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ABSTRACT

The linear three-dimensional problem of ice loads acting on a vertical circular cylinder frozen in
an ice cover of infinite extent is studied. The loads are caused by an uni-directional hydroelastic
wave propagating in the ice cover towards the cylinder mounted to the see bottom in water of
constant depth. There are no open water surfaces in this problem. The deflection of the ice cover
is described by the Bernoulli-Euler equation of a thin elastic plate of constant thickness. At the
contact line between the ice cover and the surface of the cylinder, some edge conditions are im-
posed. In this study, the edge of the ice plate is either clamped to the cylinder or has no contact
with the cylinder surface, with the plate edge being free of stresses and shear forces. The water is
of finite constant depth, inviscid and incompressible. The problem is solved by both the vertical
mode method and using the Weber integral transform in the radial coordinate. Each vertical mode
corresponds to a root of the dispersion relation for flexural-gravity waves. It is proved that these
two solutions are identical for the clamped edge conditions. This result is non-trivial because the
vertical modes are non-orthogonal in a standard sense, they are linearly dependent, the roots of the
dispersion relation can be double and even triple, and the set of the modes could be incomplete. A
general solution of the wave-cylinder interaction problem is derived by the method of vertical modes
and applied to different edge conditions on the contact line. There are three conditions of solvabil-
ity in this problem. It is shown that these conditions are satisfied for any parameters of the problem.

Keywords: Ice cover, vertical circular cylinder, flexural-gravity waves, edge conditions

1. Introduction

The linear three-dimensional problem of uni-directional hydroelastic wave propagating in an in-
finite ice cover towards a circular vertical cylinder in water of finite depth is solved in this paper by
the Weber integral transform, as in [1], and by the vertical mode method, see [2]. The present anal-
ysis is inspired by the approach suggested in [2], where two-dimensional problems of flexural-gravity
waves interacting with a vertical wall were studied by the vertical mode method. The approach
of [2] was generalised in [3] to the three-dimensional problems. In this generalised approach, the
vertical coordinate is separated in the solution reducing the original three-dimensional problem to
a set of two-dimensional radiation and diffraction problems. Each vertical mode corresponds to a
root of the dispersion relation for hydroelastic waves. Such a separation is only possible for water
of constant depth, flat horizontal bottom, constant thickness of the ice sheet, and vertical solid
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Fig. 1 Sketch of the problem and main notations.

boundaries of the flow region. The resulting two-dimensional problems are similar to radiation
problems of acoustics. They are formulated for the two-dimensional Helmholtz equations with the
wavenumbers equal to the roots of the dispersion relation of the hydroelastic waves, see [3]. The
equations should be solved outside the cross section of the vertical cylinder with corresponding
far-field conditions. The boundary conditions for the potentials are imposed on the boundary of
the cylinder, where the normal derivatives of the potentials are given by linear combinations of
two functions, which are independent of the roots of the dispersion relation. The vertical mode
method provides a general solution of the formulated problem with two undetermined functions
on the contact line between the ice cover and the vertical walls. This result is valid for any shape
of the cylinder and of any number of the cylinders, see [3] for the general approach and physical
meanings of the undetermined functions. One of the functions is the slope of the elastic plate
deflection along the contact line, and another function provides the distribution of the shear force
on the contact line. These functions are determined by using the edge conditions. The problem
becomes simpler in the two-dimensional case studied in [2], where these two functions turn to two
unknown numbers, and for a circular cylinder, where these functions can be represented by their
Fourier series with the original problem being reduced to a set of problems for each coefficient in
the series to be determined independently. Another difficulty with the vertical modes is related to
their properties. It was noted in [4] that the vertical modes are non-orthogonal in a standard sense
and could be incomplete. It was also shown that the modes are linearly dependent. It was shown
in [3] that some roots of the dispersion relation for some parameters of the problem can be double
and even triple. Therefore, the solution of this problem by the vertical mode method without its
validation is questionable, strictly speaking. We are unaware of rigorous results on completeness of
the vertical modes.

Similar approach to the hydroelastic wave scattering problem was employed by Evans and Porter
[4]. They solved the two-dimensional scattering problem by a Green’ function approach (see [4],
section 3) and then by the eigen function expansion method (see [4], section 4), which is equivalent
to the present method of vertical modes. They reported that the vertical mode method is much
simpler to use, and it also gives useful details about the ice deflection and the flow beneath the
ice. However, to validate this mode solution, they solve the same problem by another method and
demonstrated that these two solutions are identical. We follow the same idea in the present paper
for the problem of a vertical cylinder and the ice sheet clamped to the surface of the cylinder, see
Sections 3 and 4.

The vertical modes of ice sheet of constant thickness floating on water of finite depth were
introduced in [5, 6] and were successfully applied to two-dimensional problems of hydroelasticity
without vertical boundaries in several papers, see for example [7, 8].
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The effect of vertical boundaries of a flow region on deflections of infinite ice cover were studied
in [9-13]. A more complicated problem of a finite ice floe frozen to a vertical cylinder in an incident
wave was investigated in [14] by the vertical mode method. In [14], the modes corresponding to
the two complex roots of the hydroelastic wave dispersion relation were assumed to be linearly
dependent on other modes, see equation (14) in [14]. However, this fact has not been used in
the analysis of [14]. A similar difficulty was encountered in [15], see section 3.2 on vertical modes
and equation (3.39) which is similar to equation (14) of [14]. It is still not clear that the vertical
modes taken for each root of the dispersion relation are independent of other modes and in which
sense. Indeed, two of the vertical modes can be expressed as series of all other modes, see equations
(49) and (50) below, but the convergence of the series do not allow us to calculate all required
derivatives differentiating the series term by term. Properties of the vertical modes such as their
orthogonality and linear independence have not been clarified yet. The corresponding non-self-
adjoint boundary eigenvalue problem with the eigenvalue in the boundary condition still needs to
be carefully analysed using the methods of functional analysis. This problem is not considered here.

2. Formulation of the problem

The linear problem of an incident hydroelastic wave interacting with a circular bottom-mounted
cylinder is formulated with respect to a velocity potential, φ(x, y, z, t), which satisfies the Laplace
equation,

∇2φ+ φzz = 0, ∇2φ = φxx + φyy, (1)

in the flow region, −H < z < 0, r > b, where x = r cos θ, y = r sin θ, and r, θ, z are the cylindrical
coordinates, H is the water depth and b is the radius of the rigid circular cylinder, see Figure 1.
The plane z = −H corresponds to the flat rigid bottom and the plane z = 0 corresponds to the
ice-fluid interface. The potential φ satisfies also the boundary conditions on the bottom,

φz = 0 (z = −H, r > b), (2)

on the surface of the circular cylinder,

φr = 0 (r = b, −H < z < 0), (3)

and on the ice/water interface,

φz = wt(r, θ, t) (z = 0, r > b), (4)

where the equation z = w(r, θ, t) describes the deflection of the ice cover. The deflection w(r, θ, t)
is governed by the Bernoulli-Euler equation of a thin elastic plate, see [15],

mwtt +D∇4w = p(r, θ, 0, t) (r > b), (5)

where m is the mass of the ice cover per unit area, m = ρihi, hi is the ice thickness, ρi is the ice
density, D is the rigidity coefficient, D = Eh3i /[12(1−ν2)] for an elastic plate of constant thickness,
E is the Young module of the ice, ν is the Poisson ratio, p is the hydrodynamic pressure given on
the ice/water interface by the linearized Bernoulli equation,

p(r, θ, 0, t) = −ρφt(r, θ, 0, t)− ρgw(r, θ, t), (6)

where ρ is the water density and g is the gravitational acceleration.
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The conditions at the contact line, z = 0 and r = b, between the ice cover and the surface of
the cylinder can be complicated in practical problems. These conditions will be used at the very
end of the solution procedure. The clamped edge conditions,

w = 0, wr = 0 (r = b), (7)

will be used for a reference. These conditions imply that the ice sheet is frozen to the surface of
the cylinder, see [9-14]. Free-edge conditions at the contact line will be considered in Section 5.

The flow and ice deflection are caused by an incident hydroelastic wave,

winc(x, t) = A cos (kx− ωt), (8)

propagating in the positive x-direction, see Figure 1, where A is the amplitude of the incident wave,
k is the wavenumber and ω is the wave frequency. The real and positive ω and k in (8) are related
by the dispersion equation, see [16],

ω2

(
m+

ρ

k tanh (kH)

)
= ρg +Dk4, (9)

which is convenient to use in its non-dimensional form,

(κ4 + δ)κ tanh (κ)− q = 0. (10)

Here κ = kH is the non-dimensional wavenumber, q = (ω2H/g)(H/Lc)
4, δ = (1−ω2/ω2

0)(H/Lc)
4,

Lc = (D/ρg)1/4 is the characteristic length of the ice sheet and ω0 = (ρg/m)1/2 is the frequency
of the broken ice, see [17]. The real positive root of (9) is denoted by k without index. Other
roots, which are complex, are distinguished by their indexes. The velocity potential φinc(x, z, t)
corresponding to the hydroelastic incident wave (8) reads

φinc(x, z, t) = A
ω

k

cosh[k(z +H)]

sinh[kH]
sin(kx− ωt). (11)

The formulated problem (1) - (11) can be solved in the same way as the corresponding problem
without ice cover, see [18], if the edge conditions are disregarded. The solution of the hydroelastic
wave diffraction problem without these conditions can be written using only the vertical mode
presented in the incident wave potential (11) without any evanescent modes corresponding to the
complex roots of equation (10). The resulting velocity potential reads

φ0(x, y, z, t) = A
ω

k

cosh[k(z +H)]

sinh[kH]
<
[
−iΦ(r, θ)e−iωt

]
, (12)

where < stands for the real part of a complex number. The kinematic condition (4) and equation
(12) provide the deflection of the cover as

w0(x, y, t) = A<
[
Φ(r, θ)e−iωt

]
. (13)

The deflection (13) approaches the incident wave (8) in the far field if

Φ(r, θ) ∼ eikr cos θ as r →∞. (14)

The functions (12) and (13) satisfy the bottom condition (2), the kinematic condition (4) and the
equations (5), (6) for any Φ(r, θ). The potential Φ(r, θ) is the solution of the boundary problem

52Φ + k2Φ = 0 (r > b), (15)
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Φr = 0 (r = b), (16)

which also satisfies the far-field condition (14). The boundary problem (14)–(16) is similar to the
problem of linear water waves diffracted by a vertical cylinder with circular cross section [18]. The
only difference of the present problem from that of linear wave diffraction is that ω and k for water
waves without ice are related by a dispersion relation which differs from (9) and can be obtained
from (10) by letting Lc/H → 0 and ω/ω0 → 0.

By using the formula, see [19],

eikr cos θ =
∞∑
m=0

εmi
mJm(kr) cos(mθ),

where εm = 2 for m ≥ 1 and ε0 = 1, Jm(kr) is the Bessel function of the first kind with order m,

and the fact that the products Jm(kr) cos (mθ) and H
(1)
m (kr) cos (mθ), where H

(1)
m (kr) is the Hankel

function of the first kind corresponding to outward-propagating cylindrical waves, are solutions of
(15), the solution of (14)–(16) can be presented in the form, see [18],

Φ(r, θ) =

∞∑
m=0

εmi
m

[
Jm(kr)− Jm

′(kb)

H
(1)
m
′(kb)

H(1)
m (kr)

]
cos (mθ). (17)

For a non-circular vertical cylinder [20], equation (15) should be solved in the exterior of the
cylinder cross section, condition (16) should be changed to the condition of zero normal derivative,
∂Φ/∂n = 0, on the cylinder, and the far-field condition (14) is used as-is.

The functions (12) and (13), where Φ(r, θ) is given by (17), satisfy all equations of the formulated
problem (1)–(9) except the edge conditions. Note that the edge conditions were not used in (17).
Therefore the complete solution of the linear problem of hydroelasticity (1)–(11) is given by (12),
(13) with corrections accounting for the edge conditions,

φ(x, y, z, t) = φ0(x, y, z, t) + φc(r, θ, z, t), w(x, y, t) = w0(x, y, t) + wc(r, θ, t). (18)

The correction potential, φc(r, θ, z, t), and the correction deflection, wc(r, θ, t), are the solutions of
the radiation problem with the periodic in time flow caused by given disturbances at the plate edge,
r = b. For a cylinder frozen in the ice cover, the correction functions satisfy equations (1)–(6),
describe outgoing waves at infinity, and satisfy the edge conditions,

∂wc/∂r = 0, wc = −A<[Φ(b, θ)e−iωt] (r = b), (19)

where Φ(r, θ) is the solution of the problem (14)–(16). Note that ∂w0/∂r = 0 on r = b. On the

cylinder surface, r = b, we have Jm(kb)H
(1)
m
′(kb)− Jm′(kb)H(1)

m (kb) = 2i/(πkb), see [19], and then

Φ(b, θ) =
2i

πkb

∞∑
m=0

εmi
m cos (mθ)

H
(1)
m
′(kb)

.

Then the second condition in (19) can be written as

wc(b, θ, t) = −
∞∑
m=0

<
[
Lm(t)

]
cos(mθ), Lm(t) =

2A

πkb

εmi
m+1

H
(1)
m
′(kb)

e−iωt.

predicting the following form of the correction deflection, r > b,

wc(r, θ, t) = −
∞∑
m=0

<
[
Lm(t)Wm(r)

]
cos(mθ), (20)
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where
Wm(b) = 1, W ′m(b) = 0. (21)

Correspondingly the correction potential φc(r, θ, z, t) is sought in the form

φc(r, θ, z, t) =
∞∑
m=0

<
[
iωLm(t)Φm(r, z)

]
cos (mθ), (22)

where
∂Φm

∂z
(r, 0) = Wm(r) (r > b). (23)

The bottom condition (2) and the condition (3) on the surface of the cylinder give

∂Φm

∂z
(r,−H) = 0,

∂Φm

∂r
(b, z) = 0. (24)

It is convenient to introduce the operator in r, see [1], defined by

Sm<Φm>=
∂2Φm

∂r2
+

1

r

∂Φm

∂r
− m2

r2
Φm. (25)

Then ∇2(Φm(r, z) cos (mθ)) = Sm<Φm> cos (mθ) and the Laplace equation (1) provides

Sm<Φm> +Φm,zz = 0 (−H < z < 0, r > b). (26)

Correspondingly,

∇4(Wm(r) cos (mθ)) = S2
m<Wm> cos (mθ),

and the equations (5) and (6) give after dividing both sides of (5) by ρg,

L4
cS

2
m<Wm> +

(
1− ω2

ω2
0

)
Wm =

ω2

g
Φm(r, 0) (r > b), (27)

where equations D = ρgL4
c and ρg/m = ω2

0 were used. At infinity, r →∞, the correction functions
represent waves radiated from the cylinder. The boundary problem (21)-(27) is solved in the next
section by the method of separating variables which leads to the so-called vertical modes of an
elastic floating plate.

3. Vertical-mode solution

The plate equation (27) can be transformed to a boundary condition for equation (26), which is
for the potential Φm(r, z). By using condition (23) and equation (26), we obtain

S2
m<Φm,z>=

∂5Φm

∂z5
(r, z).

Setting z = 0 in this equation and using condition (23), non-dimensional variables r̂ = r/H, ẑ =
z/H and the notations from the dispersion relation (10), we can exclude Wm(r) from (27) and
present (27) in the form of the following boundary condition for equation (26),

∂5Φm

∂ẑ5
+ δ

∂Φm

∂ẑ
= qΦm (ẑ = 0, r̂ > b̂). (28)
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Note that the equation (26) and the boundary conditions (24) do not change their forms in the non-
dimensional variables. We shall find a solution of equation (26) subject to the boundary conditions
(24) and (28), which describes out-going waves as r̂ →∞. Note that there are no forcing terms in
this problem. We need to find all possible non-trivial solutions of this problem. Then we determine
the deflections Wm(r) using (23), and finally satisfy the conditions (21), the first of which guarantees
that the solution is non-trivial.

By the method of separating variables, the product Φm(r̂, ẑ) = R(r̂)f(ẑ) satisfies equation (26)
and boundary conditions on the bottom (241) and the ice-water interface (28) if f(ẑ) is a nontrivial
solution of the following spectral problem

f ′′ − κ2f = 0 (−1 < ẑ < 0),

df

dẑ
(−1) = 0,

d5f

dẑ5
+ δ

df

dẑ
= qf(0), (29)

where κ is a root of the dispersion relation (10), and R(r̂) is a solution of the equation

d2R

dr̂2
+

1

r̂

dR

dr̂
+

(
κ2 − m2

r̂2

)
R = 0 (r̂ > b̂), (30)

which describes out-going waves. The solution of (29) are non-trivial if κ is a root of the dispersion
relation (10). The solutions of (29) and (30) are convenient to normalise by the conditions f ′(0) = 1
and R′(b̂) = 1. Note that if κ is a solution of the dispersion relation (10), then −κ is also the
solution. The equation has two real roots, ±κ0, κ0 > 0, four complex roots, ±a0 ± ib0, where
a0 > 0 and b0 > 0, and infinite number of pure imaginary roots, κn = ±iæn, æn+1 > æn > 0 for
n ≥ 1. Different solutions of the problem (29) are obtained if we restrict ourselves to the roots
κ−2 = −a0 + ib0, κ−1 = a0 + ib0, κ0 and κn = iæn, where the numbering of the roots from [3] is
used. The corresponding solutions of (29) normalised with f ′(0) = 1 are

fn(ẑ) =
cosh[κn(ẑ + 1)]

κn sinh[κn]
, (31)

where n ≥ −2. Note that the solutions for n ≥ 0 are real, and f−2(ẑ) = f∗−1(ẑ), where the star
stands for complex conjugate. These solutions are called the vertical modes of a floating elastic
plate. These modes are non-orthogonal in a standard sense.

It is convenient to introduce the scalar product of two functions F (ẑ) and G(ẑ) defined in the
interval −1 ≤ ẑ ≤ 0 by, see [3],

<F,G>=

∫ 0

−1
F (ẑ)G(ẑ)dẑ +

1

q
(F ′′′(0)G′(0) + F ′(0)G′′′(0)). (32)

The vertical modes are orthogonal with respect to this scalar product, <fj , fn>= 0, where j 6= n.
We denote <fn, fn> by Qn. It is not necessary that Qn is real and positive. By algebra,

Qn =
1

2κ2
nq

2

[
κ2
n(κ4

n + δ)2 + q(5κ4
n + δ − q)

]
. (33)

For the imaginary roots of the dispersion relation, κn = iæn, where æn > 0 and n ≥ 1, we have
æn = πn− q(πn)−5 +O(n−6) as n→∞. Therefore, Qn = O(n8) as n→∞.

The corresponding solutions of the equation (30) for κ = κn normalised with R
(m)
n
′(b̂) = 1 and

describing waves propagating from the cylinder are

R(m)
n (r̂) =

H
(1)
m (κnr̂)

κnH
(1)
m
′(κnb̂)

. (34)
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For n ≥ 1 these functions are real and decay exponentially as r̂ →∞, see equation 9.6.4 from [19],

R(m)
n (r̂) =

Km(ænr̂)

ænK ′m(ænb̂)
, (35)

where Km(x) are modified Bessel functions.
As a result, the series

Φm(r̂, ẑ) =
∞∑

n=−2
CnmR

(m)
n (r̂)fn(ẑ) (36)

satisfies equation (26) and the boundary conditions on the bottom and the ice-water interface,
and describes out-going waves at infinity for arbitrary coefficients Cnm. These coefficients should
be determined in such a way that the conditions (21), (23) and the second condition in (24) are
satisfied.

The kinematic condition (23) and the scaling of the vertical modes provide

Wm(r) =
1

H

∞∑
n=−2

CnmR
(m)
n (r̂), r = r̂H. (37)

The second boundary condition on the cylinder (24) together with the equation (36) yield

∂Φm

∂r
(b, z) =

1

H

∞∑
n=−2

Cnmfn(ẑ) = 0 (−1 < ẑ < 0). (38)

Equation (38) does not imply, in general, that Cnm = 0 for n ≥ −2 because the system of the
functions fn(ẑ) is not necessary complete and the functions are not necessary independent. A care
is needed also in calculations of the derivatives at the contact line, where r = b and z = 0. In
particular, the second derivative ∂[(∂Φm/∂r)(b, z)]/∂z is equal to zero on the cylinder, −H < z < 0,
including the limit as z → 0. On the other hand, the derivative ∂[(∂Φm/∂z)(r, 0)]/∂r = ∂Wm/∂r,
in general, is not equal to zero as r → b. The edge conditions (21) are understood below as the
limits:

Wm(b) = lim
r→b

lim
z→0

[
∂Φm

∂z
(r, z)

]
= 1, (39)

∂Wm

∂r
(b) = lim

r→b
lim
z→0

[
∂

∂r

(
∂Φm

∂z

)
(r, z)

]
= lim

r→b
lim
z→0

[
∂

∂z

(
∂Φm

∂r

)
(r, z)

]
= 0. (40)

The order of differentiation in (40) can be changed because the derivatives are calculated at a
distance from the cylinder, r = b, and the limit r → b is taken thereafter. In the following we
understand the condition (38) also as the limit r → b+ 0, similar to (39) and (40).

To satisfy (38), (39) and (40), we use the non-dimensional variables and calculate the limit, see
[3],

lim
r̂→b̂

<
∂Φm

∂r̂
(r̂, ẑ), fk(ẑ)>,

where k ≥ −2, by using (36) and then independently by using the definition of the scalar product
(32) and the conditions (38)-(40), see [2]. The series (36) and the orthogonality of the functions
fj(ẑ) provide

lim
r̂→b̂

<
∂Φm

∂r̂
(r̂, ẑ), fk(ẑ)>=

∞∑
n=−2

Cnm
dR

(m)
n

dr̂
(b̂) <fn, fk>= CkQk, (41)
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where Qk are given by (33). On the other hand, by using (32) and conditions (38) and (40), we
obtain

lim
r̂→b̂

<
∂Φm

∂r̂
(r̂, ẑ), fk(ẑ)>= (42)

lim
r̂→b̂

[∫ 0

−1

∂Φm

∂r̂
(r̂, ẑ)fk(ẑ)dẑ +

1

q

(
∂3

∂ẑ3

(
∂Φm

∂r̂

)
(r̂, 0)f ′k(0) +

∂

∂ẑ

(
∂Φm

∂r̂

)
(r̂, 0)f ′′′k (0)

)]
,

where the limit of the integral is zero due to (38), the limit of the third term is zero due to (40)
and f ′k(0) = 1 due to the normalisation of the vertical modes. By using (25), (26) one can show
that

∂3

∂ẑ3

(
∂Φm

∂r̂

)
(r̂, 0) = H4 ∂

3

∂z3

(
∂Φm

∂r

)
(r, 0) = −H4 ∂

∂r
(Sm <Wm>) , (43)

where the limit of this expression as r̂ → b̂ is denoted by qHgm with the non-dimensional constant
gm is to be determined. Equating the results in (41) and (42) we arrive at the formulae for the
coefficients Cnm,

Cnm =
Hgm
Qn

. (44)

The condition (39) has not been satisfied yet. Substituting (37) and (44) in (39), we find the
constant gm,

gm =

( ∞∑
n=−2

R
(m)
n (b̂)

Qn

)−1
. (45)

The terms of the series (45) decay as O(n−9) when n→∞. The non-dimensional complex-valued
coefficients gm depend on the parameters q, δ of the dispersion relation (10) and the non-dimensional
radius of the cylinder b̂.

Equations (36), (37) and (44) provide the solution

Wm(r) = gm

∞∑
n=−2

R
(m)
n (r̂)

Qn
, Φm(r̂, ẑ) = gmH

∞∑
n=−2

R
(m)
n (r̂)fn(ẑ)

Qn
. (46)

It can be shown by substitution that the functions (46) satisfy equations (26) and (27). The
deflections Wm(r) satisfy the edge condition (39) due to the definition (45) of the constants gm.
The edge condition (40) is satisfied only if

∞∑
n=−2

1

Qn
= 0. (47)

To prove (47), we use the technique from [4]. The left-hand side of the dispersion relation (10) is
denoted by R(κ) and then the derivative R′(κ) is calculated. Using (33) it can be shown that

R′(κn) = 2q2κnQn/(κ4
n + δ).

The series (47) takes now the form

∞∑
n=−2

1

Qn
= 2q

∞∑
n=−2

κ2
n tanhκn
R′(κn)

and can be written as a contour integral by using the residue theorem. We introduce a function
F (z) = z2 tanh z/R(z), where z = x+ iy, and consider the integral of this function along a closed

9



rectangular contour CN : z = x ± 2πNi, |x| <
√
N , and z = ±

√
N + iy, |y| < 2πN . This is

straightforward to show that the contour integral tends to zero as N → ∞. On the other hand,
the contour integral is equal to 2πi multiplied by the sum of the residuals of F (z) corresponding
to the roots of R(z), z = ±κn, n ≥ −2, inside the contour of integration by the residue theorem.
As N →∞, we find

0 = 4πi
∞∑

n=−2

κ2
n tanhκn
R′(κn)

,

which proves (47). Equality (47) can be used to check the numerical accuracy of the roots of the
dispersion relation (10).

To prove that the boundary condition (38) on the surface of the cylinder is satisfied with the
coefficients (44), we use the same idea as above for the equality (47). We have

∂Φm

∂r
(b, z) = gm

∞∑
n=−2

fn(ẑ)

Qn
= 2gmq

∞∑
n=−2

cosh[κn((ẑ + 1)])

cosh[κn]

κn
R′(κn)

(−1 < ẑ < 0). (48)

It is convenient to introduce a function G(z) = z cosh[z(ẑ+1)]/[cosh zR(z)] and consider its integral
along the contour CN introduced above. It can be shown that this integral tends to zero as N →∞
and, on the other hand, it is equal to the series on the right-hand side of (48) multiplied by 4πi.
This justifies that the boundary condition on the cylinder (38) is satisfied with the derived solution.

The condition (38) provides, in particular, the following relation between the vertical modes

∞∑
n=−2

fn(ẑ)

Qn
= 0 (−1 < ẑ < 0), (49)

where the series converges as O(n−4) when n → ∞. Differentiating (49) twice and using (29), we
find

∞∑
n=−2

κ2
nfn(ẑ)

Qn
= 0 (−1 < ẑ < 0), (50)

where the series still converges absolutely. Therefore, equations (49) and (50) can be used to
express, for example, vertical modes f−2(ẑ) and f−1(ẑ) through all other modes fn(ẑ) starting from

n = 0. This fact is interesting, however it could be of little use because the products R
(m)
n (r̂)fn(ẑ),

where n ≥ −2, make the solution but not the vertical modes on their own. All the products for
n ≥ −2 are independent and should be included into the solution even if some of the vertical modes
are linearly dependent of others. It would be wrong to start in the series (36) from n = 0 on
the base of (49) and (50). Note that the relations (49) and (50) were mentioned in both [14] and
[15], however all vertical modes starting from n = −2 were included in the solutions. More details
about eigenvalue problems with high-order derivatives in boundary conditions can be found in [21],
chapter 4.

The obtained solution in the form of the series (46) satisfies both the equations of the problem
and boundary and edge conditions. The series in (46) and the series for the required derivatives of
these functions absolutely converge. The only problem left is the problem of the uniqueness of the
obtained solution. To justify that the solution derived in this section is complete, the problem for
the correction functions, φc(r, θ, z, t) and wc(r, θ, t) is solved in the next section by the method of
integral Weber transform employed in [1].
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4. Solution by the Weber transform

The boundary-value problem (20)-(27) for the correction deflections Wm(r) and the correction
potentials Φm(r, z), where m ≥ 0, is solved in this section by using the integral Weber transform in
the radial coordinate r, see [1]. Then the residue theorem is applied to the obtained solution, see
[22] and [23], to prove that this solution is identical to that derived in Section 3 by the vertical-mode
method.

At infinity, r →∞, the correction functions represent waves radiated from the cylinder. These
waves, with their complex amplitudes Am being unknown in advance, decay as r−1/2 with the
distance r from the cylinder. We separate the wave parts in the solution,

Φm(r, z) = Am
cosh[k(z +H)]

k sinh (kH)
H(1)
m (kr) + Φ(e)

m (r, z), Wm(r) = AmH
(1)
m (kr) +W (e)

m (r). (51)

The subscript (e) stands for evanescent parts of the solution, which decay at infinity quicker than
r−1/2. The Weber transform cannot be applied to the correction functions, Φm(r, z) and Wm(r),
see the deflection of the Weber transform by (59) and (60) below, because they decay too slow
at infinity but the transform can be applied to the evanescent parts of the solutions. The new

unknown functions Φ
(e)
m (r, z) and W

(e)
m (r) should satisfy equations (26) and (27), where r > b, and

the bottom condition, ∂Φ
(e)
m /∂z = 0, where z = −H, see first conditions (24). On the surface of

the cylinder, the second condition in (24) and equations (51) give

∂Φ
(e)
m

∂r
(b, z) = −Am

cosh[k(z +H)]

sinh(kH)
H(1)
m
′(kb). (52)

The edge conditions (21) provide

W (e)
m (b) = 1−AmH(1)

m (kb), W (e)
m
′(b) = −AmkH(1)

m
′(kb). (53)

At infinity,
Φ(e)
m

√
r → 0, W (e)

m (r)
√
r → 0 (r →∞). (54)

The notations from Section 3 are used below. Also we introduce µm = H
(1)
m
′(κ0b̂) to make the

formulae more compact. The second edge condition in (53) shows that it is convenient to introduce

new unknown functions Φ
(i)
m (r, z) and W

(i)
m (r) by

Φ(e)
m (r, z) = −AmµmkΦ(i)

m (r, z), W (e)
m (r) = −AmµmkW (i)

m (r). (55)

The new unknown functions satisfy equations (26), (27), boundary conditions (241) and (23), and
the far-field conditions (54). The conditions (242) and (212) read

∂Φ
(i)
m

∂r
(b, z) =

cosh [k(z +H)]

k sinh [kH]
(−H < z < 0), (56)

dW
(i)
m

dr
(b) = 1. (57)

The condition (291) gives the equation for the amplitude Am,

Am[H(1)
m (kb)− µmkW (i)

m (b)] = 1. (58)
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The functions Φ
(i)
m (r, z) and W

(i)
m (r) are obtained by using the Weber transform, see [1], [22],

[23], denoted by long tilde,

W̃
(i)
m (s) =

∞∫
b

rW (i)
m (r)Zm(r, s)dr, (59)

where

Zm(r, s) = Jm(sr)Ym
′(sb)− Jm′(sb)Ym(sr), Zm(b, s) =

2

πsb
,

∂Zm
∂r

(b, s) = 0, (60)

Zm(r, s) → 0 as r → ∞. The transform (59) is defined for functions in r > b, which decay as
√
rW

(i)
m (r)→ 0 where r →∞, see (54). The inverse transform reads

W (i)
m (r) =

∞∫
0

W̃
(i)
m (s)sZm(r, s)D−1m (s)ds, (61)

where Dm(s) = [J ′m(sb)]2 + [Y ′m(sb)]2. We shall determine W̃
(i)
m (s) and show that this function

is real and odd for real and positive s, see (61). Then we shall determine the deflection W
(i)
m (r)

by using the inverse transform (61) and finally find the potential Φ
(i)
m (r, z). Note that the present

method is focused on the deflection but the method of vertical modes is focused on the potential
of the flow beneath the ice, see Section 3.

The Weber transform (59) is applied to equations (26) and (27) written for W
(i)
m r) and Φ

(i)
m (r, z),

see (51) and (55). We use the formulas

˜Sm<f(r)>(s) = −s2f̃(s)− 2

πs
f ′(b),

˜S2
m<f(r)>(s) = s4f̃(s) +

2s

π
f ′(b)− 2

πs

d

dr
(Sm<f(r)>)r=b (62)

from [1] which are valid for any function f(r) defined in r > b and decaying at infinity quicker than

O(r−
1
2 ). Then equation (26), Sm<Φ

(i)
m> +Φ

(i)
m,zz = 0, provides

−s2Φ̃(i)
m + Φ(i)

m,zz =
2

πs
Φ(i)
m,r(b, z) (−H < z < 0), (63)

and the equation (27) gives

L4
c

{
s4W̃

(i)
m (s) +

2s

π
W (i)
m,r(b)−

2

πs

d

dr
(Sm<W

(i)
m (r)>)r=b

}
+

(
1− ω2

ω2
0

)
W̃

(i)
m (s)=

ω2

g
Φ̃
(i)
m (s, 0). (64)

The condition (23) on the ice/water interface and the condition (241) on the bottom yield

Φ̃
(i)
m,z(s, 0) = W̃

(i)
m (s), Φ̃

(i)
m,z(s,−H) = 0. (65)

The right-hand side in (63) is calculated by using (56),

2

πs
Φ(i)
m,r(b, z) =

Pm
s

cosh [k(z +H)], Pm =
2

πk sinh (kH)
. (66)
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The solution of the boundary problem (63), (65) and (66) reads

Φ̃
(i)
m (s, z) = C1(s) cosh [s(z +H)] + C2(s) cosh [k(z +H)], (67)

where

C2 =
Pm

s(k2 − s2)
, C1(s) =

W̃
(i)
m (s)

s sinh (sH)
− Pm
s(k2 − s2)

· k sinh (kH)

s sinh (sH)
. (68)

In particular, on the ice/water interface, z = 0,

Φ̃
(i)
m (s, 0) =

W̃
(i)
m (s)

s tanh (sH)
+
Pm cosh kH

s(k2 − s2)

(
1− k tanh (kH)

s tanh (sH)

)
. (69)

Substituting (69) in (64) and denoting d
dr (Sm<W

(i)
m >)r=b by Vm, we arrive at the following equation

for W̃
(i)
m (s):

W̃
(i)
m (s)R(sH)

sH tanh(sH)

(Lc
H

)4
=
ω2Pm cosh (kH)

gs(k2 − s2)

(
1− k tanh (kH)

s tanh (sH)

)
+

2

πs
L4
c (Vm−s2), (70)

where s is the real positive parameter of the Weber transform. The left-hand side in (70) is equal to

zero at s = k, R(kH) = R(κ0) = 0, see the dispersion relation (9). To avoid singularity of W̃
(i)
m (s)

at s = k, we require that the right-hand side in (70) is also equal to zero at s = k. This gives the
equation for Vm:

L4
c ·

2

πk
Vm = lim

s→k

{
L4
c

2s

π
− ω2

g

Pm cosh (kH)

s(k2 − s2)

(
1− k tanh (kH)

s tanh (sH)

)}

=
2k

π
L4
c −

ω2

gk · 2k
2

πk tanh (kH)
lim
s→k

[
1

k − s

(
1− k tanh (kH)

s tanh (sH)

)]
,

where

lim
s→k

[
1

k − s

(
1− k tanh (kH)

s tanh (sH)

)]
= −1

k

(
1 +

2kH

sinh(2kH)

)
.

By using the dispersion relation (9) and the notations from (10), one finds

H2Vm = κ2
0 +

1 + 2κ0/ sinh(2κ0)

κ2
0(κ4

0 + δ)
(71)

and then (70) provides

sW̃
(i)
m (s) =

{
− 2

π
L4
c(s

2 − k2) +
2

π

ω2

gk · tanh (kH)

[
1− k tanh(kH)/(s tanh (sH))

k2 − s2

+
1

2k2

(
1 +

2kH

sinh (2kH)

)]}
× s tanh (sH)

s tanh (sH)[L4
cs

4 + (1− ω2/ω2
0)]− ω2/g

=
2H2

π

F (ξ)

R(ξ)
, (72)

where

F (ξ) =

(
κ2
0 − ξ2 +

κ4
0 + δ

κ2
0 − ξ2

+ C(κ0)

)
ξ tanh ξ − q

κ2
0 − ξ2

, (73)

R(ξ) = (ξ4 + δ) ξ tanh ξ − q, ξ = sH, κ0 = kH (74)
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C(κ0) =
κ4
0 + δ

2κ2
0

(
1 +

2κ0

sinh (2κ0)

)
, F (κ0) = 0, R(κ0) = 0. (75)

Note that both F (ξ) and R(ξ) are even functions of ξ. Substituting (72) in (61) and using the
following formulae

Zm(r, s)

Dm(s)
=
i

2

[
H

(1)
m (sr)

H
(1)′
m (sb)

− c.c.

]
= −=

[
H

(1)
m (sr)

H
(1)
m
′(sb)

]
,

Zm(r,−s)
Dm(−s)

=
Zm(r, s)

Dm(s)
,

where s > 0, see [22], equation (5.6), and [23], equation (51), and = stands for the imaginary part
of a complex number, we find

W (i)
m (r) = −H

π
=

 ∞∫
−∞

F (ξ)

R(ξ)

H
(1)
m (ξr̂)

H
(1)
m
′(ξb̂)

dξ

 . (76)

Here the derivative H
(1)
m
′(zb̂) has no zeros in the upper half-plane, =z > 0, see figure 9.6 in [19].

Also

H
(1)
m (zr̂)

H
(1)
m
′(zb̂)

∼ 1

i

√
b̂

r̂
eiz(r̂−b̂) (|z| → ∞, 0 < arg z < π).

The product zW̃
(i)
m (z) defined by (72) for real and positive z is continued to the upper half-plane

=z > 0. The continued function decays at infinity, |z| → ∞, and has simple poles at z = κn,
where n = −2,−1, 1, 2, 3, ... and κn are the roots of the dispersion relation (10), R(κn) = 0. Note
that R(κ0) = 0 but z = κ0 is not a pole of the integrand in (76) because F (κ0)/R(κ0) 6= 0. The
integral (76) is evaluated by contour integration in the upper half-plahe =z > 0 and using the
residue theorem,

∞∫
−∞

F (ξ)

R(ξ)

H
(1)
m (ξr̂)

H
(1)
m
′(ξb̂)

dξ = 2πi
∞∑

n=−2,n 6=0

F (κn)

R′(κn)

H
(1)
m (κnr̂)

H
(1)
m
′(κnb̂)

.

Using the functions (34), we obtain

W (i)
m (r) = −2H<

 ∞∑
n=−2,n 6=0

κnF (κn)

R′(κn)
R(m)
n (r̂)

 . (77)

The terms of the series in (77) are real for n ≥ 1, see (35), (73) and (74). For n = −2 and n = −1
we use the relations κ−2 = −κ−1,

F (−z) = F (z), R′(−z) = −R′(z), F (z̄) = F (z), R′(z̄) = R′(z), R
(m)
−2 (r̂) = R

(m)
−1 (r̂)

which provide that the series in (77) is real and, therefore, the operation < can be dropped.
Substituting (77) and (55) in (51), we find

Wm(r) = Amµmκ0

R(m)
0 (r̂) +

∞∑
n=−2,n6=0

2κnF (κn)

R′(κn)
R(m)
n (r̂)

 , (78)

where the amplitude Am of the outgoing wave is defined by the condition Wm(b) = 1, see (58).
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Equations (73) and (74), where ξ = κn, n 6= 0, yield

R(κn) = 0, R′(κn) = 2q2κnQn/(κ4
n + δ), F (κn) = q(2κ2

0 + C(κ0))/(κ4
n + δ),

and then
2κnF (κn)

R′(κn)
=

2κ2
0 + C(κ0)

qQn
,

where Qn, n ≥ −2 are given by (33). It can be shown by using (75) and (74) that 2κ2
0+C(κ0) = qQ0

and finally
2κnF (κn)

R′(κn)
=
Q0

Qn
. (79)

Substituting (79) in (78), we find

Wm(r) = Amµmκ0Q0

∞∑
n=−2

R
(m)
n (r̂)

Qn
. (80)

Here Amµmκ0Q0 = gm which follows from the condition Wm(b) = 1. Therefore, the deflection (80)
obtained by the Weber transform and the deflection (46) obtained by the vertical-mode method
are identical.

The method of the vertical modes is simpler that the method of this section. The vertical-mode
method can be used to solve problems for a circular cylinder with different conditions on the contact
line between the ice plate and the surface of the cylinder.

5. Ice plate with free-free edge at the cylinder

The problem (1)-(9) of a linear hydroelastic incident wave interacting with a single vertical circular
cylinder, which was formulated in Section 2, is considered here for the free-free conditions on the
contact line between the ice plate and the surface of the cylinder being. Only the edge conditions
(7) are different now. They are changed to

Vr(b, θ, t) = 0, Mr(b, θ, t) = 0, (81)

where

Vr = Qr +
1

r

∂Mrθ

∂θ
, Qr = −D ∂

∂r
(∇2w), Mrθ = −D(1− ν)

∂

∂r

(
1

r

∂w

∂θ

)
,

Mr = −D
(
∂2w

∂r2
+ ν

(
1

r

∂w

∂r
+

1

r2
∂2w

∂θ2

))
, (82)

Vr is the Kelvin-Kirchhoff edge reaction, Qr is the transverse shearing force, Mrθ is the twisting
moment and Mr is the bending moment, see [24].

The solution of the formulated problem is sought in the form (18) where w0(r, θ, t) and φ0(r, θ, z, t)
are given by (12), (13) and (17). The correction deflection and potential, wc(r, θ, t) and φc(r, θ, z, t),
are sought in the forms (20) and (22), where Wm(r) and Φm(r, z) satisfy (23), (24), (26) and (27).
The conditions at r = b follow from (81). The condition Mr(b, θ, t) = 0 yields

W ′′m +
ν

b
W ′m −

νm2

b2
Wm = −k2 − m2

b2
(ν − 1), (83)
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and the condition Vr(b, θ, t) = 0 yields

W ′′′m +
1

b
W ′′m −

1 + (2− ν)m2

b2
W ′m +

(3− ν)m2

b3
Wm =

(1− ν)m2

b3
. (84)

The notations and formulae are the same as in the Section 2 except the edge conditions at r = b.
The analysis of Section 3 up to equation (39) is independent of edge conditions and can be used

in the present problem with free-free edge as well. We conclude that the solutions, Wm(r) and
Φm(r, z), are given by (36) and (37), where the coefficients Cn are given by (41) and (42). However,
now both the second and third terms in (42) are not zero. We denote

∂3

∂ẑ3

(
∂Φm

∂r̂

)
(b̂, 0) = qHgm,

∂

∂ẑ

(
∂Φm

∂r̂

)
(b̂, 0) = qHνm, , (85)

where gm and νm are to be determined as part of the solution. Then equations (41) and (42)
provide

Cnm = H(gm + νmκ2
n)/Qn,

and the equation (37) gives the deflection as

Wm(r) = gmW
(1)
m (r) + νmW

(2)
m (r), (86)

W (1)
m (r) =

∞∑
n=−2

R
(m)
n (r̂)

Qn
, W (2)

m (r) =
∞∑

n=−2

κ2
nR

(m)
n (r̂)

Qn
. (87)

The formula (86) is valid for any edge conditions. The functions W
(1)
m (r) and W

(2)
m (r) are indepen-

dent of the type of edge conditions. Note that W
(1)
m (r) appeared in the solution of the problem

with clamped edge, see equation (46). In particular, W
(1)
m
′(b) = 0, see (47). Substituting (86) and

(87) in (85), we find that the following equalities should be hold,

∞∑
n=−2

κ2
n

Qn
= q,

∞∑
n=−2

κ4
n

Qn
= 0. (88)

These equations should be checked numerically together with (47), in order to validate numeri-
cal calculations. All information about edge conditions contains in the coefficients gm and νm.
Equations for these coefficients are obtained by substituting (86) in the edge conditions.

Substituting (86) in (83) and (84), using (30) for the derivatives of R
(m)
n (r̂) and equalities (47)

and (88), we obtain the equations with respect to gm and νm,(
(1− ν)m2

b̂3
L
(m)
0 − q

)
gm +

(
(1− ν)m2

b̂3
L
(m)
1 +

(ν − 1)m2

b̂2
q

)
νm =

1− ν
b̂3

m2, (89)

(
(1− ν)m2

b̂2
L
(m)
0 − L(m)

1

)
gm +

(
(1− ν)m2

b̂2
L
(m)
1 − L(m)

2 +
ν − 1

b̂
q

)
νm = −κ2

0 +
1− ν
b̂2

m2, (90)

where

L(m)
p =

∞∑
n=−2

κ2p
n

Qn
R(m)
n (b̂) (p = 0, 1, 2), lp =

∞∑
n=−2

κ2p
n

Qn
. (91)

The system of linear equations (89) and (90) can be simplified. For m = 0 the system gives
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g0 = 0, ν0 =
κ2
0

L
(0)
2 + (1− ν)q/b̂

. (92)

For m ≥ 1 the system takes the form(
L
(m)
0 − qb̂3

(1− ν)m2

)
gm + (L

(m)
1 − b̂q)νm = 1, (93)

(L
(m)
1 − b̂q)gm +

(
L
(m)
2 − (1− ν)(m2 − 1)

b̂
q

)
νm = κ2

0 . (94)

The coefficients gm and νm do not decay as m → ∞. Indeed, the asymptotic behaviour of the
Bessel functions with large order, see [19], provides

R(m)
n (b̂) ∼ − b̂

m
(m→∞),

and then

L(m)
p ∼ − b̂

m
lp (m→∞),

where, l0 = 0, l2 = 0 and l1 = q, see (47) and (88). We conclude that

L
(m)
0 ∼ −qb̂3/(2m3), L

(m)
2 = o(m−1), L

(m)
1 ∼ b̂q/m (m→∞).

The obtained asymptotic formulae and the equations (90), (93) yield

gm ∼ −
2m3

qb̂3
1− ν
5− ν

, νm ∼
2m

qb̂

1

5− ν

as ν →∞. A special care is needed to solve the system (93) and (94) for large m.
Equations (86), (87), (93) and (94) solve the problem of incident hydroelastic wave diffraction

by a vertical circular cylinder which is not connected to the ice plate.

6. Numerical results

The hydroelastic behaviour of the ice cover around a circular cylinder in an incident linear wave is
investigated numerically for a sea ice with density ρi = 917 kg/m3, Young ’s modulus E = 4.2×109

N/m2, Poisson’s ratio ν = 0.33 and thickness 1.5 m. The mass of the ice sheet per unit area
is m = 1375.5 kg/m2. The water density is ρ = 1026 kg/m3, water depth is H = 15 m. The
characteristic length of this ice plate is Lc = 19.05 m, and the frequency of broken ice is ω0 = 2.7
1/s.

The calculations were performed for 0 < kH < 1.4, where all roots of the dispersion relation
(10) are single and the real part of κ−1 is not small. Cases, where some roots are either close to
each other or are double/triple, are not considered here. For example, there is a triple root of the
dispersion relation at κ ≈ 2.28i for q ≈ 79.47 and δ ≈ 2.89. These values correspond to the wave
frequency ω = 2.28 1/s and ice thickness 50 cm. The conditions of double and triple roots of the
dispersion relation (10) were studied in [3]. It is not clear how to define the vertical modes, see
Section 3, in the case of double/triple roots of the dispersion relation (10).
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Fig. 2 The series l0(kH), l1(kH)− q and l2(kH).

The roots of the dispersion relations are computed for κ0 = kH starting from 0.01 with step
0.01. For each value of κ0, we calculate ω using the dispersion relation (9) and the parameters q
and δ. For small κ0, which is for long waves, the frequencies ω and the dimensionless parameter
q are small and δ is positive. The following asymptotic formula for the complex root κ−1 can be
derived

κ−1 = κ−10 + qκ−11 + q2κ−12 +O(q3) (q → 0), (95)

κ−10 = δ
1
4 (1 + i)/

√
2, κ−11 = − 1

4δ tanh(κ−10)
,

κ−12 = −κ2
−11

(
1

tanh(κ−10) cosh2(κ−10)
+

5

2κ−10

)
.

This formula provides initial guess for the root κ−1 when kH = 0.01. A better approximation of
this root is obtained by the Newton method. The iterations stop when the distance between two
successive approximations of the dimensionless root is less than 10−14. Then we make a step in
kH and take the value of the root from the previous step as the initial guess. Note that κ0 = kH.
In the regular case of all single roots and δ > 0, the pure imaginary roots κn, n ≥ 1, are close to
πni and can be calculated by an iteration method. To validate the numerical values of the roots,
we calculate the series (47) and (88). They are denoted as lp in (91). These series are shown in
Figure 2 as functions of kH. It is seen that the accuracy of the root calculations is very good for
long waves. For shorter waves the accuracy is still acceptable even without special treatment of the
series. The root κ−1 is calculated with accuracy 10−15 and the roots on the imaginary axis with
the accuracy 10−16.

The strain distribution around the cylinder in incident waves is important to estimate the
possibility for the ice to be broken due to the wave-structure interaction. The yield strain for ice,
ε∗r , is estimated as 8×10−5, see [1]. On the contact line of the cylinder frozen in ice, only the radial
strain component, εr(θ, t) = 0.5hiwrr(b, θ, t), is not equal to zero. Within the linear model of the
present study, the strain reads

εr(θ, t) =
hi

2H2

∞∑
m=0

<

[
Lm(t)

(
L
(m)
1

L
(m)
0

− κ2
0

)]
cos (mθ),

where L
(m)
0 and L

(m)
1 are given by (91).

The amplitudes of the radial strains as functions of the polar angle θ are shown in Fig. 3 for the
radius of the cylinder b = 2 m, wave amplitude of 1 cm, the non-dimensional wave number kH = 1
in Fig. 3a and kH = 0.7 in Fig. 3b, and different thicknesses of the ice cover. The wave length,
λ = 94.25 m for kH = 1 and λ = 134.64 m for kH = 0.7, is much greater than the cylinder radius,
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Fig. 3 The radial strain amplitudes at the contact line as functions of the angular coordinate θ for
H = 15 m, b = 2 m, A = 1 cm, the ice thickness hi = 0.2, 0.5, 1 m, and (a) kH = 1; (b) kH = 0.7.

The dashed circular line is for the yield strain 8× 10−5.

b = 2 m, in these computations. It is seen that the strains are greater and more non-uniform for
thicker ice. The stresses are greater than the yield stress ε∗r in all cases. Note that the strains
depend linearly on the wave amplitude A. Then the wave of 94 m length does not damage the
ice contact with the cylinder for hi = 1 m if the wave amplitude is smaller than 4 mm, see Fig
3a. However, this rule works only if the strains in the incident wave are smaller than the yield
strain. In the sinusoidal incident wave (8), the maximum strain is 2π2hiA/λ

2. For ice 1 m thick
this maximum is smaller than the yield strain ε∗r if A(m) < 4 × 10−6λ2(m). For example, in the
conditions of the present calculations, the amplitude of the incident wave cannot be larger than
35 mm for λ = 94 m. In other words, a hydroelastic wave of length 94 m can propagate in ice cover
with hi = 1 m only if its amplitude is below 35 mm. The waves of larger amplitude do not exist
because they would break the ice cover. Interestingly, the linearisation parameter of the problem
kA cannot then be larger than ε∗rλ/(πhi) and, therefore, nonlinear effects might be important for
very long waves and/or thin ice cover. For example, for hi = 1 m, we find that propagating waves
exist with kA < 0.1 if the wave length is larger than 250 m. Therefore, for waves with length greater
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than 250 m, their amplitudes can be large enough to justify nonlinear effects with the strains in
the wave being below the yield strain.

In the problem of Section 5, the deflection, w(b, θ, t), of the free edge of the ice plate is given
by equations (13), (17), (18), (19), (86), and (87),

w(b, θ, t) =

∞∑
m=0

<
[
Lm(t)

(
1−Wm(b)

)]
cos(mθ),

where Wm(b) is given by (86). The amplitude of the edge deflection is shown in Figure 4 in the
polar coordinates for H = 15 m, hi = 1.5 m, b = 10 m, and incident wave amplitude 1 cm. The in-
cident wave propagates from left to right. The calculations were performed for three wavenumbers
kH = 0.5, 1 and 1.2. It is seen that the deflection amplitude at the cylinder is close to the wave
amplitude for long waves, which is shown by the unit dashed circle in the figure, and may exceed it
twice for short waves. The shortest wave here is still more than five times longer than the diameter
of the cylinder.

Fig. 4 Deflection (in cm) of the free ice edge in polar coordinates for kH = 0.5, 1.0, 1.2. The dashed

circular line is for the deflection amplitude without the cylinder.

7. Conclusion

The problems of flexural-gravity waves and their interactions with a vertical circular cylinder
have been investigated. The solutions of these problems were obtained by the method of vertical
modes and by using the Weber integral transform. It was shown that the solutions by these two
methods are identical for clamped conditions at the contact line between the ice sheet and the
cylinder surface.

The method of the vertical modes is simpler than the integral transform method. However,
the use of the orthogonality condition is not straightforward. One needs to prove that the solution
obtained by the vertical-mode method does satisfy all equations and the boundary conditions either
by direct substitution, see [3], or by comparing it with the solution obtained by another method.
Justification of the vertical-mode solutions by direct substitution can be complicated and not
feasible for vertical cylinders with non-circular cross sections [20] and for several cylinders frozen in
ice. Even for a single circular cylinder with mixed boundary conditions at the contact line between
the cylinder and the ice plate, where ice is clamped to the cylinder only along an interval, both the
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vertical-mode solution and its justification could be complicated. Also the vertical-mode method
requires homogeneous conditions on the ice/water interface, which is an important limitation of
the method.

Fig. 5 A circular cylinder frozen in semi-infinite ice cover and exposed to an incident water wave.

The problem studied in this paper is simplified, see [25]. A more practical problem is sketched
in Fig. 5, where a vertical cylinder is placed in an ice field at a distance from the edge of the ice
half-plane. This problem can be solved approximately for a given amplitude Aw and frequency ω
of an incident water wave. By using the solution of the two-dimensional problem of a water wave
diffracted by the edge of a floating elastic plate, we can find the amplitude A and the wave number
k of the transmitted wave without the cylinder, see [26]. Note that the ice inertia is neglected in
[26]. Then the transmitted flexural-gravity wave is considered as the incident wave for the cylinder,
and the wave/cylinder interaction problem is solved by the methods of this paper. Let the distance
d of the cylinder from the edge of the ice field be much greater than the water depth H and the
radius of the cylinder b. The waves diffracted by the cylinder interact with the edge of the ice field
and generate secondary incident waves. These secondary waves can be neglected if the cylinder is
far enough from the ice edge.
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