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ABSTRACT

In this study a phenomenological model is proposkdce Induced Vibrations (IIV) and an
attempt is made to answer the following questidisan IV occur at high ice sheet velocities?
(i) what are the conditions for 11V to occur ath@her natural frequency of the structure? (iii)
can an initially aperiodic (you probably mean apéic, which is the opposite) ice loading cause
v?

The model of crushing level ice presented in thapgr may be referred to as a strip model,
implying that the ice is represented by a sequenhectrips parallel to the ice velocity vector. The

dynamic behavior of each strip is described basethe idea by Matlock that has recently been
improved by Huang and Liu. A further improvementraduced in this paper is that the load

produced by each strip is randomized. The attracglements of the strip model are that it

reproduces both the descending character of taegttr-indentation rate diagram and contains an
inherent, though implicit, periodicity in loading @ rigid structure.

The structure that undergoes 11V is mimicked byeaeagalized beam with coordinate dependent
parameters that allow for tuning of both the magsctrum and modal damping.

Using the proposed model it is shown that an ihtiaperiodic ice loading can trigger 11V both
at low and high ice velocities. 11V at higher moaas be predicted only if the modal damping of
those modes is small relative to that of the lomedes.

INTRODUCTION

Occasionally vertically-sided offshore structuregexience sustained vibration due to drifting
ice sheets crushing against them. These vibratimse commonly known as Ice Induced
Vibrations (IIV), may lead to fatigue problems, eigf issues and uncomfortable working
conditions. To date only phenomenological modelstex ice failure in the course of [IV which
are capable of predicting the onset and severithesge vibrations. This is a consequence of the
complexity of the ice crushing process that takasepin contact with a flexible structure.

A summary of work done before the 1990's is givenlb K&rna and R. Turunen in their paper
on dynamic response of narrow structures to icshong (1989). Below, a short summary is
proposed of the different classes of models tretiaed for prediction of IIV.



One class of models relies on the concepts of negdamping and self-excitation. Examples are
the models by Blenkarn (1970), Maattanen (1978)>ancand Wang (1988). Maattanen (1978)

proposed that steady-state vibration of narrowearoffshore structures is a self-excited process
where the non-linear forces due to ice crushinyidean apparent negative damping effect on
the structure. In his model the properties of ciglice are related to the dynamic equations of
motion of the structure through an averaged icshing strength curve based on quasi-static
measurements.

The model by Maattanen assumes that the nomingshicrg pressure shows a rapid decrease at a
transitional value of the indentation rate. At lowdentation rate the ice fails in a ductile manner,
whereas at higher rates the ice fails in a brttenner. It is assumed that the change in ice &ilur
process is the cause for the drop in ice crushimegsures. However Karna and Jarvinen (1993)
claimed that this is not supported by tests onntatéon of sea ice.

A second class of models relies on the conceptsrughing length and characteristic failure
frequency. At the basis of these models lies tlseiraption that a moving ice sheet acting on a
structure tends to break into fragments of a aerd&e. This process determines a characteristic
failure frequency assumed directly proportionald® velocity and inversely proportional to ice
thickness. In the event this characteristic fregyelres close to the natural frequency of the
structure, resonant vibrations may arise. Modet®rporating this approach are the models of
Michel (1978) and Sodhi (1988). One problem assediavith this type of models is that the
values suggested for the characteristic failurgueacy rely only on measurements with rigid
structures where the nonlinear interaction betweerfailure and structural motion is not present.
(Maattanen, 1988).

A model, which contained aspects of both classesaafels, was introduced in 1989 by T. K&arna
and R. Turunen. This model couples the dynamic teapsfor the structure and the undamaged
ice field through a nonlinear element describing ¢hushing and clearing processes at the ice-
structure interface. The ice is assumed to faihvatmore or less constant nominal crushing
depth. However, the general idea behind the madlat of 11V occurring because of an implicit
dependence of ice strength on the indentationbraitey descendent. Good correspondence with
field measurements was achieved with this modesiEemder vertically-sided offshore structures.

Another development was proposed in 2009 by Huawtjlau also containing aspects of both
classes of models. This model treats the ice faidsr a series of discrete events and is applicable
in the case of low ice velocities. It assumes siamdous ice crushing over the width of the
structure near the contact area. Also in this madéépendence of the ice-crushing strength on
the indentation rate is assumed containing a ddsogrbranch for certain rates. The model
shows to be able to capture the effect of lockanthe ice force frequency at low ice sheet
velocities.

In general, most models are part of the first clatgng on the concepts of negative damping
and self-excitation whereas the models of the statess are not yet found to give satisfying
results when compared to field measurements.

On the way towards development of a practicallyliapple fracture mechanics based model for
IV, questions remain about the non-linear intdmactprocess between drifting level ice and
flexible offshore structures. The present studgmafits to answer a number of these questions
through modification of a Matlock-Sodhi-Huang modéiich can be said to be based on both
schools of thought. It is investigated whether aiqoical character of the ice loading is a



necessity in order to obtain frequency lock-in. sTis done by introducing an ice loading
containing a broad spectrum of loading frequendtesthermore the limits of ice velocities for
occurrence of synchronization in the first struatunode of vibration are briefly touched upon
and the possibility of synchronization in higheustural modes is investigated.

MODEL FOR ICE STRUCTURE INTERACTION

The model presented in this paper is a modificatibthe Matlock-Sodhi-Huang model (2009).
Figure 1 shows a top view of the model consistihgroice sheet modelled as a set of strips and a
structure mimicked by a generalized beam. The hetsconsists of a set of strips that are not
interacting with each other. Each strip is modeblisda bogie moving with a constant speed and
equipped with a sequence of vertical bars as showagure 2. The vertical bars are modelled as
shear beams (no bending stiffness) whose strerggtbharacterized by a strength-velocity
dependence shown in Figure 3. The force exertetidoghear beams on the structure is assumed
to be linear elastic with an effective contactfsgks and proportional to the relative displacement
between shear beam and structure. Upon reachirfgithiee strength the ice force drops abruptly
to a low value considered to be the residual fafter crushing.

The structure that undergoes 11V is mimicked byeaegalized beam with coordinate dependent
parameters (mass density, cross-sectional area,entowof inertia and Young's modulus)
allowing for tuning of both the modal spectrum anoddal damping, see Figure 4.

Each strip in Figure 1 is modelled by a bogie, veha®rtical bars are positioned quasi-
periodically with a different mean-value of the ipet An impression of the overall model is
given by Figure 5, which indicates that each bdgie a different periodicity. The ice-structure
interface is assumed to be flat so that all simp&t the structure at the same angle of incidence.
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Figure 1. Top view of ice-structure system.
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Figure 2. Side view of one strip in the ice sheetsi.
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Figure 3. Dependence of failure force on relatieuity.
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Figure 4. Structure modelled as a cantilever beam.
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Figure 5. Top view of the model with detailed iteps.

Dynamic equations governing the ice sheet motion

The ice sheet is modelled as a series of flexibts on moving bogies simulating the discrete
failure of ice. Figure 5 gives the top view of sunbdel, whereas Figure 2 gives the side view of
one strip. All strips move with a constant ice \a#tipv. The distance between the rods on each
bogie p represents the length of the failure zone assmtaith each failure event. It is assumed



to be independent of the ice sheet velocity anémdiht for each strip. The deflection of one rod
is given by:

(1) =w +vt-w(t) - p,(n)x(n -1), (1)

wheret is the time ana is the number of the tooth in contact with theictinre on strip. wp and

w are the initial displacement and displacementhaf structure at the ice interaction point,
respectively. The force exerted by the ice on thecture until failure is assumed to be linearly
elastic with an effective contact stiffndgs The total ice forc& acting on the structure before
failure of ice in crushing is given as:

Nsrips

Foe(®= 2 k0 (t)+F, (2)

whereNgipsis the number of strips taken to represent theheet andre; is the residual force
remaining after a crushing event has occurredufadf one tooth is said to occur when the
failure deflectiond; is reached:

Oy, =Ff/ki , (3)

whereF; is the failure force which is dependent on tHatiee velocity between the ice sheet and
the structure as shown in Figure 3. This modetHerice strength takes into account the brittle,
transitional and ductile crushing modes and israssito be given by:

_4 h(o be(-o.g(v, ) Ub)
2

with d; the width of stripi, h the thickness of the ice sheetthe relative velocity between ice
sheet and structurey; the transitional velocity as can be seen in Fig8reand g, the
approximately constant brittle failure stress ghhice sheet velocities.

Combining the above the ice forEge acting on the structure over time can be expreased
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WhereH is the Heaviside step function and a dot represtm first derivative with respect to
time.w is the displacement of the structure at the iceraution point.
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Equations governing small bending vibrations of the structure
The structure is modelled as a cantilever beam witbrdinate-dependent mass density and
damping as shown in Figure 4, which transverseanstare governed by the following equation:
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whereA is the cross-sectional area of the beafi,t) is the transverse displacement of the beam,

E is Young's modulusl is the moment of inertid;ic is the global ice action as defined by Eq.

(1), D is the Dirac delta functiorx is the coordinate along the bedmjs the point of action of

p(x)A



the ice load¢ andp represent the coordinate dependent damping ansl demsity, respectively,
given by:

1 -(x= a3

p(X): 100 +pl()() = p0(1+ \/_ e( ( Lp)z/ P)J (7)
o,

a(X)=a,+a,(x)=a, (1+ 1 gy ai)J (8)

Jro,
The boundary conditions are given by:
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This model does not represent a real offshore tstreidout does give the freedom to tune the
amount of modal damping and ratio of natural fregires as preferred.

BASE CASE

A base case is defined taking only one bogie ictmant with a constant failure lengbh The
effect of variation of the model parameters on ab&ained results will be demonstrated in the
next sections by using the results of the base @asereference. The structure and ice properties
used in the computation are given in Tablé€ & the structural damping as a fraction of critical
defined as:

a
{ = £ 10
2p,AJEl I p, A (10)
Table 1. Properties used in computation.
Wo P1 h d Fe Vi d Op pA El C
[m] | [mm] | [m] | [m] | [kN] | [m/s] | [mm] | [MPa] | [kg/m] | [MN m?] [-]
0 2 0.4 1 40 0.1 1.8 0.t 100c 20C 0.0

Figure 6 shows the results of the analysis of tieelrase. The dependencies are presented of the
mean displacement of the structwee the root mean square (RMS) of displacement aed th
frequency of vibratior; relative to the fundamental frequenfgyof the structure on the far-field

ice velocity.

Frequency lock-in is said to occur at a certaiariveil of velocities when two conditions are met:

1. The frequency of response equals one of the nate@liencies of the structure over the

entire interval.

2. A significant amplitude increase is observed comsid) the motions of the structure.
Provided that the initial energy input around tla¢unal frequency for all velocities in the interval
is equal, i.e. the amplitude increase is not alreduforced response where the initial energy
around the natural frequency increases with thesheset velocity. For the model presented here
this last condition is met.



From the frequency dependence and RMS in Figutecén be observed that lock-in occurs for

ice sheet velocities between 0.10 m/s and 0.23apysoximately as in this are the frequency of

response is equal to the natural frequency of thectsire and the RMS, a measure for the
amplitude of structural vibrations, increases digantly for increasing ice sheet velocities. The

minor dip and bump in the graph around 0.15 m/sheaexplained by resonance that occurs due
to coincidence of the loading frequency and themadtfrequency of structure, which apparently

plays the governing role at this velocity.

The maximum displacement of the structure, in teoffRMS of displacement, increases until a
critical value for the ice velocity (about 0.225snis reached at which the energy dissipation by
structural damping exceeds the energy input irecstistem by the failure process.

The mean structural displacememw,n shows a descending character. This is a direct
consequence of the introduced velocity dependehioe gtrength as given by Figure 3 where for
high ice sheet velocities the strength of the euces and, as a result, the mean displacement of
the structure is also reduced.
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Figure 6. Results used for comparison.

APERIODIC ICE LOADING

The assumption of a constant failure lengtm the model causes a periodic loading pattetreto
observed for the case in which the structure ifrioésd from moving. An example of such a
loading pattern is given in the left graph in Figurfor an ice sheet velocity of 0.12 m/s.
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Figure 7. Left: Periodic loading pattern on non-mgvstructure. Right: Aperiodic loading
pattern on a non-moving structure.

In order to show that an aperiodic load can alggér [V the amount of strips representing the
ice sheet is increased. Each of the strips is tasdmave a distinct failure lengih uniformly
distributed between 0.2 and 1.8 times a mean vialyg. Hereby a broad spectrum of failure
frequencies is introduced in the ice sheet causimgperiodic loading pattern on the non-moving
structure. The right graph of Figure 7 shows arriagi force pattern obtained for a velocity of
0.12 m/s with 1000 strips. When compared to thedquattern as shown in the left graph of
Figure 7 it can be clearly seen that an appareméyiodic ice load is obtained.

Introducing such an aperiodic ice force on a flexgtructure and analysing the response signal it
can be shown that the model still predicts syndzedion to occur. The range of velocities
between which the lock-in occurs is almost the sasi¢he range predicted for the case with a
periodic ice loading as can be seen in the lefplyraf Figure 8, where used notations are the
same as in Figure 6. Differences are found in #spaonse for higher than 0.2 m/s ice velocities
where the structure is now predicted to vibratiéssatatural frequency even though no increase of
the response amplitude is observed. This is aaypicce response of a linear damped system to
a broad-band aperiodic excitation. Based on thaioéd results a conclusion can be drawn that
an initially aperiodic ice loading can trigger IIV.

SYNCHRONIZATION AT HIGH ICE SHEET VELOCITIES

The maximum velocity at which synchronization oschetween the ice and a certain structural
mode of vibration is of major importance for théigae design of structures. The current model
predicts that the smaller the modal damping, thgelathe maximum ice sheet velocity at which
lock-in occurs. However it can be shown that aleorhodal mass and stiffness parameters are of
key importance here. It is the natural frequenctheflowest mode in combination with its modal
damping that determines up to which ice sheet wglsasceptibility to 11V can be expected.
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Figure 8. Left: Results for aperiodic loading. RigSynchronization in the first and second
mode of vibration.

SYNCHRONIZATION AT HIGHER STRUCTURAL MODES

Accounting for the higher structural modes the mqdedicts that, in general, no frequency lock-
in occurs with the higher modes if the damping anass density in equation (6) are kept
constant. This corresponds to what is mainly belieto be true that the IIV in most cases seem
to only occur at the lowest natural frequency ofictures. In order to obtain frequency lock-in
with the second mode the modal damping of this nejarild be significantly reduced. Within
the framework of the considered model, this canabkieved by assuming that the viscous
damping in equation (6) acts mainly around the nofdéhis mode. If this is done, the model
shows that frequency lock-in occurs with this matteough for high ice velocities, between 0.20
m/s and 0.45 m/s in the right graph of Figure §ekceptible increase in amplitude occurs in the
second mode. However the amplitude increase ofitstemode, synchronization between 0.10
m/s and 0.20 m/s in the right graph of Figure &aims much higher.

The general conclusion is drawn that frequency-iacis predicted to occur with higher modes
only if the damping in one of those modes is sroathpared to the damping in the lower modes
of vibration of the structure. Also it only occuas higher ice sheet velocities which lie beyond
the ice velocity interval in which frequency lockwith the first mode takes place.

CONCLUSIONS

An apparently random ice load on a non-moving stinechas been reproduced by the presented
model by means of increasing of the number of strigpresenting the drifting ice sheet.
Frequency lock-in has been predicted to occur utigeaction of such a force. Based on that, it
has been concluded that the implicit periodicitytted ice load in time is not a key factor for 11V
to occur (at least in this kind of models).



Frequency lock-in with higher modes of structurddration has been predicted at those modes
whose modal damping is less than damping in thedomental mode. The higher modes lock
onto ice forcing only at relatively high velocitie§the ice sheet.

The model presented in this paper has not beem timnpredict results of measurements or full-
scale observations though this could have been.ddeechose not do so because the model still
has a number of drawbacks which should be remoeéatd the tuning would become sensible.
Yet, the authors hope that the presented resultsbeiof interest as they show a number of
gualitative results, the understanding of whichessential for the development of reliable
phenomenological and fracture-mechanics-based mddellV-prediction. The first such result
is that it seems to be imperative that a succed$fzprediction model should predict a
descendent mean force on a non-moving structueefasction of ice velocity in the far field. It
must be noted, however, that such dependence duekame to be introduced as a material
property of ice. The second result is that theahite loading (the loading that takes place befor
the structure is set in significant motion) on 8teucture does not have to be periodic or even
guasi-periodic to trigger frequency lock-in. It seeto be sufficient that the ice loading spectrum
contained a sufficient amount of energy at theuesgies close to the natural frequencies of the
structure. Finally, in order to predict frequenayck-in at higher modes of the structure,
prediction model has to accurately account fordalnping mechanisms. This means that the
internal (material and joints-associated) dampimghie structure, as well as the hydrodynamic
damping and soil damping must be accounted fohe rmodel. It may also be important to
correctly account for dissipation of energy caubgdice-structure interaction associated with
other than locked modes of vibrations.
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