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Abstract

This thesis proposes a new ice-induced vibration model which is not based on the existing
ice-induced vibration (IIV) modeling approaches. The new model is derived from a
different perspective so that it is able to respond to the influence of fluid flow and
shortcomings in existing ice-induced vibration models. The effect of a owing fluid on
ice-induced vibrations has not been investigated in past research inspite of its significant
contributions to the dynamics of both structure and ice. By combining the equation of
a one degree-of-freedom oscillator with Morison’s equation, the flow effect is added to
the structural response and its influence is examined. The deficiencies of the existing
ITIV models are investigated by reproducing two existing models, and demonstrating the
need for a new model. The new model, the impact IIV model, which is developed from
the conservation of momentum is completed by the inclusion of the flow effect on the

structure.
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Chapter 1

Introduction

As an introduction to ice-induced vibrations, the definition of ice-induced vibrations is

explained in this chapter. The motive and objectives are also presented.

1.1 Ice-induced Vibrations

Offshore structures in cold regions often experience phenomena called ice-induced vibra-
tions (IIVs). IIVs are vibrations which originate from the dynamical interaction between
the structure and the ice sheet which surrounds the structure. External forces such as
water flow, wind or thermal expansion drive the ice sheet, and the moving ice sheet
transfers force to the structure as it pushes against the structure. The structure is elasti-
cally displaced by the ice until the elastic restoring force of the structure exceeds the ice
strength. Part of the ice sheet then breaks and the structure bounces back in the opposite
direction. As a result of IIVs, the structure not only experiences unexpected vibrations
but also is exposed to more fatigue damage and sometimes a resonance condition. Anal-
ysis of the IIV mechanism on structures, therefore, is very crucial from both structural
and design points of view, since IIV can severely threaten the safety of structures.
Modeling is a typical approach to the analysis of IIVs. During the past decades, two
main types of IIV modeling approaches have been proposed. The existing IIV models
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based on the two types can partially predict the behavior of IIVs but neither of them
is able to consistently explain IIVs because each of the two fundamental IIV modeling
approaches possesses deficiencies. Therefore, there are several questions which cannot
be answered by the existing IIV models developed with either of these approaches. In
addition, most IIV models do not consider the influence of fluid flow although most
structures subjected to IIVs are offshore structures. Since fluid flow is one of the main
driving forces of IIVs, it can contribute to the dynamics of ice forces as well as that of
the structures but it has not been considered in past research. This thesis is motivated
by these circumstances of 1IV research.

A new perspective of the IIV modeling approach is suggested in this thesis to obtain
consistency in the IIV modeling approach. A new IIV model proposed derived from two
theories: Morison’s equation and the conservation of momentum. Morison’s equation
is adopted to add the influence of fluid flow on the structure. The conservation of
momentum is combined with the coefficient of restitution to derive a new type of an IIV
model of which the ice force is considered to be a series of impacts driven by the flow.
Numerical simulations are conducted with the developed IIV model to obtain insight

into the dynamics of IIVs.

1.2 Contents of the Thesis

This thesis consists of the following chapters:

Chapter 2 introduces a history of IIV research and presents a literature review that

introduces the current two main IIV modeling approaches.

Chapter 3 starts with explaining Morison’s equation and explains how it is imple-

mented into the equations of 1IVs.

Chapter 4 reproduces two IIV models which are proposed by Toyama et. al. and Huang

and Liu in order to demonstrate the inconsistency of existing models.
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Chapter 5 is the core of the thesis which contains details of a proposed new IIV mod-

eling approach.

Chapter 6 concludes the thesis with the summary of the thesis work and future work.



Chapter 2

Literature Review

Research on ice-induced vibrations began in the early 1960’s. Among a variety of experi-
mental and theoretical research, two distinctive modeling approaches became dominant,
the characteristic failure frequency model and the self-excited model. In this chapter, a
history and review of the two modeling approaches of ice-induced vibrations are briefly

explained.

2.1 A Brief History of Ice-Induced Vibration Re-
search

Research on Ice-Induced Vibrations (IIVs) became a new area in the study of vibra-
tions around 1962 when the oil companies in Alaska constructed offshore structures in
Cook Inlet [Blenkarn, 1970]. Although the structures were exposed to extremely harsh
environments such as wind, low temperature and ice, no design information about the
environment of Cook Inlet was available, in particular regarding how ice cover surround-
ing the structure interacts or influences the structural dynamics. Within the context
of a lack of information about the IIV mechanism, the first IIV was reported from the

Cook Inlet drilling structure. Other early reports of IIVs came from Finland for single
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steel pipe foundations of lighthouses and also from the Chinese Bohai Sea from jacket
foundations of oil production platforms [Maatténen, 2001].

From the late 1960s to 1980s, research for analyzing ice mechanics was conducted
by the National Research Council of Canada, Canadian Coastguard, U.S. Navy, various
universities, the offshore industry as well as oil companies [Dempsey, 1999]. In the early
stages of IIV research, field and laboratory experiments were launched to investigate the
mechanism for IIVs. Payton was one of the earliest IIV researchers who suggested an IIV
mechanism based on his experimental results in the 1960s. According to experiments, the
velocity of a uniform-thickness ice sheet is related to the generated ice force [Sodhi, 1989]
so that the IV mechanism seemed to depend mainly on velocities of ice sheets. Blenkarn
(1970) presented ice force data which he recorded in drilling platforms of Cook Inlet
from the winters of 1963 to 1969. His paper became the basis of the negative damping
or self-excited model. Toyama et al. (1983) suggested phase division of an ice forcing
function based on small scale tests and this approach was also used by other researchers.
Ranta and Réaty (1983) also proposed the similar idea of phase division at the same
year. A recent experimental publication was presented by Barker et al. (2003) from
the Canadian Hydraulics Centre of the National Research Council of Canada. They
investigated extensive small scale tests of wind turbines in Danish waters. The results of
the paper provided information on ice forces which vary in shapes of structures. Recent
publications of Sodhi’s experiments, Sodhi and Haehnel (2003), Sodhi (2000), and Sodhi
et al. (1998), also contributed to extend the understanding of dependency of ice forces
on ice velocities.

The development of theoretical models of IIVs has also been made along with exper-
imental studies. Theoretical models of IIVs were proposed by defining the origin of IIVs.
The involvement of several uncertain aspects of environment and circumstance makes
the analysis of IIVs a difficult field. After Peyton’s early publication (1968), Neil (1976)
proposed that crushed ice tends to break into a certain size. He proposed that the frac-

ture size and velocity of an ice sheet determine a characteristic failure frequency which
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in turn decides the forcing frequency [Sodhi, 1989]. This point of view defines the origin
of IIVs as being the characteristic failure mechanism, a point of view which is supported
by Matlock et al. (1971). In opposition to the characteristic failure mechanism, Blenkarn
(1970) explained IIVs as a self-excited vibration due to negative damping. According to
the self-excited model, IIVs originate from the interaction between a flexible structure
and decreasing ice crushing forces with increasing stress rate. Maattanen, who is one of
the big contributors of the self-excited model, verified the self-excited IIV model through
his field and laboratory experiments [Sodhi and Morris, 1986]. Xu and Wang (1988) also
suggested the ice force oscillator model based on the self-excited model. The self-excited
model, however, has several objections because it cannot be applied to rigid structures
although there is no clear definition of rigid or flexible structures [M&aatténen, 1989].
Inspite of the relatively short history of IIV research, extensive studies have been
conducted but no theoretical model explains the IIV mechanism completely. Some re-
searchers such as Karna and Turunen (1989) or Huang and Liu (2006) attempted to
include non-linearity of IIVs in their models. Other researchers like Qu et al. (2006) fo-
cused on the randomness of ice forces. Instead of using a one degree-of-freedom model,
Eranti et al. (1981) and Jin and Hu (1998) approached IIVs in different ways. Eranti
et al. developed a multi degree-of-freedom model by using mode shapes. Jin and Hu
introduced an IIV model based on the Hamiltonian principle. Likewise, for the past half
century, various investigations and experiments were performed in an attempt to answer
the origin of IIVs. IIVs, however, are not a single phenomenon, but rather a more complex
one involving non-linearity, randomness and ice properties. The question and possibility

for a better model of IIVs still remain open.

2.2 Modeling of Ice-Induced Vibration

Given the complexity of IIVs, several different modeling approaches have been proposed

in the past decades. According to the origination of IIVs, the modeling of IIVs can
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Figure 2.1: Peyton’s compressive strength data (from [Blenkarn, 1970])

be categorized into two distinct methods: the first one simulates IIVs as a continuous
interaction due to the self-excited effect, while the other explains IIVs as a series of dis-
crete events [Huang and Liu, 2006]. The first theory is often called the self-excited model
and the second one is called the characteristic failure frequency model. Both theories,
however, have some deficiencies. For instance, the characteristic failure frequency model
cannot explain why the fluctuation of the ice force occurs through a constant thickness
and velocity of the ice sheet. On the other hand, the self-excited model is only applicable
to flexible structures [Mé&atténen, 1989).

The origin of the self-excited model is tracked back to Blenkarn who discovered that
ice forces induced by a uniform ice sheet are not constant [Blenkarn, 1970]. He established
the self-excited model based on Payton’s experiment showing a decrease in ice strength

with increasing loading rate, as shown in Figure 2.1. By considering an ice force as a
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function of the relative velocity between the ice sheet and structure, the self-excited

model is expressed as [Blenkarn, 1970)

mi + ¢t + kr = f(2 — 1) (2.1)

where m, ¢, and k are mass, damping coefficient, and stiffness of the structure, respec-

tively. The ice force is a function of the velocities of the ice and structure. For small

motions,
flz—i) = f(2) - m%z) (2:2)
By substitution of equation (2.2) into equation (2.1)
mi + (c+g—£->:b+k:c=f(z'). (2.3)

According to Figure 2.1, of /s can be negative in a certain range and if the overall
damping term is negative, the structure becomes unstable due to the negative damping
effect. Since the negative damping effect is not observed in every 11V, Mé&ttanen (1998)
discussed the condition of self-excited vibrations. He proposed that the self-excited effect
is mainly applicable to flexible structures which interact actively with ice forces. In
other words, the dependence of the ice forces on the interaction of the ice and structure
determines the self-excited IIV.

The characteristic failure frequency model is more widely accepted than the self-
excited model. Contrary to the self-excited model, the structure does not play an active
role in the characteristic failure frequency model. The frequencies of IIVs are determined
by the ice failure mechanism which is governed by the properties and velocities of the
ice contacting with the structure. The relevant properties of the ice include salinity,
thickness, temperature, density, and grain structure [Barker et al., 2005]. Along with
these properties, other uncertain factors can be involved in the ice failure mechanism,
which further complicates the analysis of IIVs. It follows that every ice sheet can fail
at different frequencies. By constraining the properties of the ice sheet, researchers have

tried to explain the ice failure mechanism which takes place at the contact zone between
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the ice and structure. The details, however, vary from theory to theory due in part to
the uncertainty of the ice properties.

Matlock et al. (1971) proposed an intuitive discrete-event IIV model, which is based
on the characteristic failure frequency model. Because of its simplicity, Matlock’s model
has been widely used in IIV research. The model is illustrated in Figure 2.2. The vertical
rods on the cart in Figure 2.2 represent discrete ice forces. The first vertical rod comes in
contact with the structure which is represented as the mass m, and then deflects up to
the loading phase 4. At the end of the loading phase, the first rod breaks and no force is
transmitted to the structure until the second phase starts. The first total period p ends
with contact of the second rod, and the second loading phase begins. This process keeps
repeating so that the ice forces become a periodic function. The structure is represented
as a one degree-of-freedom system consisting of the mass m, damping coefficient ¢, and
spring constant k. Despite its simplicity, Matlock’s model contains all the essential ideas
of the characteristic failure frequency model which are divided phases, periodic saw-tooth

forcing functions and dependency on the velocity of the ice.



Chapter 3

Influence of Flow on Ice-induced

Vibrations of Structures

Under an ice cover in which ice-induced vibrations take place, there is a moving fluid,
typically fresh water or sea water moving due to tides or currents. This moving fluid
interacts with the structure so that the characteristics of the ice-induced vibrations may
change. The objective of this chapter is to investigate if the fluid flow changes the ensuing
ITVs. Morison’s equation is used to analyze the effect of flow. By comparing the equations
of ice-induced vibrations with flow and without flow, a new non-dimensional parameter
is developed to find a range of the flow in which the effect of the fluid flow becomes

significant.

3.1 Morison’s Equation

Since structures subjected to ice-induced vibrations (IIVs) are located in water, the
influence of flow is another important factor to analyze. Most offshore structures such as
bridge piles, light houses, and platforms have large portions of submerged parts, therefore
the surrounding water strongly contributes to the dynamics of the offshore structures

through the parts under water. The flow effect on IIVs, however, has not been fully

10
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Figure 3.1: Inertia coefficients of a cylinder (from [Wilson et al., 2003])

studied in past research despite its potential significance. Velocity or temperature of
the water surrounding the structures were often considered as a factor influencing the
properties of the ice but not with regards to structural dynamics. The velocity of the
current not only affects the ice forces but also the dynamics of the structures, therefore
adding the flow effect to the analysis of IIVs could potentially increase the accuracy of
[IV simulations.

The hydraulic forces acting on offshore structures were experimentally proposed by
Morison et al. (1950), by an equation referred to as Morison’s equation and widely
adopted in offshore engineering [Wolfram, 1999]. Morison’s equation consists of the drag
loading from viscous flow and the inertial loading due to inviscid flow. The inviscid term,

gy, is expressed [Wilson et al., 2003] as
D2

G; = CMpWTil (3.1)

where p is the fluid density, D is the diameter of the cylinder, and # is the constant

free stream acceleration. Further, Cj; is a non-dimensional coeflicient called the inertia



Influence of Flow on IIV 12

400
200
100

[

0
N1

gy, g ‘/Smoothcyiinder D

amy - o) om ey @
= P -

Smooth sphera

N BROY N By O

o oo

o®

e GV woet

o]

Re = 2LR
Re= m

Figure 3.2: Drag coefficient relative to Re (from [Munson et al., 2002])

coeflicient and determined by the ratio of length to diameter of a structure. According to
Figure 3.1, as the ratio of length to diameter increases, Cy; approaches 2. Most offshore
structures are relatively slender based on this ratio so that Cy, is set equal to 2 in most
cases. The other term of Morison’s equation is induced by viscous flow. The viscous term,

Gp, is given by [Wilson et al., 2003]
_ D, . . .
o = Cop> [l (3.2

where Cp is the drag coefficient determined by the Reynolds number. As shown Fig-
ure 3.2, the drag coeflicient of the cylinder approximately remains at 1 for most IIV
cases which are in the range of Reynolds number from 1000 to 200,000. Both terms of
Morison’s equation are formulated in units of force per unit length, and the bars over
the letters indicate that the dimensions are given per unit length.

Morison’s equation expresses the force required to hold a rigid cylinder in flow as the

superposition of the inviscid and viscous loadings. The equation becomes

g=qr+adp (3.3)
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or
2

D D
q= CDP; |u| &+ CMP?TT& (3.4)

in units of force per unit length [Wilson et al., 2003]. This original Morison’s equation
contains a non-linearity, hence it needs linearization to be solved in a closed form solu-
tion. Berge and Penzien (1974) proposed a linear Morison’s equation for small motion
[Wilson et al., 2003]. The Berge and Penzien method, however, produces poor results
when the drag term becomes dominant relative to the inertia term. Wolfram (1999)
suggested alternative approaches to linearization of Morison’s equation in wave-induced
vibrations by keeping the non-linearity. Later analysis in this chapter will be performed
on low flow velocities, therefore the Berge and Penzien method will hold its accuracy in

the following.

3.2 Modeling of Ice-induced Vibration with Flow

Among the two types of IIV modeling, the characteristic failure frequency model is more
adequate to combine with different expressions of forces than the self-excited model
because the characteristic failure frequency model does not need to have a force as a
function of ice velocity. Matlock’s IIV Model, Figure 2.2, is modified to include the flow

effect. The equation of motion of a one degree-of-freedom Matlock’s model is
mi + ct + kz = f(t) (3.5)

where f(t) is the forcing function. In Matlock’s model, the forcing function is designed
to be a periodic function. To add the flow effect, the forcing function of the equation is
replaced with the flow force from Morison’s equation. For the time being, the equation
will state flow-induced vibration. Since Morison’s equation is expressed in per unit length

units, the equation of motion is also required to be in per unit length units as

mi + ¢t + kx = f(t) (3.6)
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where the bars over the top of the letters indicate that the dimensions are given per unit
length.

Morison’s equation also needs to be slightly rewritten. The drag term of Morison’s
equation is based on flow passing by a stagnant structure, but the velocity should be the
relative velocity between the flow and structure when the structure moves [Wilson et al., 2003].
The inviscid term, however, remains the same because the inertia of the flow is only re-

lated to the velocity of the flow. Morison’s equation, equation (3.4), thus becomes

D D?
qg= C’Dp§ o —z| (0 — ) + C’MpﬂTii (3.7)
According to the Berge and Penzien method, |& — Z| is relatively small in low flow ve-

locity, and Morison’s equation can be linearized as

Cp = Cp |t — &| = constant (3.8)

Substituting equation (3.8) into equation (3.7), the linearized Morison’s equation is
expressed as
D, . D
qg= C”Dp—2-(u — )+ CMpru (3.9)

The forcing function of equation (3.6) can be now replaced with equation (3.9).
mi + &t + kr = Cbpg-(u — )+ CMpW—lZ);-ﬁ. (3.10)
By adding the flow effect to the equation of motion, another force needs to be consid-
ered, which is the added or virtual mass. A structure immersed in a fluid must overcome
resistance from the fluid to move through it. This additional resistance is not related
to the viscousness of the fluid, but to the volume of the structure. Since the structure
needs to replace the same volume of fluid in order to move through the fluid, the moving
structure requires more force, as if it had additional mass. The added mass, therefore, is

expressed [Wilson et al., 2003] as

_ D?
M, = (’I”T’L-}-CA,O’/'I'-—ZL—) (3.11)
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Figure 3.3: Ice forcing function (from [Qu et al., 2006)])
where Cj is the added mass coefficient and defined by
Ca=Cy—-1 (3.12)

As mentioned before, Cj; is equal to 2 in most IIV cases, therefore C, is calculated as
1. By replacing the mass of equation (3.10) with the added mass term, the equation
including the flow effect is fully developed as

D? - D D?
or
_ D - D D?
M,z + (E + Cbp5> T+ kx = Cbp—2—1l + C’Mp7r—4—il (3.14)

The equation shows that the flow influences the structural dynamics through the added
mass, change in damping term, as well as additional flow-induced force.

Defining an ice forcing function is the key factor to analyzing IIVs, but the difficulty
of ITV analysis is that the actual ice forcing mechanism is a complex non-linear process.
In the literature, various linear or non-linear ice forcing functions have been proposed

by either field or laboratory experiments. Although mathematical expressions vary from
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model to model, ice forcing functions can be globally defined as periodic saw-tooth func-
tions. Yue and Bi (1998, 2000) suggested a simple but effective ice forcing function given
by
Ft) = F.(1-Y) (0<t<7) (315)
0 (r<t<T)
where F,, is the maximum force. 7 and T are the forcing and total periods as shown in
Figure 3.3 and correspond to é and p of Figure 2.2, respectively. To obtain a closed form

solution, equation (3.15) is transformed to a harmonic function by using a Fourier series.

The forcing function can now be written as

F(t) = Ao + i [AN cos (QNT”t) + By sin (wth)] (3.16)

N=1
where ~
EF,T
Ao——i—T—— (3.17)
E.T 2N7T

Ay = —2 — 1

N = e [1 cos( T )] (3.18)
and

B _Fm_ E,T sin 2N7T
N7 Nt anN2qer

The right side of equation (3.14) describes the flow-induced force. In addition, C7, is

(3.19)

assumed to be small for linearization, the velocity and acceleration of the flow are assumed
small so that the flow-induced force is negligible compared to the ice-induced force. The
flow thus affects the structural response only via the flow-induced effect on the structural
mass and damping parameters and not through an additional flow-induced force. The
expression, therefore, of an IIV including the flow effect is finally developed by replacing
the forcing part of equation (3.13) with equation (3.16) as
_ D . - 2N 2N

Mai + (E+ C,D,DE) T+ kx= Ao + NZZI |:AN COS (Tﬂ-t) + BN sin (—Yj—ﬂ-t):| (320)

Equation (3.20) can be solved in closed form and easily implemented through numerical

simulation.
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3.3 Numerical Simulations of Ice-induced Vibrations

with Flow

The numerical simulation of equation (3.20) is performed to analyze the effect of flow.

Considering a one degree-of-freedom system with a simple harmonic force given by
mi + ct + kx = F,, sin (wt)

the steady-state response of the given system can be calculated by using the magnification
factor, M, as

z(t) = F,Msin (wt + 0)

where 6 is the phase difference [Thomson, 1998]. The flow effect, therefore, can be com-
pared by calculating the magnification factors of the structural responses with flow and

without flow. Assuming z (t) = Xe™nt and f (t) = Fe™nt, Equation (3.6) becomes

X (—wim + twni + k) eVt = Felnt (3.21)
or
X 1
== 3.22
F k- wim+ twnt (3:22)
therefore the magnification factor without the flow effect is
X 1
M= 1?‘ = = ; (3.23)
\/(k — wim)” + (ewn)”
where the Nth forcing frequency is
2N7

so that the forcing frequency is a function of N. In the same manner, the magnification

factor with the flow effect can be obtained from equation (3.14) as
1
V(=03 0,) + {wn (e + Cpp2) ¥

M, = (3.25)
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Parameter | Model Structure
h (mm) 41

D (mm) 76

m (kg) 1600

¢ (kNs/m) 0.2

k (MN/m) 1

¢ (m) 44.93

o. (MPa) 14

Tmae (mMM) 20

Table 3.1: Parameters for simulations

where the subscript f indicates that the equation is developed under the flow effect. The

displacement of the structure with the flow effect can be derived from equation (3.25) by

100
2N 2N
z(t) = % + E |:Mf {AN cos ( Tﬂt + BN) + By sin (th + 9N> }] (3.26)
N=1

where

¢+ Chp2
Oy = tan™! {WNE(C_ " ]l\)Z[p 7) } (3.27)
NiMg

The number in the summation is arbitrarily picked and confirmed by graphing the original
and approximated forcing functions. Figure 3.4 (a) and (b) prove that one hundred
summation terms are enough to approximate 96 percent of the peak values of the original
forcing function.

The data to perform the numerical simulations are obtained from Kéarnd and Turunen
(1989). The IIV data of the channel marker in the Baltic were measured by Nordlund et
al. during the winter of 1987 to 1988, and the structural properties were specified. Some
structural properties not specified on Kérni and Turunen (1989) are derived from the
density of steel, pseer = 7859 kg/m:,’ which is assumed to be the material of the channel

marker. In Table 3.1, h is the thickness of the ice sheet, and o, is the compressive strength
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Figure 3.5: Displacement of the structure

of the ice. The initial or maximum ice force is calculated by Korzhavin’s approach

_ .Dh 3
B, =092 /1 + 55 = 168.03 (V) (3.28)

where /¢ is the length of the structure [Kérnd and Turunen, 1989]. The maximum dis-

placement of the structure ., is used to find 7 and T of the ice forcing function.
By plotting equation (3.26) 7 and T are found as 7 and 10 seconds from Figure 3.5,
respectively.

Figure 3.6 is drawn from equation (3.23) and (3.25), which shows that the flow effect
lowers the resonance frequency as well as the amplitude. Since the magnification factors of
Figure 3.6 have the same forcing function, the flow effect is only related to the structure.
According to equation (3.25), the flow effect influences the IV through M, and C,.
The frictional drag coefficient Cp is 1 for Reynolds number 1,000 to 200,000 in most
IIV cases. C,, therefore, takes little part in determining the flow effect as long as the

equation remains in the linear region. Once the geometry of the structure is fixed, the
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Figure 3.6: Magnitudes of the structure

mass of the structure is the only independent factor influencing the added mass term
since C'4 and D are determined by the geometry of the structure. Based on the mass of
the structure, a non-dimensional parameter called the density ratio 7, can be introduced

from equation (3.11) as

_ D? wD? D? 7w D?
M, = (m + CAmr—) = (ps— + CAmr—) = (ps + Cap)

4 4 4 4
wD?
= p (v, +Ca) (3.29)
where
= (3.30)

P
and p, is the density of the structure and p is the density of the fluid in which the

structure is located. From equation (3.12), Cy4 is calculated as 1.

Using equation (3.30) and (3.25), the relation between the density ratio and the
magnification factor is obtained. Equation (3.23) and (3.25) are plotted by changing the
density ratio to show the flow effect. In Figure 3.7 and 3.8, the black contour peaks on
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the left represent the response with the flow effect and the grey contour peaks on the
right represent the response without the flow effect. The flow effect lowers the magnitude
factor for all the ranges of the density ratio. Figure 3.8, the top view of Figure 3.7, clearly
shows that the resonance frequency shifting is significant for low density ratio because
the added mass effect in M, becomes relatively larger when the density of the structure is
small compared to the density of water. When the density ratio is larger than 8, however,

the flow effect has little influence on the frequency change.
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Chapter 4

Comparison of Selected Modeling
Approaches

Since research into ice-induced vibrations began, numerous modeling approaches have
been proposed. In this chapter, some models are analyzed and reviewed in depth including
simulation results. The proposed modeling approaches can be categorized into two types.
The models suggested by Toyama et al. and Huang and Liu are not only classified as
the same modeling type, the characteristic failure frequency model, but also have many
similar features. These two modeling approaches are thoroughly reviewed and reproduced
in this chapter. At the end of the chapter, the two models and the model developed in
Chapter 3 are compared to investigate differences and similarities of models based on

the same theory.

4.1 Toyama et al. (1983)

The paper written by Toyama et al., Model Tests on Ice-induced Self-excited Vibration
of Cylindrical Structure, is a remarkable achievement in the field of ice-induced vibration
(ITIV) research. The paper proposed dividing the ice forcing into two stages: elastic and

crushing phases. The phase division of the ice forcing function was suggested by past

25
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research such as in Matlock et al., however Toyama et al. actually developed equations
of motion according to the phase division. Ranta, M. and Réty R. (1983) published
the paper titled ‘On the Analytic Solution of Ice-induced Vibrations in a Marine Pile
Structure’ containing the same idea in the same year, but their paper was more focused
on the continuity and stability of IIVs. The method of Toyama et al., therefore, is more
frequently adopted by other IIV researchers. However, inspite of its pioneering work, the
Toyama et al. paper has several parts requiring improvements.

The Toyama et al. paper derives equations for a one degree-of-freedom system, thus
the equation of motion is the same as equation (3.5), mZ + ¢ + kz = f(t). Toyama et
al. refer to their model as the self-excited model, but equation (3.5) is not an equation
of motion reflecting the essential idea of the self-excited model. The idea behind the
self-excited model is that negative damping must occur in a certain range depending on
the forcing function, which in turn induces instability. Toyama et al. define the ice force
as two separate phases. An elastic phase is the period for which the structure and ice
move at the same velocity due to negligibly small deformations of the ice. Thus ¢ = 2

and & = 0, and the elastic ice force from equation (3.5) can be written as
f@t) =kx+cz (4.1)

where 2 is the velocity of the ice. The second phase, a crushing phase, starts at the
maximum value, F,,,, of f(t). The crushing force, F,, is defined to be constant and smaller

than F,,. From equation 3.5, the equation of motion in the crushing phase is given by
mi +ct + kx = F, (4.2)

Both equations (4.1) and (4.2) present an ice force that is independent of loading rate,
therefore the Toyama et al. model is more appropriately considered to be a characteristic
failure frequency model. Other researchers who cited Toyama et al. also used it as a
characteristic failure frequency model.

The equation of motion for the elastic phase can be obtained by substituting equa-
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tion (4.1) into (3.5) as
mZ + ct + kxr = kz + c2 (4.3)

Since & = 0 during the elastic phase,

Taking integrals on both sides to obtain the displacement of the system,
/ dr [ dz
dt  J dt

2(t) = 2(t) + C, (4.4)

which is

where C is the initial displacement. The displacements of the structure and ice are the
same during the elastic phase. When f(¢) reaches F,,, the crushing phase starts. Toyama
et al. assume that their model has zero or very small damping, so that the system
is an under-damped system. For the crushing phase, equation (4.2) has the following

homogeneous solution,
Th(t) = e ¥ (A coswat + Ay sinwgt) (4.5)

where (, w,, and wy are the damping ratio, natural frequency, and damped natural

frequency which are defined as

and
Wd:wn\/l_c2

respectively. Since F, is constant, the particular solution is
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and

Gp=ip =0 (4.7)

Substituting equation (4.6) and (4.7) into equation (4.2)

kz, = F,
or
F,
1, =Cy === (4.8)
k
Therefore, the total solution is expressed as
_C“) t . Fc
z(t) = zp(t) + 2p(t) = e7"* (A cos wgt + Agsinwgt) + - (4.9)
With the following initial conditions [Toyama et al., 1983],
Fn —c?
xo—(——ﬁ and zo = 2,
k
the A; can be calculated from equation (4.9) as
F, Fn—cz
)=A4,+-=22 4.10
2(0) = Ay + £ = T (4.10)
or
1

The velocity can be obtained by taking the derivative of equation (4.9)
E(t) = —Cwne™nt (A] coswgt + Agsinwgt) + wge ¥ (— A sinwgt + A coswgt) (4.12)
and substituting the initial condition
z(0) = —Cwn A + wgAs = —%{wn (fn — fe—€2) + wyAy = 2 (4.13)
or

Ay = _F )+ = (4.14)
kwd Wd
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The solutions of the elastic and crushing phases are thus completely derived. Toyama et
al. insisted that IIVs can be described as alternatively repeating solutions of the elastic
and crushing phases, corresponding to equations (4.4) and (4.9).

The unique work done by Toyama et al. is of calculating the duration of each phase.
One complete period consists of the elastic period, t., followed by tﬁe crushing period,
te.

tiotal = te + tc (4.15)

Based on experimental data, Toyama et al. calculated the elastic and crushing periods

[Toyama et al., 1983] as

te 1-—
e _1=0 (4.16)
tn TQ :
and ;
c 1 -
1 to Ztan~ (ﬂ) (4.17)
tn iy o
where
kz
= 4.
o T (4.18)
Fe
8= F_m (4.19)
and
2
ty= 2 (4.20)
Wn

Now that the complete solutions and periods of each phase have been dbtained, numerical

simulations can be performed.

4.1.1 Numerical Simulations

The numerical simulations of the Toyama et al. model were performed, based on the
parameters which presented in Table 3.1 of Chapter 3. Additionally, two more parameters,
F, and 2, need to be introduced. Equation (4.18) and (4.19) can oniy be used when [
is larger than 0.5, therefore F is arbitrarily chosen as 5700 N so that 3 becomes 0.755

[Toyama et al., 1983]. Since the velocity of ice is not specified or limited by Toyama et al.,
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Figure 4.1: Calculated IV based on Toyama et al. (1983)

the velocity of ice is also randomly chosen from 0.001 to 1 ™M/.. Applying the parameters
to equation (4.18), « is calculated as 5.229. By substituting o and 3 into equation (4.16)
and (4.17), the elastic and crushing periods are obtained as t. = 0.042 and ¢, = 1.002
seconds. Equation (4.5) and (4.9) can be evaluated over the periods of ¢, and #..

Figure 4.1 shows the result calculated rigorously based on the Toyama et al. model.
Although (3, which determines the applicability of the theory, is larger than 0.5, disconti-
nuities appear between the elastic and crushing phases, as well as between total periods.
The discontinuities continue to exist for all ranges of ice velocities even at the very low
ice velocity of 0.001 m/,. This indicates that the Toyama et al. method cannot model all
cases of IIVs. The Toyama et al. model requires improvement to be applicable to more
general cases of 1IVs.

The discontinuities between the phases are closely related to the initial conditions.

The amount of displacement at the end of the elastic phase should be equal to the initial
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Figure 4.2: IIV based on the modified Toyama et al. method

displacement of the crushing phase. Thus equation (4.1) can be written at t = ¢, as
flte) =kzet+ci=k(Z -t.)+ci=k(¢-t.)+cz=F, (4.21)

which follows since & = 2 for the elastic phase. However, equation (4.21) does not hold
for all cases, especially for the given parameters. Therefore, the initial condition for
displacement at the beginning of the crushing phase needs to be changed so that it is
the same as the displacement at the end of the elastic phase. According to the definition
of the elastic phase by Toyama et al., the velocities of the ice and structure are the
same during the elastic phase. In other words, the ice travels the same displacement as
the structure does. From the definition, a new initial condition for the displacement is
presented as

Iy = z - te + Cg (422)

where (5 is a constant to compensate the initial displacement of the elastic phase.
Figure 4.2 is the IIV with the modified initial conditions when Cj is set to be zero.

The discontinuities between the phases are eliminated but after one complete period,

