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a b s t r a c t

Failure of level ice against an inclined marine structure has been simulated using a two-
dimensional finite-discrete element method. The simulation model is deterministic, but
very sensitive to initial conditions. This allowed us to create ice load data and to study the
evolution of the ice failure process. The mean load, the standard deviation, and the
maximum load increased during the ice failure process. Ice thickness had a strong effect on
the ice load and also the plastic limit of ice had an effect, especially when the ice was thick.
The coefficient of variation of the ice load was initially high and then continuously
decreased during the ice failure process. This suggests that the ice failure process did not
reach a stationary stage, showed high probability of extreme peak loads, and that distri-
butions with a constant coefficient of variation should not be used for this kind of ice
loading processes. Extreme value analysis, with the assumption that the ice load follow a
log-normal distribution on each time step, fitted the data well and suggested that the
maximum ice load increases with sample size. Further, it appears that the peak ice loads
are bounded by the crushing capacity of the ice even in the case of an inclined structure.
The statistical analysis of simulated ice load data further suggests that observations from
short interaction processes, or with small sample sizes, may lead to very inaccurate ice
load estimates.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Arctic marine operations increase continuously. This includes developments in Northern sea transportation, offshore
drilling operations, and offshore wind energy. The Arctic is a sensitive environment and imposes stringent safety re-
quirements for all operations. One of the key factors in developing safe Arctic operations is a reliable prediction of sea ice
loads. Sea ice loads are induced by ice-structure interaction processes where the sea ice failure process has a key role. This
paper focuses on the sea ice failure process against an inclined, rigid marine structure and the related ice loads. Inclined
structures are often used in Arctic offshore installations, since the ice loads caused by bending of an ice sheet are traditionally
assumed to be lower than the ice loads due to ice crushing [1].
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Full-scale experiments are invaluable to the understanding of ice-structure interaction processes. Measurements have
suggested that peak ice loads are stochastic [2,3] and the results from full-scale (and also from model-scale) experiments
show wide scatter. The scatter is due to several reasons, including natural inhomogeneity of sea ice and the practical diffi-
culties in conducting field measurements; but the end result is that it is challenging to repeat an experiment with the same
parameters. This makes analysis of the data challenging. A further obstacle to reliable predictions of ice loads is the limited
availability of experimental data, and new approaches on studying ice loads are beneficial.

Here we aim to increase the understanding of ice loads on marine structures by first creating a large amount of ice load
data through two-dimensional finite-discrete element (2D FEM-DEM) simulations, and then performing a statistical study on
the simulated ice load data. In our simulations, an initially continuous ice sheet, modeled as a homogeneous floating beam,
breaks into ice blocks as the ice sheet is pushed against an inclined structure with a constant velocity (Fig. 1). In a simulation,
the ice blocks that have broken off the ice sheet interact with each other and with the structure. Discrete approaches, where
individual ice features are accounted for with some level of accuracy, have been used in a number of studies on ice mechanics
[4e21].

Our 2D FEM-DEM simulations of the ice-structure interaction process are deterministic, but they indicate that the process
is sensitive to its initial conditions [22]. We could use this sensitivity to create sets of simulations using the same simulation
parameters, but different initial conditions as follows. For a set of simulations, we conducted 50 simulations with constant
parameters while the vertical initial velocity v0 at the free end of the ice sheet was given a random value of the order of 10�12

ms�1 (see Fig. 1). This was enough to cause different ice failure processes and give us ice load data.
This way of obtaining ice load data contrasts with the earlier studies on the statistics of ice loads which in general have

been done using full-scale data from ships [23e25] and offshore structures [3,26e31]. A simulation-based study enables us to
look into the statistics of peak ice loads with full control on the parameters. We have already used simulations to study ice
load statistics in Refs. [22] and [32]. In Ref. [22] we performed a multivariate regression analysis to find the most important
parameters affecting the ice loads, and in Ref. [32] we looked into the statistics of maximum peak ice load values in the
interaction process.

Fig. 1. (a) Simulation set-up: A floating ice sheet (dark grey) is pushed with a velocity of v ¼ 50 mms�1 towards an inclined (a ¼ 70+) structure (black). The water
is colored light grey. A perturbation for the initial conditions was created by giving a low vertical velocity v0 for the free end of the ice sheet. v0 was of the order of
10�12 ms�1 and varied randomly between all simulations. (b) A snapshot from a simulation at a stage where the length of the pushed ice L ¼ 125 m. Ice thickness
h ¼ 1.25 m and plastic limit sp ¼ 1 MPa.
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