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Abstract 
The United States Coast Guard is responsible for completing all of its statutory missions in U.S. waters surrounding Alaska.  In the 

past, patrols in these waters have been limited to areas outside of the seasonal sea ice boundary, plus one or two icebreaker patrols per 

year.  Recently, due to reduced sea ice areal coverage and the associated increases in commercial activity, demands for a Coast Guard 

presence in the Alaskan Arctic have increased significantly.  In addition to ongoing efforts to increase the size of the icebreaker fleet, 

these demands have caused the U.S. Coast Guard to operate non-ice-strengthened cutters in areas where sea ice could be encountered, 

and to evaluate the capabilities of these cutters to operate in ice.  This paper presents results of engineering studies completed over the 

past several years to evaluate the capabilities of current and future cutters for operations in ice and cold temperatures.  These studies, 

which are also applicable to naval combatants, include: (1) definition of sea ice characteristics variations with season and geographic 

location; (2) evaluation of the ice-transiting capabilities of non-ice-strengthened hull structures; (3) analysis of potential increases in 

safe operating areas for different levels of ice strengthening; (4) evaluation of the capabilities of existing rudders, propellers, struts 

and shafting to withstand ice impacts; (5)  assessment of possible cold temperature operating issues for deck equipment; and (6) 

analysis of the capabilities of HVAC, electrical and seawater systems to operate in cold air and water temperatures.  Findings for each 

of these studies are discussed and results are presented.  In addition, lessons learned from actual operations are included where 

appropriate.  Finally, recommendations are offered for future class-specific engineering evaluations and operating considerations 

when non-ice-strengthened vessels are assigned to operating areas where sea-ice and cold temperatures may be encountered. 

 

 

The views expressed herein are those of the authors and are not to be construed as representing the views or official policy of the 

Commandant or of the United States Coast Guard. 
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INTRODUCTION 
In May of 2013 the President of the United States published a 

“National Strategy for the Arctic Region” (Obama 2013).  That 

document notes that the environment in the Arctic is changing 

and establishes requirements for federal agencies to advance 

United States security interests and pursue responsible 

stewardship in the Arctic, including enabling our vessels and 

aircraft to operate through, under and over the Arctic airspace 

and waters. 

 

The United States Coast Guard is a key participant in this 

strategy and subsequently developed the “United States Coast 

Guard Arctic Strategy” (Papp 2013).  This document details the 

Coast Guard strategy for “ensuring safe, secure, and 

environmentally responsible maritime activity in U.S. Arctic 

waters”.  It also discusses changes to the environment and 

increases in human activity in the Alaskan Arctic.  Some key 

points in this document are: 

 The polar ice cap was 40% smaller in 2013 than it was 

in 1979 

 There was a 118% increase in maritime transits through 

the Bering Strait between 2008 and 2012 

 1 million adventure tourists were expected to visit all 

international Arctic regions in 2013 

 $3.7 billion were invested in offshore leases in the 

Chukchi and Beaufort Seas between 2005 and 2013 

 

These changes in climate and the resulting changes in maritime 

activity in the U.S. Arctic have required the Coast Guard to 

make adjustments to operations in the region.  The Coast Guard 

has always maintained a presence in Alaskan waters.  However, 

this has been historically limited to cutter patrols outside the sea 

ice boundaries in the Bering Sea, supplemented by one summer 

and one winter icebreaker patrol each year.  Beginning in 2012, 

Coast Guard presence in the Chukchi and Beaufort Seas has 

been increased with summer patrols using a Maritime Security 

Cutter Large (WMSL or National Security Cutter), the medium 

icebreaker CGC HEALY, and an ice-capable buoy tender.  In 

addition, air assets have been forward based in the area during 

summer months. 

 

Prior to this expanded presence in Alaskan waters, guidance to 

non-ice-strengthened cutters has been to stay away from sea ice.  

However, operational situations have existed where these cutters 

could find themselves inside the ice edge as shown in the 

photograph above taken from a 378 ft High Endurance Cutter in 

the Bering Sea.  In addition, summer patrols in the Chukchi and 

Beaufort seas now expose the WMSLs and future cutters to the 

possibility of encountering areas of multi-year sea ice detached 

from the pack and/or new first year ice.  All cutters operating in 

these waters are also exposed to low temperatures even if they 

do not operate in ice.  

 

This paper begins with a brief overview of existing 

classification society, IMO, and USCG standards relevant to the 

design and construction of USCG cutters intended for operating 

in the Arctic. The environmental conditions for the Alaska 

region, including air temperature and sea ice are also discussed.  

The following sections provide an overview of recent U.S. 

Coast Guard projects intended to: (1) assess the capabilities of 

existing cutters to operate in cold temperatures and sea ice; (2) 

identify trade-offs associated with various levels of ice-

strengthening; and (3) develop recommendations for 

engineering changes that improve mission effectiveness in the 

Arctic environment.  Where applicable, these discussions 

include lessons learned during Arctic patrols with non-ice-

strengthened cutters, and the U.S. Coast Guard knowledge base 

developed over many years of operating the United States 

icebreaker fleet. 

 

Although the following discussion is specifically based on 

modern U.S. Coast Guard cutters operating in Arctic 

environments, it is also relevant for U.S. Navy combatants and 

auxiliary ships, and government vessels operated by other Arctic 

nations.  The U.S. Navy, NATO and other Arctic nations face 

situations similar to that of the U.S. Coast Guard, and they are 

all doing similar work to rapidly develop capabilities for 

ensuring maritime safety and enforcing national sovereignty in 

these regions.  In most cases this work includes definition of 

operating limits for existing vessels and identification of 

possible upgrades to these vessels, in addition to longer term 

development of purpose-built, Arctic-capable ships. 

 

EXISTING STANDARDS 
 

Classification Society Rules 
The International Association of Classification Societies (IACS) 

recently adopted a harmonized set of ice class requirements for 

ships operating independently in Polar Waters (IACS Polar 

Class Rules, 2011).  The development effort included 

participation from major classification societies and experienced 

coastal states including the United States, Canada, Russia, and 

Finland. The Polar Rules represent the most up to date 

harmonized industry standard for ice class ship design and are 

currently being applied to a range of ship types and sizes 

globally. The rules and associated guidance produced by 

classification societies reflect service experience gained from 

both commercial and government sector fleets. While the 

operational demands and design philosophy of USCG cutters are 

often different from those of commercial vessels, the IACS 

Polar Rules are certainly an applicable rule set for the next 

generation of government icebreakers, and they also have 

applicability to ice-strengthened vessels.   

 

In addition to the Polar Class Rules, a number of classification 

societies offer additional rule sets for ice-strengthening.  The 

American Bureau of Shipping (ABS) continues to maintain the 

Requirements for Vessels Intended for Navigation in First-Year 
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Ice (ABS 2015).  These requirements are specified for Ice 

Classes A0 through E0 for independent operations in first–year 

ice conditions ranging from “Severe” to “Very Light” (see Table 

2 below).  Structurally, A0 approximately corresponds to PC7 of 

the polar class rules, and classes A0 through C0 are capable of 

being escorted by an icebreaker in more severe conditions than 

those specified for independent operation. 

 

IMO Polar Code 
The International Maritime Organization (IMO), through its 

Maritime Safety Committee (MSC) and Marine Environmental 

Protection Committee (MEPC), has long considered ways to 

promote safety and reduce environmental pollution from the 

increasing number of vessels operating in Arctic and Antarctic 

waters. Voluntary guidelines for ships operating in Arctic ice-

covered waters were first adopted in 2002 and later expanded in 

2009 to include ships operating in both Polar Regions. In 2014 

and 2015 IMO formally adopted the safety and environmental 

parts of the mandatory Polar Code to regulate ships operating 

within the defined boundaries of the Polar Waters as indicated in 

Figure 1. Upon entry-into-force, the Polar Code will be a 

statutory instrument covering a full range of design, 

construction, equipment, operational, training, search and rescue 

and environmental protection regulations relevant to ships 

operating in Polar waters (IMO, 2014).   

 

 

 
Figure 1 - IMO Polar Code Geographical Boundaries (from 

IMO 2014) 

Entry into force is now anticipated for January 2017. The 

mandatory sections of the Code will come into effect via 

amendments to SOLAS (new Chapter XIV), MARPOL 

(amendment to specific Annexes), and the STCW convention. 

There will also by non-binding recommendatory provisions.  

The Code will apply to both new and existing ships that carry 

SOLAS certificates with limited exemptions of certain 

requirements to existing ships. While government ships are 

exempt from most IMO regulations including the Polar Code, 

they are strongly “encouraged to act in a manner consistent, so 

far as reasonable and practicable”.  

 

With respect to ice operations, the Code establishes three broad 

ship categories that are tied to the Polar ice classes and intended 

ice conditions. The categories invoke thresholds in which 

various requirements become applicable. Category A ships 

include Polar Classes PC1 – PC5 that are designed for operation 

in Polar Waters in at least medium first-year ice which may 

include old ice inclusions. Category A ships would cover the 

USCG Polar Icebreaker fleet and similar vessels with 

comparable capabilities. Category B ships cover Polar Classes 

PC6 and PC7 that are designed for operation in Polar Waters in 

at least thin first-year ice which may include old ice inclusions. 

There are provisions for ships certified to other ice classes (e.g. 

Baltic Ice Class and various classification society notations) to 

demonstrate an “equivalent level of safety” to a Polar Class 

notation in order to obtain a Category A or B certificate.  

Category C ships are those designed to operate in open water or 

in ice conditions less severe than those included in categories A 

and B. This essentially captures all remaining ships outside 

Category A and B and very likely will encompass the vast 

majority of ships operating within Polar Waters.  

 

The WMSL Class cutters unambiguously fall into Category C. 

The Polar Code has provisions for Category C ships, to operate 

in Polar Waters (even ice covered Polar Waters) as long as 

operations are conducted within their defined and documented 

limitations. All ships will be required to maintain an onboard 

Polar Waters Operational Manual (PWOM) which is intended to 

provide the master and crew with sufficient information 

regarding the ship's operational capabilities and limitations in 

order to support their decision-making process. 

 

In addition to provisions for ice strengthening and ice 

operations, the Polar Code covers a comprehensive set of 

requirements designed to mitigate many risks associated with 

operations in Polar Waters. These include low air temperature, 

ice accretion, extended darkness, remoteness, lack of available 

response equipment, rapid and unpredictable weather changes, 

and enhanced environmental sensitivity. The Polar Code is a 

powerful step forward for the maritime industry towards safer 

and sustainable Arctic and Antarctic shipping activities. 

 

U.S. Coast Guard Standards 

The USCG has a long and successful track record operating in a 

variety of ice conditions. The design practice for USCG 
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icebreakers has traditionally employed a rational engineering 

approach supported by extensive service experience and 

numerous data collection efforts.  ABS and USCG collaborated 

on an evaluation of the original design requirements and icebelt 

scantlings of three USCG icebreaker designs (Yu, Mcallister, 

Dolny, Liu, & Liu, 2012). Comparisons were made with the 

Polar Rules to reassess the proven designs with respect to the 

new industry standards that did not exist at the time of the 

original designs. The study demonstrated the evolution of Coast 

Guard icebreaker structural design methods and how these relate 

to the new harmonized standards. Several recommendations 

were made for further investigation and areas of the rules were 

identified for future improvement. 

 

ENVIRONMENT 
When assessing cutter design requirements and capabilities in 

Arctic regions two primary characteristics of the environment 

are relevant: (1) the extent, physical characteristics and 

distribution of sea ice; and (2) the range of air temperatures to 

be encountered.  Ideally, each of these environmental 

characteristics should be defined as functions of time of year 

and geographic location. 

 

Two other characteristics that are important for operations in 

high latitudes are wind and sea conditions which can be severe.  

These factors combined with low air temperatures can also pose 

hazards due to topside icing.  The U.S. Coast Guard has 

considerable experience dealing with these conditions, and 

design and operating standards have been developed to ensure 

vessel safety.  Although they are not addressed below, they 

should be included in any assessment of operational capabilities 

for Arctic regions. 

 

Air Temperature 
During the initial assessment of high-latitude operations for the 

WMSL Class (U.S. Coast Guard Surface Forces Logistics 

Center (SFLC) April, 2013), air temperature was analyzed based 

on data from the NOAA National Climatic Data Center for the 

period from 1981 through 2012.  The fact that non-ice-

strengthened or moderately ice-strengthened cutters are 

considered simplified the analysis since they can only operate as 

far north as the marginal ice zone.  In Alaskan waters, this area 

varies from latitudes of 57 deg North in February to 72 deg 

North in September.  Since temperature data at sea is very 

scarce, coastal weather stations were selected to track this range 

of latitudes by month.  Figure 2 provides a reference map and 

Table 1 lists the stations used for each month of the year. 

 

Using these stations, a composite data set was created 

representing air temperatures at the ice edge for the twenty-year 

period.  Statistics for this data set were then analyzed to 

determine normal and extreme temperatures by month.  Figure 3 

gives the normal temperature ranges by month defined as the 

average of the monthly high, mean and low temperatures over 

the twenty-year period, and Figure 4 gives the extreme 

temperature ranges defined as the lowest and highest 

temperatures measured for a given month in the twenty year 

data set. 

 

It is interesting to note that due to movement of the marginal ice 

zone, minimum temperatures for operation occur while cutters 

would be in the Bering Sea in January.  Normal low 

temperatures are 0 deg F and extremes can be as low as -50 deg 

F. 

 

 
Figure 2 – Map of Alaskan Arctic Waters (from Alaskan Marine 

Ice Atlas (Labelle 1983) ) 

 

Table 1 – Stations Used for Air Temperature Data Analysis 

Month Location 

Jan Bethel 

Feb Dillingham 

Mar Dillingham 

Apr Bethel 

May Nome 

Jun Nome 

Jul Wainwright 

Aug Wainwright 

Sep Barrow 

Oct Barrow 

Nov Nome 

Dec Nome 

 

In an effort to gain more insight into “design” low temperatures 

a statistical analysis of every month for the 20 year period was 

completed for the marginal ice zone.  Figure 5 shows results as 

probabilities that minimum air temperature will be greater than a 

specified value.  Based on an entire year, extreme low 

temperature should be greater than -40 deg F 95.5% of the time.  

For January only, extreme low temperature should be greater 

than -46 deg F for 95.5 % of the time.  Coincidentally, the 
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specified design low temperature for deck equipment and other 

exposed systems on the WMSL Class is -40 deg F. 

 

 
Figure 3 – Normal Monthly Temperature Ranges for Marginal 

Ice Zone (from coastal stations) 

 

Two factors must be kept in mind when using this data.  First, 

this data set does not apply to icebreakers that can transit 

significant distances into the pack ice in the winter.  Secondly, 

the values discussed above are extremes, and normal low 

temperatures are much higher. 

 

 
Figure 4 – Extreme Monthly Temperature Ranges for Marginal 

Ice Zone (from coastal stations) 

 

Sea Ice Conditions 
In order to develop meaningful guidance for ice conditions 

where non-icebreakers can safely operate, these ice conditions 

must be categorized consistent with the engineering standards 

used to analyze the capabilities of the cutters to operate in ice. 

For the current study, requirements of the ABS Steel Vessel 

Rules (ABS 2015) are used. Specifically, the ice conditions used 

to distinguish between the A0, B0, C0 and D0 Ice Classes are 

relevant to the current work since these Ice Classes have been 

developed for vessels intended for operations in first-year ice 

and not intended to be icebreakers (note that Ice Class E0 is not 

considered since it only applies to very light drift ice in coastal 

areas). 

 

 
Figure 5 – Probability of Exceedence for Extreme Low Air 

Temperature for Marginal Ice Zone (from coastal stations) 

 

As specified by ABS, Ice Classes A0 through D0 are intended 

for independent operations in first-year ice defined as Severe for 

A0, Medium for B0, Light for C0, and Very Light for D0. These 

ice conditions are further specified based on ice thickness and 

areal concentration. Definitions are from the “World 

Meteorological Organization Sea Ice Nomenclature” (WMO 

2014). The matrix of ice severity category (and Ice Class) versus 

thickness and concentration is given in Table 2 (derived from 

ABS 2015). As can be seen in the table the required ice class 

increases with increasing ice thickness and increasing ice 

concentration. Note that these Ice Classes are not suitable for 

independent operation in Extreme or Very Severe conditions, 

and the lower classes are not suitable for being escorted in these 

conditions. 

 

In the table, ice thickness is self explanatory. Areal 

concentration is the ratio of ice surface area to total sea surface 

area for a given geographic location. To better understand aerial 

concentration Figure 6 thru Figure 8 below provide photographs 

of 3/10, 6/10 and 9/10 concentration.  Note that ice 

concentration as shown in Table 2 is relevant for selection of the 

appropriate ABS Ice Class.  However, concentration is not 

relevant for discussions below related to limiting speeds in ice.  

The limiting speed calculations are based on ice floe size and 

properties, and do not consider concentration.   

 

Additional ice characteristics that are relevant are the size of the 

ice floes, other features such as rafting, pressure ridges and 

rubble fields that result in increased thickness, and the age of the 

ice (first-year, second year, multi-year).  

 

Historical ice data in a form that provides thickness and 

concentration similar to the values used in the ABS Ice Class 

Rules is available from NOAA for the period between 1972 and 
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2007. This data was analyzed to provide charts showing 

average, severe and mild historical conditions over the 35 year 

period. For each grid area (12 minutes latitude by 30 minutes 

longitude) average conditions indicate the mean ice type and 

concentration for the 35 years, severe conditions represent the 

 

Table 2 – Ice Condition Classification 

First-

Year Ice 

Thickness 

(ft) 

Ice Areal Concentration 

Very Close, 

Consolidated 

and Fast Ice 

(9/10 to 

10/10) 

Close Ice 

(6/10 to 

9/10) 

Open Ice 

(3/10 to 

6/10) 

Very 

Open Ice 

(less 

than 

3/10) 

3.3 ft and 

above 

Extreme Extreme Very 

Severe 

Severe 

(A0) 

2.0 to 3.3 

ft 

Extreme Very 

Severe 

Severe 

(A0) 

Medium 

(B0) 

1.0 to 2.0 

ft 

Very Severe Severe 

(A0) 

Medium 

(B0) 

Light 

(C0) 

Less than 

1.0 ft 

Severe (A0) Medium 

(B0) 

Light 

(C0) 

Very 

Light 

(D0) 

 

 

 
Figure 6 – 3/10 to 4/10 Ice Coverage (from NOAA 2007) 

 

 
Figure 7 – 5/10 to 6/10 Ice Coverage (from NOAA 2007) 

 

95th percentile ice type and concentration and mild conditions 

represent the 5th percentile. This means that conditions may 

have been worse than the severe charts for 1 to 2 years, and may 

have been better then the mild charts for 1 to 2 years. These 

charts are taken from an analysis of ice strengthening for the 

Offshore Patrol Cutter (USCG SFLC 2011). 

 

 
Figure 8 – 9/10 Ice Coverage (from NOAA 2007) 

 

Examples of these ice charts for “average” conditions over the 

35 year period are given in Figure 9 and Figure 10 for the 

maximum and minimum extents of sea ice, respectively.  Note 

that original work completed by the Coast Guard included 

assessment of ice conditions throughout the entire year and also 

considered severe and mild years.  An in depth discussion of all 

of these cases is beyond the scope of this paper. 

 

 
Figure 9 – Maximum Extent Ice Conditions for an Average Ice 

Season 
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Figure 10 – Minimum Extent Ice Conditions for an Average Ice 

Season 

 

Review of Figures 9 and 10 and similar ice charts for other time 

periods leads to several observations related to ice strengthening 

that should be noted.  First, the geographic areas where 

conditions would be classified as “light” (C0) or “very light” 

(D0) according to Table 2 are very small.  “Medium” (B0) ice 

conditions extend the possible geographic operating areas 

significantly at the southern boundaries of the ice edge, and a 

cutter that could operate in conditions classified as “severe” 

(A0) could operate throughout large areas of the Bering Sea in 

the winter and near the receding ice edge during the remainder 

of the year.  These observations must be qualified by the facts 

that operations in “severe” conditions assume that the cutter has 

adequate horsepower to transit 9/10 to 10/10 coverage, and these 

levels of ice strengthening are not adequate for impacts with 

second-year or multi-year ice. 

 

Operating experience with Coast Guard icebreakers provides 

additional information related to the capabilities of ice-

strengthened cutters.  Although the winter ice charts show very 

large areas of 9/10 to 10/10 concentration with thickness less 

than one foot, the Bering Sea is a very dynamic ice environment 

due to winter storms.  This causes significant areas with large 

pressure ridges, rubble fields, rafting and lateral pressure in the 

ice, resulting in an effective ice thickness larger than indicated 

on the charts.  Depending on the extent of these conditions, 

medium (CGC HEALY) and heavy (CGC POLAR STAR) 

icebreakers can have difficulty navigating the Bering Sea in 

winter. 

 

HULL STRUCTURAL DESIGN 
Hull structural design is believed to be a significant area of risk 

when considering operation of cutters both in the marginal ice 

zone in the winter and near Arctic pack ice in the summer.  Over 

the past several years the Coast Guard has incrementally 

improved analysis techniques for assessing structural adequacy 

for operations in these conditions.  These studies began with an 

evaluation of materials for low temperature service and an 

assessment of equivalent ABS Ice Classes for existing 

structures.  With the assistance of ABS, incremental degrees of 

sophistication have been added based on the ice impact 

approach used in development of the IACS Polar Class Rules, 

and more advanced ice-structure interaction models.  The 

following paragraphs discuss results of these studies. 

 

Hull Materials 
Design Temperature for the anticipated areas of operation must 

be specified prior to evaluating the suitability of hull structural 

materials.  As noted above, the expected environmental 

conditions for the Alaskan Arctic summer in the Bering, 

Chukchi and Beaufort Seas and the winter season in the North 

Pacific, Bering Sea, and Gulf of Alaska give a minimum air 

temperature higher than -40 degrees F (-40 C) greater than 

95.5% of the time.  For comparison to ABS design temperatures 

and performance standards for steel hull structural materials, the 

following definitions are useful: 

 

Design Service Temperature: The design service temperature, 

also denoted by TDST is to be taken as the lowest mean daily 

average air temperature in the area of operation where:  

 

• Mean: Statistical mean over observation period (at least 20 

years).  

• Average: Average during one day and night.  

• Lowest: Lowest during year.  

 

ABS offers several  different methods of establishing minimum 

required steel grades for vessels that operate in low air 

temperatures. The first is based on the ABS First-Year Ice Class 

Rules, the second is based on the IACS Polar Class Rules, and 

the third is based on the ABS Guide for Vessels Operating in 

Low Temperature Environments (LTE Guide). ABS FY Ice 

Class is an older classification system which assigns a class-

specific Design Service Temperature to specify required 

material properties. The Polar Class Rules are a relatively recent 

development of IMO / IACS that specifically addresses 

operation in polar waters with cold temperatures and interaction 

with hard multi-year ice. Material grade requirements are set 

independent of design temperature but instead are tied to the 

assigned Polar Class.  For vessels intended to operate in low air 

temperature but without an assigned ice class, designers are 

referred to the ABS LTE Guide which requires the Design 

Service Temperature to be defined (following the above 

definition) and material grades selected accordingly.  
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The lowest capability ABS Ice Class is D0 which corresponds to 

year round navigation in water with very light first-year ice. 

Note that the WMSL is not designed or intended for any 

interaction with ice and so the Ice Class D0 requirements far 

exceed the strength capacity of the cutter’s hull structure. In this 

case we are only considering the structural material ductility 

characteristics with respect to the Design Service Temperature. 

For Ice Class D0, the Design Service Temperature is 14 °F (-10 

°C) for the external plating. Design Service Temperature is 

defined as the mean daily average air temperature in the area of 

operation (corresponding to the time of year if limited – such as 

“summer”).  

 

Per above, the governing temperatures for the WMSL classes 

are found in January in the Bering Sea.  Figure 11 below, from 

ABS Low Temperature Environment Guide (LTE) (ABS, 2015) 

provides ‘mean daily average air temperatures’ in the northern 

polar region for January 15th.  The graphic indicates the 

governing area of interest in the Bering Sea has an MDAT 

temperature range of 14F to 5F (-10C to -15C) (orange color 

band).  This suggests that materials designated as suitable for 

ABS Ice Class D0 are acceptable for the range of cold 

temperatures expected in WMSL class operations in the Alaskan 

Arctic in the summer and the winter in the Bering Sea and Gulf 

of Alaska in the marginal ice zone.  

 

 
Figure 11 – Minimum Anticipated Temperatures for North Polar 

Region in January (taken from ABS LTE Guide) 

 

As-Built Hull Structural Materials for the WMSL Class hull 

structure are ASTM A131 AH-36 / ABS AH-36 steel. The sheer 

strake in the shell plating and the 01 level stringer strake are 

constructed out of HSLA-80 steel through the mid-length. 

Because of design developments in the structural design of the 

WMSL class and associated construction phasing, three 

different cases were examined. These cases were: 

1. NSC 1 & 2 as designed and built, 

2. NSC 1 & 2 with the planned fatigue life enhancements, 

3. NSC 3 and following hulls. 

The primary difference between these three cases is the 

thickness of the material used on the sheer strake, stringer plate 

and bilge strakes. For simplicity, only the case for NSC 3 and 

following hulls will be discussed here.   

 

The five regions of the ship structure that were assessed in this 

analysis were: 

1. Bilge Strake 

2. Sheer Strake 

3. Strength Deck Stringer Strake 

4. Deckhouse/ Inboard Flight Deck 

5. Side Shell “Ice Impact Areas” 

 

For each of these five areas the thickest plate was compared to 

the requirements. This is due to the fact that the requirements 

increase as the material thickness increases. 

 

Ice Class D0 gives a requirement on the grade of steel required 

for the structure. The more critical hull girder / primary 

longitudinal strength members have higher requirements with 

respect to ductility and cold temperature performance. The 

comparison of WMSL steels to the Ice Class D0 steel 

requirements are presented in Table 3. 

 

Table 3 -  NSC 3-8 Ice Class Materials 

Structural 

Element 

Material 

(thickness) 

Required 

Grade 

Ice Class D0 

Compliant 

Underwater 

Primary 

Strength - Bilge 

strakes 

HSLA-80 

(0.50”) 

 

A/AH Yes 

Primary 

Strength – Sheer 

Strake 

HSLA-80 

(0.75”) 

A/AH Yes 

Primary 

Strength – 

Strength Deck 

Stringer Strake 

HSLA-80 

(1.00”) 

A/AH Yes 

Non-hull  

Girder–

Deckhouse/Deck 

Inboard/Flight 

Deck 

ABS AH-36 

(0.375”) 

A/AH Yes 

Sea Ice Impact 

Areas of Shell 

Plate 

ABS AH-36 

(midship 

0.3125”, 

bow 

0.4375”) 

A/AH Yes 

 

Although HSLA-80 steel is not listed as an approved grade of 

steel in ABS Steel Vessel Rules (or in the Polar Class rules), the 

rules do allow for alternative steels that meet certain standards 
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for low temperature Charpy V-notch test performance. As 

shown in Table 4, HSLA 80 steel has low temperature impact 

test requirements that exceed those for AH-36 and EH-36 grade 

steels.  HSLA-80 steel therefore meets / exceeds the ABS Guide 

for Vessels Operating in Low Temperature’s criteria for Charpy 

Impact Test for a Design Service Temperature of -40 °F and can 

be used in place of EH-36 where EH-36 materials are specified 

in the rules. 

 

Table 4 – Charpy V-notch Impact Requirements (Transverse 

Test Specimen) 

Steel Grade Test Temperature 

(deg F) 

Absorbed Energy 

(ft-lbs) 

AH 36 32 17 

EH 36 -40 17 

HSLA 80 -120 60 

 

As a second method of measuring the performance of the 

WMSL class, Polar Class was investigated. Polar Class is 

divided into seven different levels. Polar Class 7 (PC7: Summer 

/ autumn operation in first-year ice which may included old ice 

inclusions) is the lowest Polar Class capability level and the 

structural requirements far exceed the capabilities of the WMSL 

with respect to sea ice impacts. It should again be emphasized 

that WMSL is not designed for operation in any sea ice 

conditions. However the temperatures for operations of the 

WMSL in the North Pacific winter and Arctic summers are 

similar to Polar Class 7 requirements. 

 

The Polar Class material property requirements are determined 

similarly to the ABS Ice Class, by the location in the hull girder 

and by thickness of the steel. A specific design service 

temperature is not defined for Polar Class other than as 

temperatures appropriate to “summer / autumn” in Polar 

Regions. Comparisons of WMSL materials to the Polar Class 7 

requirements are shown in Table 5. 

 

The hull structural materials used in the construction of the 

WMSL class cutters are appropriate for operations in the low 

temperature environments of the Alaskan Arctic (Chukchi and 

Beaufort Seas) in summer open waters, and in the winter North 

Pacific (Bering Sea and Gulf of Alaska) south of the marginal 

ice zone / ice edge.  Note that the analysis summarized above 

would have to be repeated if the hulls were strengthened for 

operation in ice beyond the D0 or PC-7 levels. 

 

Equivalent ABS Ice Class 
The first method used to assess WMSL design for operations in 

ice was an analysis to determine if the hull structure meets the 

requirements of any American Bureau of Shipping (ABS) Ice 

Classes (ABS, 2015).  First, the structure was analyzed per Part 

6, Chapter 1, Section 5 of the ABS Rules, “Requirements for 

Vessels Intended to Operate in First-Year Ice”.  This included 

an analysis of shell plating thickness and longitudinal stiffener 

section modulus.  As shown in Table 6, the shell plating 

throughout the bow area does not meet requirements for the 

lowest Ice Class, D0.  Plating thickness ranges from 72% of 

required near the stem to 48% of required from Frame 21 to 

Frame 32.  As discussed above, these requirements have been 

developed by ABS for “Very Light” ice conditions with aerial 

concentrations less than 3/10 and thicknesses less than 1 ft.  For 

Ice Class D0, ABS does not require strengthening in the mid-

body or near the stern.  For information, the table also compares 

plating thicknesses to those required for the higher Ice Classes. 

 

Table 5 -  NSC 3-8 Polar Class Materials 

Structural 

Element 

Material 

(thickness) 

Required 

Grade 

Ice Class D0 

Compliant 

Underwater 

Primary 

Strength - Bilge 

strakes 

HSLA-80 

(0.50”) 

 

B/AH Yes 

Primary 

Strength – Sheer 

Strake 

HSLA-80 

(0.75”) 

D/DH Yes 

Primary 

Strength – 

Strength Deck 

Stringer Strake 

HSLA-80 

(1.00”) 

E/AEH Yes 

Non-hull  

Girder–

Deckhouse/Deck 

Inboard/Flight 

Deck 

ABS AH-36 

(0.375”) 

B/AH Yes 

Sea Ice Impact 

Areas of Shell 

Plate 

ABS AH-36 

(midship 

0.3125”, 

bow 

0.4375”) 

B/AH Yes 

 

Table 7 provides a comparison of longitudinal stiffener section 

modulus to Ice Class requirements.  Again, the bow area of the 

WMSLs as built does not meet the requirements for the lowest 

Ice Class, D0.  The most significant deficiency is between 

Frame 9 and Frame 13 where the stiffener section modulus is 

35% of that required for D0.  Again, D0 does not address the 

mid-body or stern areas.  The table also provides comparisons to 

the other Ice Classes for information. 

 

In summary, according to the ABS Rules the WMSLs should 

not be operated even in “very light” ice conditions.  These 

conditions are for aerial coverage of 3/10 or less and thicknesses 

less than 1 foot.  If the cutters are operated in these conditions it 

is possible that both shell plating and shell plate stiffeners will 

be damaged. 

 

Hull Structural Capacity for Ice Impacts 
The second method used to assess structural capacity of the 

WMSL Class for operations in ice was an analysis of ice floe 

impacts.  This assessment used plastic design analysis methods 
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Table 6 – WMSL Shell Plating Thickness Compared to ABS Ice 

Class Requirements  

Area Bow Area Mid -

ship 

Stern 

 Stem-

Fr 9 

Fr 9-

13 

Fr 13-

21 

Fr 21-

32 

Fr 32-

89 

Fr 

89-

Stern 

As-Built 

(in) 

0.500 0.438 0.375 0.313 0.313 0.313 

ABS D0 

(in) 

0.689 0.646 0.646 0.646 NA NA 

As-

Built/D0 

73% 68% 58% 48% NA NA 

ABS C0 

(in) 

0.758 0.711 0.711 0.711 0.339 0.240 

As-

Built/C0 

66% 62% 53% 44% 92% 130% 

ABS B0 

(in) 

0.854 0.8 0.8 0.8 0.481 0.381 

As-

Built/B0 

59% 55% 47% 39% 65% 82% 

ABS A0 

(in) 

1.001 0.938 0.938 0.938 0.640 0.564 

As-

Built/A0 

50% 47% 40% 33% 49% 55% 

 

to assess the capacity of plating, longitudinal stiffeners and web 

frames under ice impact loading.  The methods closely follow 

those behind the International Association of Classification 

Societies (IACS) Polar Class structural requirements.  

 

Impact with sea ice applies a short term duration high pressure 

loading over an area along the waterline with a length and 

height dependent on the force of the impact and the associated 

crushing depth of the ice.  This pressure is applied to plating and 

framing typically as shown in Figure 12 below as a simplified 

pressure “patch”.  The dimensions and aspect ratio of the ice 

impact pressure patch are determined in the ice impact 

calculations. 

 

In the case of the WMSL class, the framing is longitudinally 

(horizontally) oriented as opposed to the transverse (vertical) 

framing orientation shown in the figure which is more common 

to icebreaking vessel structures. 

 

Plastic design methods are used to assess the load carrying 

capacity of a structure by consideration of the entire load up to 

the point of plastic hinge formation. At these limit states stress 

levels will exceed yield however deformation levels are still 

relatively minor (unnoticeable) and the structure does not 

collapse.  Figure 13 illustrates one possible load case; a fixed-

fixed beam with a central load patch.  As the load increases 

either the ends or the center of the beam will reach yield stress 

in bending.  Increasing the load beyond initial yield will load the 

section until it becomes fully yielded. At this point the section 

provides no resistance to further load, it can be considered to be 

a fully yielded and it behaves as if it were a plastic hinge point.  

The bending moment at this section is indentified as the full 

plastic moment (Mp).  The structure does not collapse or 

otherwise fail since there is still either a pair of fixed ends or an 

intact beam span, but continuing to increase the load will 

increase the bending moment until they too reach their plastic 

moment.  When three plastic hinges are fully formed, the 

structure collapses in what is called a “plastic mechanism”. 

 

Table 7 – WMSL Longitudinal Stiffener Section Modulus 

Compared to ABS Ice Class Requirements 

Area Bow Mid 

ship 

Stern 

 Fr 9-13 Fr 13-

21 

Fr 21-

32 

Fr 32-

89 

Fr 89-

Stern 

As-

Built 

(in^3) 

9 19 19 9 9 

ABS 

D0 

(in^3) 

26.168 26.168 26.168 NA NA 

As-

Built/ 

D0 

35% 73% 72% NA NA 

ABS 

C0 

(in^3) 

31.697 31.697 31.697 6.973 3.487 

As-

Built/ 

C0 

29% 60% 59% 130% 259% 

ABS 

B0 

(in^3) 

40.174 40.174 40.174 14.061 8.838 

As-

Built/ 

B0 

23% 47% 47% 64% 102% 

ABS 

A0 

(in^3) 

55.245 55.245 55.245 24.860 19.336 

As-

Built/ 

A0 

17% 34% 34% 36% 47% 

 

 

Alternatively, for an end loading case the beam will form plastic 

hinges as shown in Figure 14. The web of the beam initially 

fails in shear with subsequent formation of plastic hinges at the 

far end and in the flanges of the beam before the full plastic 

mechanism forms and the structure collapses. 

 

This assessment uses plastic analysis methods as described in 

Daley (2002).  For framing, the two types of plastic collapse 

mechanism are evaluated: “3-hinge” and “end load shear” 

failure mechanisms  The governing ice impact loads are found 

for the shell longitudinal “T” stiffeners (WT 5 x 8.5# on 0.375” 

plating) forward of frame 22.  This limit is for an end loaded 

shear failure.  The center loaded 3-hinge mechanism had a 

higher capacity in the cases examined here.  The next most 
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Figure 12 – Design ice impact pressure patch (taken from Daly 

2002) 

 

 
Figure 13 – Centrally loaded fixed-fixed frame with assumed 

plastic mechanism (Daly 2002) 

 

 
Figure 14 – End loaded fixed-fixed frame with assumed plastic 

mechanism (taken from Daly 2002) 

 

critical load was for the end loaded shear failure in the shell 

longitudinal stiffeners aft of frame 22.  These are slightly larger 

T stiffeners on thinner shell plating. Both of these loads are 

compared to the impact loads in the paragraphs below.  

 

For plating, with pressure loading over less than the full width 

of a plating panel, the ABS / IACS “3-hinge” plating panel 

formulation was used to identify the panel pressure for a 3 hinge 

collapse mechanism formation (ABS 2015).  Figure 15 shows 

typical plating collapse mechanisms which form in a similar 

manner to the beam mechanisms discussed above. 

 

This evaluation is not a rupture failure but involves deformation 

of the plating to the level of a permanent “set”, or out of plane 

deformation that is in excess of the usual serviceability limits for 

hull plating.  Plating panels with excessive deformation will 

have limited ability to carry their intended loads 

 

Limiting pressure values vary depending on the width of the 

pressure patch in relation to the width of the plate panel.  Figure 

16 shows the relationship for the 0.375” plate forward of frame 

22 and for the 0.3125” plating from frames 22 to 76. 

 

 
Figure 15 - Plating collapse mechanisms (taken from Daly 

2002) 
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Figure 16 – 3-hinge Plating Collapse Mechanism Limiting Patch 

Pressures 
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Ice impact forces and contact pressures were calculated using 

the “Direct Design for Polar Ships” (DDePS) spreadsheet 

originally developed by Daley & Kendrick (Daly 2002).  The 

spreadsheet is based on energy methods originally from Popov 

(1967) with further development by Daley (1999).  These 

methods are behind the recent development of the IACS Polar 

Class Rules.  The particular load case for this analysis (and the 

basis for the Polar Code is the “Case 2a – Glancing Collision 

(Wedge Edge)”.  

 

The impact force is a function of speed (drift angle, sway speed, 

forward speed and yaw rate), hull shapes and angles at ice 

waterlines, ship mass and ice floe thickness and dimensions.  A 

matrix of calculations was prepared for a range of speeds, ice 

floe sizes and ice thicknesses.  The ice impact load was 

determined for cutter speeds of 1, 3, 5, 10, 15 and 20 knots.  

Impacts were assessed for square ice floes with dimensions of 

10, 20, 30, 60 and 100 feet, with thicknesses of 0.5, 1, and 3 

feet.  Figure 17 illustrates the magnitude of the results and the 

range of the variations reviewed. 
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Figure 17 – Impact Force at Frame 11 vs Floe Size/Thickness 

and Speed  

 

Two general locations on the ship were assessed and were 

selected to cover the range of stiffener sizes and plating 

thickness in the forward ice impact areas.  Frame 11 was taken 

to represent frames forward of frame 22.  Frame 32 was used to 

represent plating and framing from frame 76 forward to frame 

22.  Forward of frame 22 the longitudinal stiffener size is a WT 

5 x 8.5# and the shell plating is 0.375”.  Aft of frame 22 the 

longitudinal stiffener is a WT 6 x 9.5# and the shell plating is 

0.3125”.  

 

Table 8 and Table 9 provide results of the speeds where plastic 

deformation and damage begin to occur.  Generally the plating 

plastic hinge mechanism is governing due to the relatively thin 

shell plating, but the framing end shear failure mechanism is 

usually at only a slightly higher speed.   Ice impact force, 

pressure and pressure patch dimensions, were examined for the 

range of speeds and ice floe size/thicknesses in Figure 17.  Table 

8 is for the ahead speeds previously noted.  Table 9 uses the 

same speeds with a 20 degree drift angle and a yaw rate 

corresponding to a turn with a diameter of 5 times the length of 

the cutter.  Calculations were only made for speeds up to 20 

knots, even though the cutters can go faster. The 20 knot limit in 

the tables does not mean that damage is predicted. It only means 

that is the highest speed examined.   

 

As can be seen from the tables and Figure 17, the 6 inch 

thickness ice breaks (in flexure) at very low impact forces, 

regardless of the size of the floe.  One foot thick ice begins to 

limit speeds more seriously and three foot thick ice floes will 

begin to inflict damage at very low speeds.  Maneuvering in an 

ice field presents the hull to the ice at more unfavorable angles 

with resulting higher impact loads. 

 

This study included a relatively small matrix of ice conditions 

and only limited impact scenarios, and result should be 

considered to be preliminary.  Results should not be interpreted 

to indicate that these cutters can operate at 20 knots in 6 inch to 

1 foot thick small ice flows.  However it does provide an initial 

indication that low speed operations can be completed in thin ice 

when necessary to achieve mission objectives. 

 

Table 8 - Limiting Forward Speeds (knots) for Worst Case Shell 

Longitudinal Frame or Plating Plastic Deformation Limits 

@ Frame 11 (WT 5x8.5# on 15.3# plate) 

 Floe Size 

Ice 
Thickness 

10 ft x 
10 ft 

20 ft x 
20 ft 

30 ft x 
30 ft 

60 ft x 
60 ft 

100 ft x 
100 ft 

6" 20 20 20 20 20 

1 ft 20 10 10 3 3 

3 ft 15 5 5 3 1 

@ Frame 32 (WT 6x9.5# on 12.75# plate) 

Ice 
Thickness 

10 ft x 
10 ft 

20 ft x 
20 ft 

30 ft x 
30 ft 

60 ft x 
60 ft 

100 ft x 
100 ft 

6" 20 20 20 20 20 

1 ft 20 10 5 5 3 

3 ft 15 5 5 3 1 

 

ABS and USCG are currently collaborating to carry out a third, 

more detailed engineering evaluation of the WMSL Class cutter 

structural capacity for operations in ice covered waters. State-of-

the-art analytical and numerical methodologies of ship-ice 

interaction, collision mechanics, and structural response are 

being exercised to develop rational estimates of the ship’s 

operational capabilities and limitations in various ice conditions,  

considering different tolerance levels for structural damage.  

The work involves the advancement of key elements such as 

mechanics of “thin ice” and structural compliance which are 

expected to strongly influence the operational limits for this 

class of vessel. Traditional ice-ship interaction models are based 
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on several assumptions which are valid for heavy ice class hulls; 

structures are considered rigid and the ‘design’ ice is usually 

assumed to be thick and strong. However as we move to 

analyzing lighter ship structures, attention must been given to 

aspects such as, structural indentation energy, variable floe 

sizes, rate effects on ice flexural failure modes, structural steel 

strain-rate sensitivities, dynamic moving ice load actions, and 

rupture.   

 

Table 9 - Limiting Speeds in a Turn (knots) for Worst Case 

Shell Longitudinal Frame or Plating Plastic Deformation Limits 

@ Frame 11 (WT 5x8.5# on 15.3# plate) 

 Floe Size 

Ice 
Thickness 

10 ft x 
10 ft 

20 ft x 
20 ft 

30 ft x 
30 ft 

60 ft x 
60 ft 

100 ft x 
100 ft 

6" 20 20 20 20 20 

1 ft 5 3 1 1 1 

3 ft 3 2 1 0.5 0.25 

@ Frame 32 (WT 6x9.5# on 12.75# plate) 

Ice 
Thickness 

10 ft x 
10 ft 

20 ft x 
20 ft 

30 ft x 
30 ft 

60 ft x 
60 ft 

100 ft x 
100 ft 

6" 20 20 20 20 20 

1 ft 5 3 2 1 0.5 

3 ft 3 2 1 0.5 0.25 

 

The WMSL Class ice operational assessment has so far included 

an extensive analysis of the bow structural arrangement using 

plastic limit state capacity equations and a nonlinear explicit 

finite element analysis procedure. Figure 18 is one example 

numerical model of the ice indentation process considering a 

deformable structural grillage typical of the ship’s bow 

waterline region. This model was developed using the 

commercial FEA package LS-Dyna to obtain relationships 

between ice indentation, impact force, and structural 

deformation that could be used to estimate the relative energies 

expended into ice crushing and structural plastic damage.  The 

figure shows an ice edge indenting into the structure at a normal 

speed of 1.5 m/s (about 3 knots). The ice is modeled using solid 

elements and a ‘Crushable Foam’ constitutive material model 

calibrated for hard winter ice strength levels, and the structure is 

modeled using ‘Belytschko-Tsay’ shell elements. Cross-

sectional views show the relative deformation of the structure 

and ice. Contour plots represent the von-Mises stress 

distributions in the plating and frames at different times during 

the indentation process. The development of pressure patch and 

plastic regions are evident (shown in red) as the indentation 

progresses, even early in the simulation.  

 

The results of this kind of analysis are used to establish limiting 

conditions or ‘technical safe speeds’ for a ship in different ice 

regimes.  Limit conditions can be determined by comparing 

loading terms against some representation of capacity or 

strength, i.e. a limit state. The loading terms are produced by a 

model of ship-ice interaction that solves for ice load parameters 

(e.g. line load) as a function of many inputs describing the 

collision scenario. The inputs are a combination of ship speed, 

impact location, ice thickness, floe size, and ice strength terms  

 
Figure 18 Numerical Simulation Considering Deformation 

 

(flexural and crushing strength).  The capacity can be 

represented in several different ways; from a simple model of 

the notional elastic limit or plastic hinge formation to more 

complicated models that take into account detailed structural 

scantlings and large deformation response mechanisms (such as 

the model described above).  Figures 19 & 20 present examples 

of each of these processes for the ship impacting a 10 diameter 

ice floe (often referred to as ‘cake ice’). Figure 19 shows the 

line load results from the ship-ice interaction model for 

increasing vessel speeds and ice thicknesses along with curves 

representing the three-hinge plastic capacity for a particular 

frame. Figure 20 shows the structural response results from the 

ship-ice interaction model where capacity is represented by a 

defined structural damage level, in this case 2 inches. In both 

cases ‘technical safe speed’ limits are established once the load 

(or response) exceeds the accepted capacity. 

 

 
Figure 19 - Example of Establishing Limit Speeds for Plastic 

Limit States – 30 ft floes in variable ice thickness 

 

The results are summarized in the form of Figure 21 which 

shows that operational speeds in thickness greater than 10 

inches (termed ‘grey ice’) would have to be kept very low 

(under 5 knots) if no plastic damage was tolerable. However, the 

results also provide insight to the potential consequences of 
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operating more aggressively. In certain operational situations 

such as search and rescue or emergency response, tolerance for 

relatively minor plastic damage can add considerably to the 

ability to move in marginal ice. 

 

The term ‘technical safe speed’ is used to clarify that the speeds 

are derived by a set of calculations under specific technical 

assumptions. An actual safe speed would need to take a variety 

of other factors into account, including various uncertainties, 

levels of training, field experience and organizational risk 

tolerance. The analysis provides strong evidence that structural 

risks to the vessel from ice depend on many details, which is 

why knowledgeable operation is so crucial.    The analysis 

procedures under development in this project are advancing the 

state-of-the-art in our ability to model and predict the response 

of non-ice strengthened and light ice classed ships operating in 

ice. It is envisioned that this work will continue and ultimately 

aid in the development of the knowledge required to better 

understand and support operations in high latitude 

environments. This work aims to help improve safety of Arctic 

and sub-Arctic marine operations both for government assets 

and the commercial sector.  

 

 
Figure 20 - Example of Establishing Limit Speeds for Damage 

Limit State – 30 ft floes in variable ice thickness 

 

Weight and Cost Considerations 
Weight and cost implications for upgrading the WMSL Class 

hull structure for operations in ice have not yet been developed 

since there are no current plans to complete any upgrade.  

However, during Coast Guard early in-house design studies for 

the Offshore Patrol Cutter (WMSM or OPC), a study was 

completed to assess the impacts of various levels of ice 

strengthening (SFLC 2011).  Note that these were early 

conceptual studies and do not represent any current versions of 

the OPC. 

 

This study evaluated structural upgrades to achieve ABS Ice 

Classes D0, C0 and B0, and developed estimates for added 

weight and total design and construction cost.  In addition, an 

ice impact model (St. John 1989) was used to estimate the 

maximum safe speed for impacts during a turn (15 deg drift 

 
Figure 21 - Technical Safe Speeds for the WMSL Class Cutter 

Impacting ‘cake’ Ice Floes 

 

angle exposing the side shell to ice loads along the length of the 

cutter) with first year ice floes 1.6 ft thick and 130 ft in 

diameter.  This analysis method is similar to that discussed 

above for WMSL safe operating speeds.  Forward speed is 

combined with the 15 degree drift angle to calculate the relative 

velocity between the hull surface and the ice floe.  If the drift 

angle is assumed to be 0 deg, results would be identical to the 

case with forward speed only.  This analysis included the drift 

angle as a worst case to expose the side shell to ice loads over 

the length of the cutter. 

 

Results of this study are summarized in Table 10.  As shown in 

the table, the point-design OPC hull form and structure had very 

limited capability in ice as indicated by the very low safe 

operating speed. There was a very high risk of hull structural 

damage when operating in the marginal ice zone at higher 

speeds or in greater thicknesses of ice.  Revised scantlings were 

developed for ABS Ice Classes D0, C0 and B0 based on rule 

requirements.  Ice Class D0 requires strengthening only in the 

bow area (Stations 1 through 5), while the other classes require 

strengthening in an ice belt over the entire length of the cutter.  

The study assumed that web frame spacing (longitudinal span) 

remained unchanged from the non-ice-strengthened case.  

Longitudinal spacing was decreased between 33% and 46% 

varying along the length of the cutter, and was assumed to be 

constant for each of the Ice Classes.  Required plating 

thicknesses, longitudinal cross sections and web frame cross 

sections were then computed to meet Ice Class Requirements.  

Plating thickness increases varied from 60% to 41% for Ice 

Class D0 in the bow area only, to 79% to 21% along the length 

of the cutter for Ice Class C0 and 101% to 41% along the length 

of the cutter for Ice Class B0.   

 

In comparing the safe operating speed and differential costs 

across the ice-strengthened variations of the basic open water 

hull form, a fairly dramatic increase in safe speed was achieved 

as the hull structural variations progress to the ABS B0 level. 

Furthermore, there was relatively little difference in cost 

between the D0 and B0 classes, and the B0 Class could operate 
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in even more severe conditions with an icebreaker escort. The 

study concluded that a notable increase in OPC ice-operating 

capability can be achieved for a modest cost. The cost 

differential to achieve ABS B0 is equal to less than 5% of the 

then current estimate of the hull, machinery, and equipment cost 

for the point-design OPC, including non-recurring engineering 

costs.  Note that the total ship cost figures shown in Table 10 

also include assumed costs for upgrading auxiliary systems, 

generator capacity and insulation for colder operating air 

temperatures. 

 

According to ABS classification rules and the evaluations 

performed, an OPC modified to achieve the B0 classification 

could operate at limited but reasonable speeds in a range of 

conditions from ice one foot thick at nine-tenths coverage to ice 

three feet thick at three-tenths coverage. This represented the 

best performance / cost tradeoff for operations in waters with ice 

conditions of less than 10/10 coverage. Performance in ice of 

any greater thickness and concentration would have required 

drastic redesign and changes to the hull form from a near 

walled-sided hull shape optimized for open water performance 

to an icebreaking hull form where the waterline angles would 

more effectively break ice sheets in bending. 

 

Table 10 – Summary of Coast Guard In-House WMSM Design 

Ice Strengthening Options 

Hull Ice ABS 

Class 

Maximum 

Operating 

Speed First 

Year Ice 

with 15 deg 

Drift Angle 

Steel Weight 

Increase 

Long Tons 

(%) 

Relative 

Total Ship 

Cost 

Increase for 

Detail 

Design and 

Construction 

Baseline CG 

Design 

0.5 None None 

50% 

Reduction in 

Longitudinal 

Stiffener 

Spacing 

2.3 34(0.8%) 4.16% 

D0 0.5
1 

95(2.3%) 4.23% 

C0 3.0 122(3.0%) 4.42% 

B0 4.2 126(3.1%) 4.44% 

1. Ice Class D0 does not provide strengthening along the 

length of the cutter so maximum speed in a turn is 

identical to the baseline design. 

 

PROPELLERS AND APPENDAGES 
The second WMSL design feature compared to the ABS Ice 

Class requirements was propeller blade strength.  This analysis 

compared actual blade width times blade thickness squared to 

required values for Ice Classes D0 and C0.  The rules require 

analysis at radii of 0.6 and 0.35 times total propeller radius.  For 

both of these locations, the installed propellers meet rule 

requirements for Ice Class C0 when the ship is operated in 

Maneuvering Mode, but they do not meet the requirements of 

Ice Class D0 in CODAG Mode.  Therefore, propeller strength 

should not be an issue in light ice conditions as long as the 

cutters are operated at low power levels. 

 

 

Ice class rudder design considerations include rudder stock 

diameter requirements based on a minimum design speed that 

accounts for possible rudder torque due to ice impacts. Since the 

as-built design speed is well in excess of the velocity for ice 

design, the rudder stock and steering gear can be considered to 

be adequately strong for ice operations at lower speeds.  The 

rudder structure itself (and other hull appendages) will have the 

same issues as the hull structure with respect to strength.  Ice 

considerations were not part of the original design. 

 

AUXILIARY SYSTEMS 
In addition to evaluating structural limitations for operations in 

ice and cold temperatures, a combination of analysis and 

feedback from the cutters was used to identify limitations of 

auxiliary systems and develop recommendations for upgrades.  

Note that this discussion assumes that the cutters operate in ice-

free areas outside of the ice edge.  The experience base includes 

operations in the Bering Sea in winter months and in the 

Chukchi and Beaufort Seas in August and September. 

 

When the National Security Cutters (i.e. WMSL Class cutters) 

were designed, the design criteria did not account for Arctic 

Weather operations.  The two design specification standards: (1) 

MIL-STD-1399C, “Interface Standards for Shipboard Systems,” 

Section 301 (DOD 1986) (for shipboard motion and attitude); 

and (2) MIL-STD-1399C, “Interface Standards for Shipboard 

Systems,” Section 302 (DOD 1986) (for weather environment), 

dictated that the cutters shall be capable to operate in water 

temperature of 28 degrees F to 90 degrees F (for seawater) and 

32 degrees F to 90 degrees F (for freshwater), and that the 

heating, ventilation and air conditioning system (HVAC) shall 

operate satisfactory on the basis of design weather air 

temperature of zero degrees F to 95 degrees F dry bulb/82 

degrees F wet bulb. 

 

Seawater Systems 
Since the WMSL Class cutters are not expected to operate in sea 

ice conditions, the nine Auxiliary Salt Water (ASW) cooling 

system sea chests were not designed for ingestion or ice 

accumulation.  Instead of re-circulating warm seawater piping 

back to a sea chest, the WMSLs were designed to only have a 

compressed air blow-out fitting for the sea chests and be 

outfitted with two orifices (i.e. flow restrictors) for main 

propulsion diesel engine cooling water, 3.5 inches and 4.3 

inches, that are switched out depending on WMSL operations in 

warm versus cold operation climates.  These design issues, 

coupled with a lack of isolation valves and only y-strainers at 

the individual pieces of equipment, led to ship’s force to take the 

entire system down in order to clean the strainers or work on 

pump seal failures.  In addition, no specific guidance was 

provided by the builder or engine manufacturer on temperature 

ranges for the two sets of MPDE cooling water orifices.  

Changes recommended for ASW systems were primarily related 
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to strainers and isolation valves to facilitate underway 

maintenance and were not specifically related to cold weather 

operations.  However, if continued analysis indicates a 

capability to operate in light ice conditions, consideration should 

be given to add a capability to re-circulate hot water to the sea 

chests. 

 

Heating Ventilation and Air Conditioning 
As stated above, the WMSL HVAC system was designed to 

operate satisfactory in weather air temperature of zero degrees.  

Based on historical data, this HVAC design criteria is 

significantly inadequate for the areas just south of the ice edge. 

 

The Surface Forces Logistics Center (USCG SFLC October 

2013) conducted an analysis of the WMSL 14 pre-heaters, 59 

re-heaters and 10 unit heaters based on a new outside 

temperature of -40 degrees F.  The analysis concluded that the 

system would be adequate for a short period of these low 

temperatures.  For longer time periods at this temperature, the 

electrical load would increase by 604.3 KWs; 13 out of 14 

preheaters, 37 out of 59 re-heaters, and 8 out of 10 unit heaters 

would require replacement; and additional unit heaters would 

have to be installed in the incinerator room. The Coast Guard 

Surface Force Logistics Center, Long Range Enforcer Product 

Line and Engineering Services Division are currently 

reevaluating the WMSL electrical and heat load calculations 

based on additional equipment configuration changes and 

determining if there is excess capacity for the additional loads 

for Arctic Operations. 

 

In the last three WMSL Arctic deployments (July-Aug 2012, 

Aug-Nov 2013, and Aug-Oct 2014), WMSL crews have 

confirmed that the HVAC systems are inadequate.  The ship’s 

crew reported that the machinery spaces are nearly the same 

temperature as the outside (even with equipment running) and 

that they contemplated the possibility of securing ventilation, 

even though it would increase risk of fumes build up.  There 

were also reports that the aft berthing areas were extremely cold 

with the pre-heaters and re-heaters operational, and that the 

insulation for those spaces should be reexamined. 

 

Deck Machinery 

The NSC Specification General Requirements for equipment 

and machinery installed in exposed locations are that they shall 

operate at a minimum temperature of -40 degrees F with a 

concurrent wind velocity of 40 knots and 20% to 100% relative 

humidity, inclusive.  Even though the deck equipment may 

operate in the -40 degrees F conditions, the operating speed 

maybe insufficient due to increased viscosity of hydraulic fluids 

due to lower temperatures.  To compensate for the increased 

viscosity of hydraulic fluids, and a lack of hydraulic oil heaters, 

the ship’s crew had to energize equipment at least 15 minutes 

prior to operation.  After initial feedback, the Coast Guard has 

deployed configuration changes of the starboard side single 

point davit to include an Original Equipment Manufacturer 

(OEM)’s hydraulic oil sump heater and included a sump heater 

as a requirement for all future boat handling equipment. 

 

Coast Guard Cutter BERTHOLF’s Arctic Summary concluded 

that the WMSL stern boat gantry handling system proved highly 

unreliable, and went as far as recommending four 5 ton chain 

falls as redundant system back up for raising and lowering the 

cutter small boat from the cradles to the notch.  This led to the 

Coast Guard Surface Force Logistics Center, Long Range 

Enforcer Product Line to deploy a configuration change that 

replaced the stern boat gantry handling system with a more 

reliable three folding boom cranes system. 

 

In addition, the Coast Guard Surface Force Logistics Center, 

Engineering Services Division provided the Long Range 

Enforcer Product Line with additional recommendations to 

improve the reliability of boat and aircraft handling systems, 

anchor and mooring equipment, and cutter small boats for Arctic 

Weather Conditions.  Some of the recommendations included 

heavy canvas to protect control box covers and equipment, 

changing the lubricants to a low temperature product, and 

installing heating.  The Coast Guard Long Range Enforcer 

Product Line is currently in the process of implementing some 

of the recommendations. 

 

Electrical Load 
An Electrical Power Load Analysis (EPLA) was completed to 

determine if the electrical systems are adequate for the increased 

heating requirements.  The old loads were defined as what is 

currently listed in the EPLA and the new loads are defined as 

those that include the increased heating requirements for a -40 F 

design temperature. Note that the changes were only to auxiliary 

machinery systems (HVAC and deck equipment heaters). The 

largest increase in load was 713.3 kW. 

 

With respect to electric deck and superstructure anti-icing and 

de-icing systems, the minimum recommended watt densities for 

anti-icing and de-icing mats are no less than: 300 W/m2 for 

open deck areas, helicopter decks, gangways, stairways and 200 

W/m2 for superstructures. This EPLA above does not reflect 

any power requirements for anti-icing and de-icing. Also, due to 

current uncertainty in requirements, the ELPA does not include 

main propulsion heaters for intake air and reduction gear sumps. 

When requirements for these two items (de-icing and Main 

Propulsion) are finalized and current loads are updated, the 

ELPA must be updated to evaluate capacity for cold weather 

changes. 

 

Safety and Survival 
Cold temperatures must also be considered in the event of a 

major casualty or a mishap during high latitudes operations.  

Two scenarios were addressed during the SFLC study for the 

WMSL Class (USCG SFLC October 2013), including a mishap 

requiring the crew to abandon ship and a major engineering 

casualty that would require a cutter to be towed. 

 

The installed MK7 life raft systems are not tested for proper 

inflation to temperatures below -22F.  Water packaged in these 

rafts has been tested for freezing to -22F, but not below. The 
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possibility of replacing rafts with rafts packed with “arctic pack” 

clothing and gear should be investigated. Also, consideration 

should be given to de-rating capacity of rafts from 25 to 20 

people, to compensate for arctic clothing, and polyethylene 

sleeves should be installed over life raft hydrostatic release 

devices to protect them from icing. 

 

Mooring and towing bitts, chocks, cleats and other structural 

fittings should be evaluated for material fracture issues under 

low temperature service. Evaluation of fittings related to towing 

or being towed should have priority for vessel classes not 

normally assigned to low-temperature areas. Mooring and 

towing hawsers should be changed from double braided 

polyester or 12-strand polyester to high strength material options 

which do not entrain water. These materials will require the use 

of shock pendants. 

 

CONCLUSIONS 
The work discussed above has been primarily focused on the 

structural capacity of existing and future Coast Guard cutters for 

operations near or in sea ice, specifically in the Alaskan Arctic.  

Methodologies discussed for evaluation of structural capacities 

when operating in ice are applicable to any vessels, and results 

are believed to be representative for similar lightly constructed 

military ships.  The following conclusions are offered based on 

the results presented above: 

1. For the Alaskan Arctic, first-year ice conditions in the 

Bering Sea result in very small gains in operational 

area for ABS First-Year Ice Class D0.  ABS Class B0 

would provide a significant increase in operating area, 

and would also permit the ice-strengthened cutter to be 

escorted by an icebreaker in more severe conditions.  

For a generic modern Coast Guard cutter, ice 

strengthening to ABS Class B0 would add 

approximately 3% to the hull structure weight and 4 to 

5% to the total design and construction cost (including 

some additional provisions for operations in cold 

temperatures); 

2. Hull materials for the WMSL Class are adequate for 

operations south of the Alaskan Arctic ice edge during 

all months of the year and meet requirements for ABS 

Class D0 and Polar Class PC-7, even though the cutters 

should not operate in ice; 

3. Based on equivalent ABS First-Year Ice Class, current 

U.S. Coast Guard Cutters do not meet structural 

requirements for operations in “very light” ice 

conditions as evidenced by analysis of the WMSL 

Class; 

4. Initial analysis of ice impacts indicates that some low-

speed operations within thin, open sea ice fields may be 

possible for non-ice-strengthened cutters.  Additional, 

more complete and rigorous analysis is ongoing to 

determine “technically safe speeds” for different ice 

conditions.  These methods should be generally 

applicable to any cutters, combatants, auxiliaries or 

commercial vessels; 

5. Based on many years of experience operating heavy 

and medium icebreakers in the Alaskan Arctic, extreme 

caution must be used when specifying safe operating 

areas for ice-strengthened vessels.  Conditions in the 

Bering and Chukchi Seas are extremely dynamic, and 

conditions can quickly change from low areal coverage 

of thin first year ice to 10/10 coverage with rafting, 

rubble and pressure ridges.  In addition, during the 

summer season in the Chukchi and Beaufort Seas, 

fragments of multi-year ice can be encountered far 

from the ice pack, and these are difficult to detect; 

6. Even when operations in ice are not considered, 

operations in cold temperatures can have significant 

impacts on shipboard systems.  The brief discussion of 

experience with the WMSL Class given above 

indicates that HVAC in machinery and occupied spaces 

can be problematic, and this may have an impact on 

electrical plant capacity.  In addition, all deck 

machinery and mission systems must be specifically 

designed and maintained for operations in low 

temperatures. 
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