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ABSTRACT

This study focuses on the analysis of the higher harmonic wave moments
(around the seabed) on a vertical cylinder under the action of focused
wave groups. The moment is known to be more nonlinear than the hor-
izontal wave force; however, it is not very much investigated in the lit-
erature due to the difficulty of measuring accurately the mudline mo-
ment. We analysed the carefully measured wave loads from the tests
in the Kelvin tank in the University of Strathclyde where a four-phase
method is employed to extract the harmonic wave loads. The mudline
moment shows a ‘Stokes-like’ underlying harmonic structure similar to
the horizontal force. An approximation model is established to estimate
the harmonic moment from the linear moment component. The model
requires the nonlinear horizontal force coefficients and the moment arm
of each harmonic. The moment arm for each higher harmonic is found
from the measured forces and moments. The approximation model is
demonstrated to be successful from both the measured data and numeri-
cal simulation.
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INTRODUCTION

Large waves are usually expected during the operation of offshore wind
turbines which are typically supported by bottom-mounted monopiles in
relatively shallow waters. The typical Keulegan-Carpenter (KC) number
for offshore wind turbine monopiles implies that inertia loading will
dominate and viscous drag forces can be neglected. For non-breaking
waves the dominant load will be at the same frequency as the incoming
waves and can be well captured by a standard linear calculation.
However, there will be higher harmonics to the loading by large waves
and these can make up a significant part of the magnitude of the total
loads. The higher harmonic loads will tend to act near the free surface
and therefore have a higher moment arm than the linear loads – and
hence increase moment loading on the foundations. However, not
very much work was published in the literature that focuses on the

investigation of the nonlinear moment on a vertical circular cylinder.

In a large amount of the work on the higher harmonic loads, re-
searchers mostly focus on the horizontal wave force. This is partial
because, importantly the higher harmonic force will potentially act at
around the natural frequency for which an offshore wind turbine is
designed for (see Kallehave et al. 2015). This is of obvious concern
for structural and geotechnical design. This resonance is coupled
with the well-known problem associated with column-supported
offshore structures which is the ’ringing’ occurring at a substantially
higher frequency than the dominant wave frequency. The ringing is
known to be caused by nonlinear extreme waves exciting transient
response at the structural resonant modes. The higher-harmonic
ringing loads on a vertical surface-piecing cylinder had been observed
in the offshore field and measured in laboratory experiments. The
observations had been reported in a number of experimental studies
(Davies et al., 1994; Krokstad and Stansberg, 1995; Chaplin et al., 1997).

Models for analyzing higher harmonic loads have been extended from
linear theory to second and third orders. For example, Faltinsen,
Newman and Vinje in Faltinsen et al. (1995), developed a third-order
diffraction model (referred as FNV) for approximating the third-order
wave force on a slender cylinder, based on the assumptions of deep
water and that the incident wave amplitude is in the same order with
the cylinder radius. The FNV model was shown to produce good
prediction of the third-order force in its assumed regime in some recent
experiments (Huseby and Grue, 2000; Chen et al., 2018; Kristiansen and
Faltinsen, 2017). Malenica and Molin (1995) (referred as M&M) made
a complete third-order diffraction analysis following the perturbation
method and a semi-analytical solution for the third-order potential was
presented. In a separate approach Rainey (1989) and Rainey (1995)
derived a simplified expression for wave loads up to third order on a
slender body in the perspective of fluid kinetic energy, without solving
for the velocity potential. It also assumed an undisturbed incident wave
field. The ‘point load’ component, Equation (4) in Rainey (1995), at the
body-surface intersection was highlighted. It was explained by pressures
inherently different from those elsewhere on the cylinder as a result of an
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