Lehane, 2016) 𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝𝑢𝑢𝑢𝑢 = 2.4, and 
𝐶𝐶𝐶𝐶𝑎𝑎𝑎𝑎 = 8.9 were recommended by the authors while in 
Kementzetzidis et al., (2022) and also in this study 
(Section 3) certain values of 𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝𝑢𝑢𝑢𝑢, 𝐶𝐶𝐶𝐶𝑎𝑎𝑎𝑎, and 𝑚𝑚𝑚𝑚 were 
adapted to better fit the corresponding monotonic pile 
behaviour measured in the experiments. 

For the calibration of the cyclic ratcheting param-
eter 𝜇𝜇𝜇𝜇0, a similar CPT-based calibration strategy has 
been selected. Presently, the available procedures for 
the calibration of 𝜇𝜇𝜇𝜇0 are presented in Kementzetzidis 
et al., (2022; 2023c), and Kementzetzidis, (2023a) 
and are based on 1D FE simulations of field measure-
ments from four identical piles installed employing 
various installation methods as part of the Gentle 
Driving of Piles (GDP) project (Metrikine, et al., 
2020). In this study a similar procedure to 
Kementzetzidis, (2023a), Kementzetzidis et al., 
(2023c) is selected which associates 𝜇𝜇𝜇𝜇0 with the CPT 

cone resistance 𝑞𝑞𝑞𝑞𝑐𝑐𝑐𝑐 and geotechnical features of the 
test as follows: 
 

𝜇𝜇𝜇𝜇0 = 𝐶𝐶𝐶𝐶𝜇𝜇𝜇𝜇0  �
𝑞𝑞𝑞𝑞𝑐𝑐𝑐𝑐
𝜎𝜎𝜎𝜎′𝑣𝑣𝑣𝑣0

�
0.1
�
𝜎𝜎𝜎𝜎′𝑣𝑣𝑣𝑣0
𝜎𝜎𝜎𝜎′𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

�
0.75

                            (10) 

 
with 𝜎𝜎𝜎𝜎′𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 the effective unit soil weight at 𝑧𝑧𝑧𝑧 = 1m. In 
Kementzetzidis. (2023a), Kementzetzidis et al., 
(2023c), the dependance of 𝐶𝐶𝐶𝐶𝜇𝜇𝜇𝜇0 on the geometric 
monopile features was not examined i.e., diameter, 
L/D, etc., since the tested piles were geometrically 
identical. In that study, 𝐶𝐶𝐶𝐶𝜇𝜇𝜇𝜇0 was identified to reflect 
the geotechnical features of the pre-installation soil 
profile.  

The 1D p-y model presented above is well-suited 
to simulating the behaviour of cyclic soil reactions at 
various complex loading conditions. The response of 
the 1D model to one- and two-way cyclic loading 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

Figure 5. Reference pile subjected to the lateral cyclic load-
ing in Figure 3 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 6a. Normalized load (𝜁𝜁𝜁𝜁𝑏𝑏𝑏𝑏 = 𝐹𝐹𝐹𝐹/𝐹𝐹𝐹𝐹𝑒𝑒𝑒𝑒) versus lateral nor-
malized displacement trends form centrifuge measurements 
and numerical simulations at 8.5m above the soil surface 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 6b. Normalized displacement trends from centrifuge 
measurements and numerical simulations at 8.5m above the 
soil surface 

 

reaction and its projection onto the memory locus 
along the loading direction. 𝑏𝑏𝑏𝑏𝑀𝑀𝑀𝑀 is exploited to en-
hance the definition of the plastic modulus in Equa-
tion (3) as follows: 

 

      𝐾𝐾𝐾𝐾𝑝𝑝𝑝𝑝,𝑀𝑀𝑀𝑀   =  𝐾𝐾𝐾𝐾𝑝𝑝𝑝𝑝 𝑒𝑒𝑒𝑒
𝜇𝜇𝜇𝜇0�

𝑏𝑏𝑏𝑏𝑀𝑀𝑀𝑀
𝑏𝑏𝑏𝑏𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

�
2

                                          (4) 
 
where 𝜇𝜇𝜇𝜇0 is a scalar ratcheting-control parameter, and 
𝑏𝑏𝑏𝑏𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒  =  2 𝑝𝑝𝑝𝑝𝑢𝑢𝑢𝑢 is introduced for normalisation pur-
poses. Equation (4) returns either 𝐾𝐾𝐾𝐾𝑝𝑝𝑝𝑝.𝑀𝑀𝑀𝑀  =  𝐾𝐾𝐾𝐾𝑝𝑝𝑝𝑝 when 
𝑏𝑏𝑏𝑏𝑀𝑀𝑀𝑀 = 0 (`virgin' loading conditions, i.e., when the 

soil reaction point lies on the memory locus) or  
𝐾𝐾𝐾𝐾𝑝𝑝𝑝𝑝.𝑀𝑀𝑀𝑀  >  𝐾𝐾𝐾𝐾𝑝𝑝𝑝𝑝 when 𝑏𝑏𝑏𝑏𝑀𝑀𝑀𝑀 > 0 due to an expansion of the 
memory locus induced by the previous loading his-
tory. In the latter case, the evolution of the tangent 
stiffness, and therefore the cyclic accumulation of lat-
eral deflection, is controlled by the value of 𝜇𝜇𝜇𝜇0.  

2.2 Parameter calibration 
The behaviour of the above constitutive equations de-
pends on the calibration of 𝐾𝐾𝐾𝐾𝑒𝑒𝑒𝑒, 𝑝𝑝𝑝𝑝𝑢𝑢𝑢𝑢,𝛼𝛼𝛼𝛼,𝑚𝑚𝑚𝑚 and 𝜇𝜇𝜇𝜇0. 

2.2.1 Elastic component 
The calibration of 𝐾𝐾𝐾𝐾𝑒𝑒𝑒𝑒 can be obtained following re-
cent studies (Wan et al., 2021; Delavinia et al., 2023) 
which examine the elastic lateral behaviour of mono-
piles under static and dynamic (seismic) loading con-
ditions. With the aid of 3D FE analyses, these studies 
have reported the equivalent elastic p-y relationships 
for monopile soil modelling at 1D which in turn can 
reproduce the behaviour calculated by the 3D models. 
Specifically, for p-y modelling of quasi-static soil-
monopile interactions, Wan et al. (2021) identified an 
expression for uniform 𝐾𝐾𝐾𝐾𝑒𝑒𝑒𝑒 (down the monopile 
embedded lenght), which relates the elastic spring 
stiffness 𝐾𝐾𝐾𝐾𝑒𝑒𝑒𝑒 to the monopile aspect ratio (𝐿𝐿𝐿𝐿/𝐷𝐷𝐷𝐷) and 
the elastic shear modulus of the soil (𝐺𝐺𝐺𝐺0) and reads: 

𝐾𝐾𝐾𝐾𝑒𝑒𝑒𝑒
𝐺𝐺𝐺𝐺0

= 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒 = 33.73 − 12.56
𝐿𝐿𝐿𝐿
𝐷𝐷𝐷𝐷

 + 1.98 �
𝐿𝐿𝐿𝐿
𝐷𝐷𝐷𝐷�

2

− 0.105 �
𝐿𝐿𝐿𝐿
𝐷𝐷𝐷𝐷�

3

 

(5) 
For the monopile examined in this study (𝐿𝐿𝐿𝐿/𝐷𝐷𝐷𝐷 = 5) 
the above expression yields 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒 = 7.22. To infer the 
𝐺𝐺𝐺𝐺0 profile in this study, the methodology recom-
mended by (Robertson, 2009) is employed. This 
methodology establishes a correlation between the  𝑞𝑞𝑞𝑞𝑐𝑐𝑐𝑐 
profile (illustrated in Figure 2) and 𝐺𝐺𝐺𝐺0 in the subse-
quent manner. In elastic solids shear waves propagate 
at a velocity (𝑉𝑉𝑉𝑉𝑠𝑠𝑠𝑠) proportional to their shear modulus 
𝐺𝐺𝐺𝐺0 and the material density (𝜌𝜌𝜌𝜌):  
 
𝐺𝐺𝐺𝐺0 = 𝜌𝜌𝜌𝜌𝑉𝑉𝑉𝑉𝑠𝑠𝑠𝑠2                 (6) 
 
In Robertson (2009), 𝑉𝑉𝑉𝑉𝑠𝑠𝑠𝑠 is estimated via the empirical 
correlation with the CPT cone resistance 𝑞𝑞𝑞𝑞𝑐𝑐𝑐𝑐: 
 

𝑉𝑉𝑉𝑉𝑠𝑠𝑠𝑠 = �𝛼𝛼𝛼𝛼𝑣𝑣𝑣𝑣𝑠𝑠𝑠𝑠
𝑞𝑞𝑞𝑞𝑐𝑐𝑐𝑐−𝜎𝜎𝜎𝜎𝑣𝑣𝑣𝑣
𝑝𝑝𝑝𝑝𝑎𝑎𝑎𝑎

�
0.5

             (7) 

where 𝑝𝑝𝑝𝑝𝑎𝑎𝑎𝑎 is the atmospheric pressure used for normal-
ization purposes, 𝜎𝜎𝜎𝜎𝑣𝑣𝑣𝑣 the total vertical stress (the cor-
relation concerns drained CPT tests – obtained from 
CPTs in dry sand), and 𝛼𝛼𝛼𝛼𝑣𝑣𝑣𝑣𝑠𝑠𝑠𝑠 a dimensionless parameter 
depending on the soil type estimated from: 
  
𝛼𝛼𝛼𝛼𝑣𝑣𝑣𝑣𝑠𝑠𝑠𝑠 = 100.55𝐼𝐼𝐼𝐼𝑐𝑐𝑐𝑐+1.68               (8) 
 
with 𝐼𝐼𝐼𝐼𝑐𝑐𝑐𝑐 = 1.31 (values suggested for clean sands). 

2.2.2 Plastic component 
The constitutive parameters that relate to the mon-

otonic monopile behaviour (𝑝𝑝𝑝𝑝𝑢𝑢𝑢𝑢,𝛼𝛼𝛼𝛼,𝑚𝑚𝑚𝑚) are currently 
calibrated with the CPT-based calibration procedure 
for dry sand presented in Suryasentana & Lehane, 

 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 4a. Response of the elasto-plastic cyclic p-y model 
to one-way cyclic load for different values of the ratcheting 
parameter 𝜇𝜇𝜇𝜇0 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 4b. Response of the elasto-plastic cyclic p-y model 
to two-way cyclic loads for different values of the ratcheting 
parameter 𝜇𝜇𝜇𝜇0 
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along with the impact of the ratcheting parameter (𝜇𝜇𝜇𝜇0) 
on the model’s behavior are presented in Figure 4. 
The constitutive parameters are calibrated as if the 
spring elements are located at depth z=D at the exam-
ined monopile (Equations 5, 9). 

2.3 1D FE monopile-soil model set-up 
To simulate the reference pile loading tests, 1D FE 
analyses were set up using the OpenSees simulation 
platform (McKenna et al., 2010), in which the com-
plete p-y model described above has been imple-
mented. To this end, the tested monopile is simulated 
via a set of Timoshenko beam elements; to simulate 
soil-structure interaction effects the beam elements 
embedded in the soil are set in contact with a se-
quence of independent 𝑝𝑝𝑝𝑝 − 𝑦𝑦𝑦𝑦 springs (Section 2.1) 
with a vertical spacing of 0.09m, Figure 5. 

3 Simulation results 

The constitutive parameters of the supporting p-y 
springs were initially selected and later adapted as 
necessary following the CPT-based procedures set by 
Equations 9-10 such as to provide a successful simu-
lation of the test results. Specifically:  

• 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒 (Equations 1, 5) was chosen to fit both 
the small strain and the unloading 

reloading stiffness of the monopile – the 
procedure to infer 𝐺𝐺𝐺𝐺0 was described in 
Section 2.2.1; 

• 𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝𝑢𝑢𝑢𝑢, 𝐶𝐶𝐶𝐶𝑎𝑎𝑎𝑎 , and 𝑚𝑚𝑚𝑚 (Equation 9) were se-
lected to fit its monotonic behaviour; 

• 𝐶𝐶𝐶𝐶𝜇𝜇𝜇𝜇0 (Equation 10) was tuned to fit the ac-
cumulation of cyclic monopile deflection 
at the measurement locations (4.5m and 
8.5m above the soil surface). 

The aforementioned procedure led to slightly dif-
ferent values of 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒 ,𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝𝑢𝑢𝑢𝑢,𝐶𝐶𝐶𝐶𝑎𝑎𝑎𝑎,𝑚𝑚𝑚𝑚, and 𝐶𝐶𝐶𝐶𝜇𝜇𝜇𝜇0 to the ones 
presented in Section 2.2.  

The simulated (1D FE analysis) and recorded (TU 
Delft centrifuge) results of the cyclic tests are 
presented in Figures 6-8 - sensitive (confidential) 
information is presented as normalized. Figure 6a 
presents and compares trends of measured and 
calculated force-displacement response of the 
monopile (displacement measured at 𝑧𝑧𝑧𝑧 = 8.5m). 
Evidently, the model can successfully simulate 
important features of the cyclic monopile response, 
namely, the small strain cyclic stiffness, the response 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 7. Measured and calculated normalized bending mo-
ment profiles (𝐹𝐹𝐹𝐹𝑓𝑓𝑓𝑓 is the load for 𝑈𝑈𝑈𝑈/𝐷𝐷𝐷𝐷 = 0.1 at the mudline and 
e the load eccentricity) at two instants during the loading pro-
gramme as highlighted in Figure 3 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 8a. Back calculated and simulated normalized p-
y cyclic soil reactions at 𝑧𝑧𝑧𝑧 = 1𝑚𝑚𝑚𝑚 below the soil surface 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 8b. Back calculated and simulated normalized p-
y cyclic soil reactions at 𝑧𝑧𝑧𝑧 = 3𝑚𝑚𝑚𝑚 below the soil surface 

 



1089

Session 11 - Cyclic & Seismic Behaviour With Lab Testing 

to monotonic loading, the stiffness during cyclic 
loading and the accumulation of the lateral 
deformations. With the forcing being identical in the 
centrifuge and the FE analysis, the excellent 
performance of the model can be re-confirmed by 
presenting the accumulation of lateral deformations 
(at 𝑧𝑧𝑧𝑧 = 8.5 m) in Figure 6b.  

Measured and calculated bending moment profiles 
as inferred from the axial strain gauges along the 
monopile length, are presented at two instants of the 
cyclic loading programme in Figure 7. The 1D FE 
model can well capture the inferred bending moment 
profiles at both peak monotonic loading but also after 
𝑁𝑁𝑁𝑁 = 4000 load cycles (please refer to Figure 3). The 
obtained measurements were further elaborated to 
back-calculate the local p-y soil reactions following 
the procedure described in Kementzetzidis et al., 
(2022). Inferred (centrifuge test results) and calcu-
lated p-y reactions at z=1 and z=3 m are presented in 
Figure 8. Apparently preliminary calibrations of the 
𝑝𝑝𝑝𝑝 − 𝑦𝑦𝑦𝑦 model (all other soil reactions mechanisms 
were neglected), can simulate quite reasonably the 
soil behaviour at shallow depths, which does not hold 
exactly true further down the monopile length despite 
the satisfactory simulation of bending moment pro-
files in Figure 7. 

4 Conclusions 

This study presents preliminary 1D FE simulation re-
sults of monopile-soil interactions as measured in the 
Geo-centrifuge of TU Delft. A model monopile in 
dense sand was accelerated at 100 g and then laterally 
loaded with four cyclic load parcels, each consisting 
of 𝑁𝑁𝑁𝑁 = 1000 load cycles of varying load amplitude 
(Figure 3). By employing the 1D FE p-y model pre-
sented in Section 2 (Kementzetzidis, 2023a; 
Kementzetzidis et al. 2023c), the authors were able to 
simulate with considerable accuracy the measured 
and inferred cyclic response of the monopile, namely, 
(i) monotonic behaviour (Figure 6a), (ii) the displace-
ment accumulation and the cyclic monopile stiffness 
during four thousand load cycles of varying load am-
plitude (Figure 6b), (iii) bending moment profiles at 
various instants during the loading programme (Fig-
ure 7), and (iv) the local (p-y) cyclic soil behaviour 
(Figure 8).  

By following a similar methodology to the one 
presented in this study, it is expected that improved 
calibration procedures will be identified both for the 
p-y model employed herein, but also for the addi-
tional reaction mechanisms neglected in this study 
i.e., distributed moment (Tott-Buswell & 
Prendergast, 2022), base moment and base shear. 
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via a set of Timoshenko beam elements; to simulate 
soil-structure interaction effects the beam elements 
embedded in the soil are set in contact with a se-
quence of independent 𝑝𝑝𝑝𝑝 − 𝑦𝑦𝑦𝑦 springs (Section 2.1) 
with a vertical spacing of 0.09m, Figure 5. 

3 Simulation results 

The constitutive parameters of the supporting p-y 
springs were initially selected and later adapted as 
necessary following the CPT-based procedures set by 
Equations 9-10 such as to provide a successful simu-
lation of the test results. Specifically:  
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presented in Figures 6-8 - sensitive (confidential) 
information is presented as normalized. Figure 6a 
presents and compares trends of measured and 
calculated force-displacement response of the 
monopile (displacement measured at 𝑧𝑧𝑧𝑧 = 8.5m). 
Evidently, the model can successfully simulate 
important features of the cyclic monopile response, 
namely, the small strain cyclic stiffness, the response 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 7. Measured and calculated normalized bending mo-
ment profiles (𝐹𝐹𝐹𝐹𝑓𝑓𝑓𝑓 is the load for 𝑈𝑈𝑈𝑈/𝐷𝐷𝐷𝐷 = 0.1 at the mudline and 
e the load eccentricity) at two instants during the loading pro-
gramme as highlighted in Figure 3 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 8a. Back calculated and simulated normalized p-
y cyclic soil reactions at 𝑧𝑧𝑧𝑧 = 1𝑚𝑚𝑚𝑚 below the soil surface 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 8b. Back calculated and simulated normalized p-
y cyclic soil reactions at 𝑧𝑧𝑧𝑧 = 3𝑚𝑚𝑚𝑚 below the soil surface 
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