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a b s t r a c t

Sea ice poses hazards to ships and offshore structures which create challenges for de-
signers. Designers have to take into account the ice actions resulting from the various ice
conditions, interactions and operational scenarios which may occur during the lifetime of
structures. In this paper the methodologies used in ship and offshore structure standards,
such as the Finnish Swedish Ice Class Rules, International Association of Classification
Societies Polar Class rules and ISO 19906, are considered with respect to Limit State Design
principles and design air temperature definitions. The paper presents an overview of the
design approach used in these standards and especially the criteria for the structural limit
used. Case study examples based on ship measurements in the Baltic, as well as design air
temperature data from the Russian Arctic, are used to highlight the different approaches
and their implementation. The analysis shows clearly that explicit design ice action and
structural limit are required for the rational basis in the future development of Limit State
definitions in standards accounting for ice actions.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Codes, standards, classification rules, and regulations provide the framework to achieve a safety level in the design and
construction of floating offshore structures and ships (these codes etc. are hereinafter collectively referred to as ‘standards’). A
particular aspect of these standards is that they address the required level of safety by defining a limit state. This limit state
contains definition both of the resistance, R (strength) of the structure and actions, Q (loading). It is the aim of this paper to
analyse the limit state definitions adopted in the different offshore and ship standards with emphasis for those applicable to
low temperatures and ice covered regions.

Standards for Arctic shipping or offshore structures must naturally include description of the ice actions resulting from
operating in an environment containing sea ice. Sea ice goes hand-in-hand with cold weather and thus also air temperature
must be addressed in the design. For ship design, standards for ships navigating in ice are predominantly based on the
Finnish-Swedish Ice Class Rules [4] and the International Association of Classification Societies (IACS) Unified Requirements
for Polar Class Ships (IACS PC rules, [10]. These are called ice class rules as both contain definition of several ice classes
intended for various environmental severities. For offshore structures, the standards used include International Standards
Organisation (ISO) 19900 [15] and 19904-1 [16] for floating structures and ISO 19906 [17] for Arctic offshore structures, as
well as classification society requirements, such as DNVGL-OS-C101 [2]. All of these standards incorporate the elements of the
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design concepts like the description of the actions, calculation models for scantlings and actions to be used, and the structural
analyses and response criteria.

In this paper we investigate the similarities and differences between the methodologies of the Arctic offshore standards
and the ice class rules, mainly through two examples. The aim is to see if there may be any potential design compatibility. This
potential compatibility is especially important in sections of offshore standards describing floating structures, as here a
reference is made to the application of ship ice class rules (Section 13.5.1 in ISO 19906).

In this paper the different limit state definitions used in the standards are outlined. Themethods, ice actions and structural
response used in ship design are also presented based on the ice class rules and compared with those used for offshore
floating units. In particular, the aim of the standards is to specifically ensure that the design provides structural integrity, as
well as ensuring survival in extreme and accidental events. Thus, the definition of the design point, or Limit State, is
investigated in the particular case of first-year ice. The impact of different structural response criteria in association with ice
loads applicable to floating structures is demonstrated. This action casewas selected as an example owing to the availability of
a large data set from full-scale ship measurements of ice actions. The other example deals with design air temperatures using
data from the Russian Arctic to illustrate the compatibility (or lack thereof) between design methods for ships and offshore
structures. A reason for performing this investigation was to develop an understanding of the design point or limit state, and
to be able to suggest a definition for the ‘design point’ of local steel structures.

Where applicable in this paper and to highlight discussion given, direct quotes from standards are written in italics and
referenced to the relevant section numbers. It should be noted that the standards are frequently updated. Thus the paragraphs
that are discussed here may be changed somewhat. For example, ISO 19906 is under review at the moment. however the DIS
version of ISO 19906 available at the present time of writing (June 2017) does not indicate significant changes to the principles
discussed here but these are highlighted where relevant in the paper.

2. Paradigm for the limit state design

As there exist several different views on what constitutes a Limit State and how this limit state design is applied, a short
description is given here on how the authors understand the definitions of various concepts. Also a brief interpretation of the
situation in ship and offshore structure standards is given.

The definition of a limit state requires definition of the structural capability, usually called resistance, and the external and
internal actions, such as permanent actions (weight induced), variable (loading condition induced) and environmental ac-
tions (ice, wave, wind etc. induced). The actions, especially the environmental actions are typically stochastic and thus a
frequency or a probability level must be associated with the definition of actions. Allocation of a probability to resistance is
much more difficult task and this is made in neither the offshore structure nor ship standards. In general, the offshore
standards explicitly include this structural limit state definition, while ship standards are usually prescriptive i.e. giving just
equations for scantlings. These definitions are considered and analysed in some detail later in this paper. In some earlier
publications authors used the Limit State synonymously with the term Design Point.

In the limit state design the structure resistance must be greater than the actions; Limit State is then the borderline when
resistance is equal to actions [2]. defines the Limit State as ‘A state beyond which the structure no longer satisfies the
requirement’. This leads to a principle called Load and Resistance Factor Design (LRFD). In this method the uncertainties in
resistance and actions are separated, the situation can be illustrated with the well known diagram, see Fig. 1. The LRFD states
that: X

i

Qi ¼
X
i

gf Fi � Rd ¼ Rr=gR (1)

where the factors gf and gR are called action and resistance factors, respectively. Q refers actions, F different loads and R the
(structural) resistance. The subscript ‘r’ refers to representative value which is given at the set probability level and ‘d’ to
design value. The sum in the actions side of the equation implies that load combinations must be considered. LRFD is often
applied in the offshore structure standards.

An alternative for LRFD is the classic Working Stress Design (WSD) or Allowable Stress Design (ASD). Here the stresses
created by the actions must be less than a limit stress multiplied by a safety factor 4:

Q � 4R (2)

Typically ship standards can be assumed to be based on this kind of approach, even if this is not always explicitly stated.

3. Standards for offshore structures

The following provides an outline of the applicable standards for Arctic offshore structures with particular reference to the
principles with respect to the ice actions and limit states approaches they adopt.
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