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Flow of Ice Through Converging Channels

I. Kubat* and M. Sayed*
Canadian Hydraulics Centre, National Research Council of Canada, Ottawa, Ontario, Canada

S. B. Savage
McGill University, Montréal, Québec, Canada

T. Carrieres
Canadian Ice Service, Environment Canada, Ottawa, Ontario, Canada

This paper presents a study of the flow of ice in wedge-shaped converging channels. Such flows are encountered in the
relatively constricted waters of the Canadian Arctic Archipelago. Ridging, lead opening patterns, development of a high-
pressure area, and arch formation are some of the processes which take place during ice flow through converging channels.
An idealized geometry and steady wind forcing were used in the testing. The results give ice cover velocity, distribution of
stresses, ice thickness, area coverage and ridging. Some of the conditions leading to arch formation at the constricted exit
of the channel are explored.

INTRODUCTION

The flow of ice in constricted channels displays several unique
characteristics. Land boundaries of such channels can influence
velocity distributions, ridging patterns and the formation of ice
arches. These conditions are encountered in regions such as the
Canadian Arctic Archipelago. This study considers ice flow in a
converging channel, which may be representative of many regions
in the Archipelago. Because the focus is on short-term behaviour,
ice growth and melt can be neglected. Naturally, temperature
effects can influence ice cover properties even over short dura-
tions. Such effects, however, are beyond the scope of this paper.

Sodhi (1977) considered the analogy between the flow of ice in
converging channels and that of granular materials in hoppers. He
used Jenike’s (1964) early analysis of arching, which assumes that
deformation is governed by a cohesive Mohr-Coulomb criterion.
Sodhi (1977) then examined LANDSAT imagery for Amundsen
Gulf and the Bering Strait to estimate the values of cohesion
which would produce arches. Pritchard et al. (1979) considered
idealized axisymmetric flow to estimate the forces needed to col-
lapse the ice arches which are observed in the Bering Strait.

Gutfraind and Savage (1998) did simulations of the flow of ice
in converging channels. They employed two numerical methods:
Smooth-Particle-Hydrodynamics (SPH) and a discrete element
approach. The SPH simulations were based on a cohesionless
Mohr-Coulomb criterion. The resulting velocity and stress dis-
tributions showed agreement between the two approaches. More
recent related studies mostly utilized remote sensing observations.
For example, Kwok and Rothrock (1999) examined the flow of ice
in the Fram Strait. Ice flux through the Nares Strait has been the
subject of recent studies by Samelson et al. (2005) and by Kwok
(2005). Ice behaviour in narrow passages has also been treated
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by Hibler and Hutchings (2002). They used a dynamic thermody-
namic model to examine equilibrium thickness values over several
decades.

This study explores the dynamics of ice flow in wedge-shaped
channels. Several idealizations are introduced in order to provide
an insight into some of the complex processes that take place in
such situations. In addition to a simple geometry, steady wind
forcing is used. Naturally, cyclic forcing due to tides may be sig-
nificant in many situations, and would likely influence the flow
and formation of arches. Such cyclic forcing is not included in
the present early stage of development. Further, ice strength is
assumed to be constant. Of course, freezing or thawing at the con-
tacts between ice floes (or rubbled ice blocks) can alter the overall
ice strength. Those thermal effects are also beyond the scope of
the paper.

The calculations presented here are done using a dynamics
model that solves the continuity, momentum and plastic yield
equations. A thickness redistribution model is also used to account
for ridge building. The distributions of stresses and velocities are
determined, and the role of various parameters is examined. In
particular, the conditions leading to the formation of an ice arch
are examined.

THE MODEL

The dynamics model has been described in a number of past
publications (e.g. Sayed and Carrieres 1999; Sayed et al. 2002).
As the thickness redistribution formulation has also been exam-
ined by Kubat et al. (2005), only a brief overview of the model is
given here. The dynamics model solves the equations of balance
of mass and momentum. The momentum equation considers the
forces acting on the ice cover due to air and water drag, Cori-
olis force, and water surface tilt. In addition, constitutive equa-
tions are needed to relate the stresses and strain rates. Used is
Hibler’s (1979) plastic yield envelope, which has the form of an
ellipse in the principal stress space as shown in Fig. 1. The ratio
between the major and minor principal axes of the ellipse (usu-
ally expressed by the symbol e), can be viewed as a measure of
the shear strength of the ice cover. A large value of e represents




