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Abstract

Three-dimensional nonlinear flexural-gravity waves generated by mov-
ing loads on the surface of an ice cover floating upon water of infinite
depth are computed using a boundary integral equation approach. A hy-
brid preconditioned Newton-Krylov (HPNK) method is used to increase
the speed of the numerical computations. The effect of variable ice cover,
focusing on ridge and channel configuration is investigated. In addition,
we consider different distributions of pressure to model the moving loads
to determine configurations which lead to smaller deflections, reducing
the strain in the ice.

1 Introduction

In many polar regions, such as Northern Canada, frozen bodies of water act as
natural, cost-effective alternatives to paved transport routes, providing critical
connectivity to remote communities and industry [26]. This network of winter
roads, part ice-covered waterways and part terrestrial, enables the transporta-
tion of up to a year’s worth of critical supplies during their short operational
period lasting only a few months [5]. However, the segments built partially over
water are becoming increasingly vulnerable to climate change [1], with their
yearly lifespan declining due to decreasing ice thickness and consequent load
transport restrictions [5, 12, 13, 15]. The response of ice to such transport loads
hinges on its properties and load characteristics [3].

The study of hydroelastic waves has a long history, starting with Greenhill
[14] (see [30] for an overview). There are many experimental studies in the
field investigating the waves generated by moving single or multiple loads with
constant or variable speed on floating ice (see e.g. [4, 6, 31]). More recently,
these waves have also been observed from satellite [2, 35]. The wave patterns
generated by the moving loads have been found using asymptotic methods (see
e.g. [8]) and by deriving full dispersive models [9]. More recently, the waves
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generated by moving loads in a curved trajectory have been investigated by [16].
The deflections and stresses generated by a moving load in a channel of uniform
or variable thickness has been studied for the linearised problem [17, 27, 29].

Our work investigates flexural-gravity or hydroelastic waves generated by a
moving pressure described by the three-dimensional Euler equations that de-
scribe an inviscid, incompressible and irrotational fluid. The effects of a thin
ice plate are incorporated as a surface condition within the Bernoulli equation.
While many models exist for the flexural term modelling the ice plate [10, 18, 32],
we use the linear elastic plate model. We employ a boundary integral formu-
lation, described by Forbes [11] and used later to compute three-dimensional
solutions for nonlinear gravity waves [19], capillary-gravity forced [23] and soli-
tary [21, 22] waves, and flexural-gravity waves [20].

In particular, we examine waves generated by a moving load over a floating
ice cover, focusing on the spatially varying properties of the ice cover and a
variety of load configurations modelled as a pressure distribution. By incorpo-
rating a smooth function corresponding to the flexural rigidity of the ice cover,
we examine the wave patterns produced for both ridge and channel-type config-
urations. Further, we investigate how varying the load dimensions or spreading
it across multiple loads can reduce the strain induced on the ice, thereby pre-
venting it from fracturing.

With more advances in technology, the problem of computing three-dimensional
wave patterns has regained popularity with the application of iterative solvers
and preconditioning techniques for modeling ship wakes without ice cover [7, 24]
as well as more complex flexural-gravity waves [33]. The work by [33] developed
a novel method of treating the flexural term in the equations to efficiently gen-
erate the preconditioner for flexural-gravity waves. Our present work aims to
exploit the performance gains achieved using the hybrid preconditioned Newton
Krylov (HPNK) method [33] to rapidly probe various parameters modelling a
wide range of physical conditions.

This paper is organised as follows. In Section 2, we show the set of equations
we use to model the waves including models for ice as well as introduce the
strain calculations and briefly discuss the computation methods used as these
are discussed in [33]. In Section 3, we present the typical wave patterns for ice
roads where the flexural rigidity varies and present some sample configurations
of pressures that lead to reduced strains. We conclude in Section 4.

2 Formulation

We consider three-dimensional flexural-gravity waves generated by a load mov-
ing at speed U in the negative x-direction on top of ice covering water of infinite
depth. The load is represented by

p(x, y) =

P0e

L2
x

(x2−L2
x)

+
L2
y

(y2−L2
y) , |x| < Lx and |y| < Ly

0 otherwise,

(1)
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where Lx is parallel to direction of travel, Ly is perpendicular to direction of
travel, and P0 represents the mass of the load and its dimensions. Gravity g acts
in the negative z-direction, as shown in Figure 1. We assume water is of density
ρ and the coefficient of flexural rigidity is given by D = Eh3

/
12(1− ν2) , which

includes Young’s modulus of elasticity E, the Poisson ratio ν, and thickness of
the ice sheet h. We use L = Ly as the characteristic length and U as char-
acteristic speed to non-dimensionalise the problem, resulting in the following
parameters

ϵ =
P0

(ρU2)
, F =

gL

U2
, β =

D

ρU2L3
, (2)

where ϵ characterizes the strength of the disturbance, F is an inverse length-
based Froude number, and β captures the resistance of the ice to bending [20,
32, 33].

ρ

yg p ↓↓
ζ(x, y)

z

x

y

U

Figure 1: Sketch of the problem with axes and important quantities as labelled.

Assuming the velocity potential is Φ(x, y, z) and the surface is z = ζ(x, y)
with the schematic given by Figure 1, the non-dimensional Euler equations for
an inviscid, incompressible irrotational fluid in a frame of reference moving with
the load are

∇2Φ = 0 on −∞<z<ζ(x, y), and x, y ∈ R (3)

Φxζx +Φyζy = Φz on z = ζ(x, y), (4)

1

2

(
Φ2

x +Φ2
y +Φ2

z

)
+ Fζ + Pflex + ϵp =

1

2
on z = ζ(x, y), (5)

(Φx,Φy,Φz) → (1, 0, 0), ζ → 0 as x → −∞ (6)

(Φx,Φy,Φz) → (1, 0, 0), as z → −∞. (7)

The term describing the effects due to the ice cover is given by

Pflex = β∇4ζ = β(∂xxxx + ∂yyyy + 2∂xxyy)ζ. (8)

In this work we neglect the inertia of the elastic plate as we are interested in
waves whose wavelength is much larger than the ice thickness h. It can be shown
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that if the thickness of the ice is variable, hence β = β(x, y), the flexural term
can be modelled by

Pflex = ∇2
(
β∇2ζ

)
≈ β∇4ζ

when the variation of β in x and y is small (see e.g. [25]).

2.1 Strain

In the linear thin elastic plate model for ice, assuming the Kirchhoff hypothesis is
satisfied, the mid-plane (i.e., halfway through its thickness at z = h/2) remains
unstrained under subsequent bending [34]. Therefore, the maximum strain at
any (x, y) position is located on the surface of the ice, with the most relevant
strains being the positive ones corresponding to elongation of the ice surface
and tensile stresses within the ice [28]. The strain tensor, which is written in
matrix form as equation (9),

ε(x, y) = − h

2L

(
ζxx(x, y) ζxy(x, y)
ζxy(x, y) ζyy(x, y)

)
= − h

2L
ε(x, y). (9)

This results in a 2×2 strain tensor describing the state of strain at each point in
the profile. Then the maximum strain in the ice sheet is calculated by evaluating
the eigenvalues λmax of ε at each location [28], which we refer to as unscaled
strain.

2.2 Computational Method

We seek solutions to equations (3) to (7) in a frame of reference moving with the
disturbance. We use the boundary-integral equation method [11, 19] where we
set the velocity potential on the variable surface equal to ϕ(x, y) = Φ(x, y, ζ(x, y)).
resulting in equations provided in [20, 33]. The functions ζ(x, y) and ϕ(x, y)
are represented by discrete values ζk,ℓ and ϕk,ℓ evaluated at the mesh points
(xk, yℓ) defined by xk = x1 + (k − 1)∆x and yℓ = (ℓ − 1)∆y for k = 1, . . . , N
and ℓ = 1, . . . ,M , where ∆x and ∆y are the spacing between mesh points.
We choose the first point in the x-direction to be sufficiently upstream so that
the waves are assumed to decay to approximately zero amplitude there and we
reflect solutions in the y = 0 axis of symmetry.

Numerical discretization of these reformulated equations leads to a sys-
tem of equations that we solve using the hybrid preconditioned Newton-Krylov
(HPNK) method developed in [33]. The ordering convention follows [24] wherein
the values of the functions ζ1,ℓ and ϕ1,ℓ at the upstream boundary of the trun-
cated domain are placed before the derivatives (ϕx)k,ℓ and (ζx)k,ℓ of the cor-
responding slice, then the values of ϕ and ζ are obtained via trapezoidal rule
integration. This ordering allows us to optimize our scheme to obtain a sparser
Jacobian structure as described in [24].

The hybrid method for generating the preconditioner combines the linearised
Jacobian of the gravity waves problem (without ice) where each element can be
determined analytically, and the flexural contribution capturing the effects due
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Figure 2: Dimensionless phase speed given by c =
√
F/k + βk3 in black corre-

sponding to F = 0.7 and β = 0.5 with the red line denoting the constant speed
of the load U < cmin.

to the presence of the ice sheet, which is determined numerically using finite
differences [33]. The advantage of this approach is that the various physical
conditions we are interested in exploring only involve the flexural contribution,
which can be computed quickly since it does not involve the nonlocal equations.
The analytical formulae are used for all entries of the contribution to the pre-
conditioner without ice (gravity waves) as in [24] and these entries only depend
on the parameters of the mesh.

3 Results

We present solutions for flexural-gravity waves generated by a load moving at
speed U < cmin, where cmin denotes the minimum speed prescribed by the
dispersion relation for linear flexural-gravity waves in infinite depth. Using the
non-dimensional quantities, it is

c2min =
4

3

(
3βF 3

) 1
4 . (10)

Figure 2 shows the non-dimensional phase speed in black to F = 0.7 and β = 0.5
with cmin ≈ 1.06 (and U = 1). In this regime, we expect localised wave patterns
and no waves in the far field, also avoiding resonances between the flexural and
gravity contributions.

Our investigation considers the implications of heterogeneous ice properties
and diverse load configurations. Firstly, in Section 3.1, we allow for a continuous
spatial variation of the ice sheet thickness in the y-direction, i.e., perpendicular
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to the direction of motion of the load, and assume the load has a length to width
ratio of Lx/Ly = 1. We use logistic functions to model the properties of the ice
and choose parameters corresponding to ridge or channel-type configurations;
ice is represented by β = 1 and open water by β = 0. Next, in Section 3.2.1,
we investigate an uniform ice sheet characterized by β = 0.5, and explore the
responses generated by different load configurations. We consider the case where
the individual load length to width ratio Lx/Ly is varied, and the case of
dual load configurations (when Lx/Ly = 1) in which the loads travel either
consecutively or adjacent to each other.

3.1 Non uniform ice plate: varying channel or ridge con-
figurations

We investigate deflection patterns due to a load described by equation (1) with
Lx/Ly = 1 moving uniformly along the y = 0 symmetry axis, when the prop-
erties of ice are allowed to vary in space. Different physical or mechanical
properties of heterogeneous ice cover can be taken into account, e.g., variable
ice thickness, which are reflected through the nondimensionalized flexural rigid-
ity. In Section 2 we have formulated the problem in the frame of reference
moving with the load, so to allow for clear interpretation of our travelling wave
solutions, we restrict or investigation to varying the properties of the ice cover
perpendicular to the direction of motion using the logistic function

β = β(y) =
1

1 + eγ(y−
yM
2 +σ)

∈ [0, 1] for y > 0, (11)

reflecting the function about y = 0, where γ characterises the steepness of the
curve and (yM/2 − σ) is the midpoint defining the transition halfway between
solid ice (β = 1) and open water (β = 0). Using equation (11), we consider two
different configurations representative of a “ridge”(γ > 0) or “channel”(γ < 0)
as shown in Figure 3. In our investigation, we observed that the nature of the
wave pattern is determined predominantly by the extent of the channel or ridge
(see Figure 3) which is determined by the parameter σ. As such, we consider
a fixed slope and range for β(y) ∈ [0, 1] and vary the dominant parameter σ.
Note that we have assumed symmetry about y = 0 for β(y) which may not
always be physically realistic. Since the goal was to compare with previous
work for homogeneous ice as in [32, 33], we also used the same symmetry to
obtain results with similar resolution and mesh sizes for varying β(y). However,
this restriction does not have to be made and any β(y) can be used with the
methods shown in this work.

In considering the ridge-type configurations shown in Figure 3a with γ = 3
and σ = −4, 0, 4, 8, we obtain the wave patterns shown in Figures 4a - 4d where
we see that the effect of gradually narrowing the width of the ridge leads to
a transition between a compact wave pattern, typical to waves under ice for
U < cmin, to one that resembles a Kelvin wake in open water. The three-
dimensional solutions were computed on a mesh size of 121 × 61 with uniform
grid-spacing ∆x = ∆y = 10/31.
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(a) Ridge functions with γ = 3 (b) Channel functions with γ = −3

Figure 3: Varying flexural rigidity β(y) with γ = ±3, σ = −4, 0, 4, 8.

(a) σ = −4 (b) σ = 0

(c) σ = 4 (d) σ = 8

Figure 4: Flexural-gravity waves for U < cmin computed on a 121 × 61 mesh
with spacing ∆x = ∆y = 10/31 and dimensionless F = 0.7, for a pressure
distribution with Lx/Ly = 1 and ϵ = 1 where we model a ridge with γ = 3,
σ = 0, 4, 6, 8.

Next, we consider the channel-type configurations shown in Figure 3b using
γ = −3 and varying σ = −4, 0, 4, 8 in equation (11). The corresponding three-
dimensional surface profiles in Figures 5a-5d show the effect of varying the
width of the channel on wave patterns. These wave patterns transition between
something resembling a Kelvin wake behind a moving pressure as in Figure 5a,
through a more complicated pattern as in Figure 5c, to an almost periodic train
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of waves in the x direction as in 5d. This can be explained by considering that
in the limit of a very narrow channel, the y direction becomes unimportant so
only variations in x remain.

(a) σ = −4 (b) σ = 0

(c) σ = 4 (d) σ = 8

Figure 5: Flexural-gravity waves computed on a 121 × 61 mesh with spacing
∆x = ∆y = 10/31 and in the regime U < cmin with F = 0.7 generated by a
pressure with Lx/Ly = 1 and ϵ = 0.1. Channel parameters are γ = −3 and
σ = −4, 0, 4, 8, with σ = 8 the most narrow.

It is worth mentioning that other variations in β(y) functions were also
tested, for example considering a sinusoidal variation. However, it was found
that this did not lead to quantitatively different wave profiles even if the period
or amplitude of the function were varied. Instead, the wave patterns resembled
those that would be obtained for a constant β(y) which would take on the value
of the average of the sinusoidally varying function.

3.2 Uniform ice plate: varying load configuration

3.2.1 Varying individual load dimensions

In this section, we consider the effect of varying the dimensions a load of mass
Ms, assuming a localised form of the pressure given by equation (1). Due to our
non-dimensionalisation, L = Ly = 1 and we investigate the effect of varying the
length of the load Lx via the ratio Lx/Ly . To keep the vertical force exerted
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by the moving load on ice constant |F| :=
∫ ∫

A
p(x, y)dA = Mg we obtain

|F| =
∫ Lx

−Lx

∫ Ly

−Ly

P0e
L2
x

x2−L2
x e

L2
y

y2−L2
y dx dy = P0LxLy

(∫ 1

−1

e
1

t2−1 dt

)2

≈ P0LxLy0.197131.

So, for a moving load of mass M ,

ϵ =
P0

ρU2
=

Mg

LxLy
· 1

0.197131
· 1

ρU2
. (12)

We impose the mass of the load to remain constant as the length of the load
is varied. We normalise the pressure distribution as shown in Figure 6 depict-
ing the centrelines p(x, 0) of the different pressure distributions examined for
Lx/Ly = 1, 2, 6, 12, 23.52, where the value Lx/Ly = 23.52 for the chosen do-
main corresponds to the pressure spanning 98% of the domain in the x-direction.

All solutions presented were computed on a 160 × 80 mesh with uniform
spacing ∆x = ∆y = 0.3 and x0 = −24 on a domain symmetric in y. We assume
that the load is moving in the U < cmin regime (where only a localised response
is predicted), using the dimensionless parameters F = 0.7 and β = 0.5.

Figure 6: Centrelines of pressure distribution p(x, 0) for varying Lx/Ly .

Three-dimensional forced wave solutions for the surface profiles in Figure 7
show that that the pattern remains localised as the length of the load is varied
with Lx/Ly = 1, 6, 12, 23.52. The base case Lx/Ly = 1 for a load with equal
length and width is shown in Figure 7a. We see that as the length of the load
increases, the maximum amplitude of the depression decreases as expected since
the pressure distribution is applied over a larger area. We note that the solution
in Figure 7d with Lx = 23.52 converges to the same wave profile when the length
of the computational domain was extended in the x-direction.

The centreline plots in Figures 8a and 8b provide a clear comparison of solu-
tions for different Lx/Ly ratios which illustrates the decrease in the maximum
amplitude of depression as the value of Lx/Ly is increased. Consequentially,
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(a) Lx/Ly = 1 (b) Lx/Ly = 6

(c) Lx/Ly = 12 (d) Lx/Ly = 23.52

Figure 7: Flexural-gravity waves computed a 160× 80 mesh with uniform grid
spacing ∆x = ∆y = 0.3 for load distributions with Lx/Ly = 1, 2, 6, 12, 23.52.
As Lx increases, the maximum amplitude of the depression decreases.

the reduction in the maximum amplitude of depression corresponds to a de-
crease in the maximum absolute eigenvalue max

k,l
|λ(xk, yl)| of the strain tensor

equation (9) evaluated at each (xk, yℓ) point on the domain as shown in Figure
9. Please note that for simplicity, we present in this figure and the following
ones the unscaled strain ε which needs to be multiplied by h/2L to obtain the
physical strain ε.

Interestingly, as we increase the Lx/Ly ratio, in Figure 9 we find that the
absolute magnitude of the maximum eigenvalues decays towards zero. As this
decrease in strain can be shown to fit an exponential decay, this means that
when the load distribution is Lx/Ly = 12, the strain has already decreased to
less than 90% of the original value, so any further increase in Lx/Ly will have
diminishing effects on the value of strain.

3.2.2 Multiple pressure distributions

Finally, we consider what happens if the load is modelled by a linear combination
of the pressure distributions pn centered at the points (x, y) = (xn, yn) defined
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(a) ζ(x, 0) centrelines

(b) ζ(0, y) centrelines

Figure 8: Centrelines shown for Lx/Ly = 1, 2, 6, 12, 23.54.

by

pn(x, y) =

ϵne

L2
x

((x−xn)2−L2
x)

+
L2
y

((y−yn)2−L2
y) , |x− xn| < Lx, |y − yn| < Ly

0 otherwise.

(13)
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Figure 9: Plot of the maximum eigenvalue λ for the unscaled strain for different
pressure distributions with varying Lx/Ly = 1, 2, 6, 12, 23.52. computed on a
160× 80 mesh with ∆x = ∆y = 0.3.

We consider dual load configurations where both loads have the same mass (i.e.,
ϵ1 = ϵ2 = 1) and length to width ratio Lx/Ly = 1.

We first explore consecutive loads travelling along the y = 0 axis with the
same uniform speed U < cmin. The total pressure distribution for the dual
load configuration centred about the origin is defined using equation (13) by
p(x, y) = p1(x, y;x1, 0, ϵ1)+p2(x, y;x2, 0, ϵ2) where x1 = −x2 such that the loads
maintain a distance d = x2 − x1 from one another. The wave patterns for two
consecutive loads travelling at various separation distances d = 0, 2, 4, 8, 10, 12
are shown in Figures 10a - 10f.

The trivial case shown in Figure 10a with d = 0 corresponds to doubling ϵ for
an individual load, which results in a larger amplitude of deflection. Figure 10b
shows the response when d = 2, representing the scenario in which two loads are
“attached”in the sense that the tails of their individual pressure distributions
(p1 and p2) are slightly overlapping.

As we increase the distance between the pressure distributions, we observe
destructive and constructive interference pattern. In the case of Figure 10c,
destructive interference leads to the smallest wave amplitude for the separations
considered, which suggests this is an ideal load distribution for minimizing the
deflections in ice. Conversely, Figure 10d, shows the waves generating by moving
pressures for d = 8 can constructively interfere and potentially lead to a larger
strain. The maximum amplitudes of the depressions produced by two loads
travelling at distances beyond d = 12 shown in Figure 10f approximate that
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of an individual load since the localised wave pattern produced by each load
no longer interact. Comparisons of these surface profiles are depicted by the
centrelines in Figure 11a and Figure 11b.

Analysing the eigenvalues λ of the unscaled strain tensor given in equa-
tion (9) for different separation distances between the pressures travelling one
after the other, we obtain the results shown in Figure 12. We observe that for
a separation of d = 3 we obtain the smallest unscaled strain, which corresponds
to the regime in which the two pressures maximally destructively interfere. For
d = 0, the eigenvalue is almost twice the case when there is only one pressure
(≈ 0.55) as seen in Figure 9 for Lx = Ly = 1. Overall, the successive maxima
and minima corresponding to constructive and destructive interference decay in
amplitude as the load separation distance is increased, to the case where the
load is applied in only one place. This implies there are ways to distribute the
load that can decrease or increase the strain on ice.

We also consider pressure distributions modelling two loads travelling side-
by-side by defining the forcing term as p(x, y) = p0(x, y; 0, y0, ϵ0) using equa-
tion (13) such that each load is at a distance of y0 from the origin and total
distance of d = 2y0 from one another. As in the y direction the wave profile only
contains a maximum, there is no destructive, only constructive interference. We
include one sample wave profile with d = 12 in Figure 13 and the strain simply
decays to the case where the wave profiles from each pressure no longer interact,
as shown in Figure 15.

We have also varied the mass of each load either travelling side by side or
one after the other. The plots representing the maximum eigenvalues do not
look qualitatively different from Figures 12 and 15. The only difference is that if
one load is smaller than the other, then the effects of constructive or destructive
interference are less pronounced so we do not include those results in this paper.

4 Conclusion

In this work, we have employed the HPNK method to efficiently compute solu-
tions for flexural-gravity waves, generated by a load moving across a floating ice
cover in the subcritical speed regime under different conditions. We have con-
sidered the influences of variable ice properties and different load configurations,
using a logistic function to represent ridge or channel-type configurations. Using
a uniform ice cover, we explored the effect of varying the length to width ratio
for an individual load, and considered dual load configurations for scenarios in
which two identical loads are moving consecutively or adjacently in the same
direction at various separation distances. For the results involving uniform ice
cover, maximum eigenvalues of the strain tensor were also computed to under-
stand under which conditions the strain could be minimized. Our work can be
used to infer safety regimes by calculating the strains in various configurations.

In the cases where nonuniform ice cover was considered, the results in Section
3.1 showed the emergence of a Kelvin wake pattern as the width of the ridge
was decreased, while in the narrow channel case the wave pattern approached a
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(a) d = 0 (b) d = 2

(c) d = 4 (d) d = 8

(e) d = 10 (f) d = 12

Figure 10: Forced wave solutions computed a 121× 61 mesh with uniform grid
spacing ∆x = ∆y = 10/31 for loads moving one behind another at different
separation distances d = 0, 2, 4, 8, 10, 12
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(a) ζ(x, 0) centrelines for d = 0, 2, 4

(b) ζ(x, 0) centrelines for d = 8, 10, 12

Figure 11: Centrelines shown for various separation distances with the pressure
distributions one behind another.

two-dimensional wave profile with an almost periodic train of waves behind the
pressure. For a uniform ice cover, the results in Section 3.2.1 illustrated that the
effect of increasing the load length while mass was fixed, yielded the expected
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Figure 12: Plot of maximum eigenvalues corresponding to principal strain states
for pressure distributions travelling one behind another at various distances
computed on a 121× 61 mesh with ∆x = ∆y = 10/31.

Figure 13: Centrelines shown for various separation distances with the pressure
distributions travelling side-by-side.
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Figure 14: Solution for p = ϵ1p1(0, 6) reflected in the axis of symmetry, corre-
sponding two identical loads travelling side-by-side where ∆x = ∆y = 10/31
and Lx/Ly = 1, ϵ1 = 1.

Figure 15: Plot of maximum eigenvalues corresponding to principal strain states
for pressure distributions travelling beside each other at various distances d =
0, 2, 4, 6, 8 computed on a 121× 61 mesh with ∆x = ∆y = 10/31.

17



decrease in the maximum amplitude of the depression, given the larger area
over which the pressure was distributed. Consequentially, the unscaled strain
decayed towards zero as the length was increased, suggesting a critical load
length Lx where distributing the load over a larger length minimally affected
the strain on the ice cover.

In the dual load configuration involving consecutively moving loads, we ob-
served constructive or destructive interference between the wave patterns pro-
duced by each load depending on their separation distance. Beyond the largest
separation distance, the maximum absolute eigenvalue of the strain tensor ap-
proximated that of a single load. These results suggested certain load separation
distances are more effective than others for minimising strain on the ice cover.
In contrast, for two adjacently moving loads, we found no destructive interfer-
ence due to the absence of alternating maxima and minima in the y-direction,
perpendicular to the motion of the load. Consequently, the maximum strain-
related eigenvalue decayed to that of a single, independently travelling load as
the separation distance increased.
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