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ABSTRACT 

 
The Canadian Ice Regime System takes into account the decay of sea ice by allowing the 
addition of +1 to the Ice Multiplier for ice that is deemed to be decayed at the “rotten” 
stage. This report examines this approach based on an analysis of the strength of both 
first-year sea ice and multi-year sea ice, and the damage statistics for Arctic vessels. The 
analysis shows that there is no quantitative scientific basis for the current approach of 
taking into account the decay of sea ice in the Ice Regime System. The report provides a 
detailed discussion of the analysis with recommendations that (1) the decay of sea ice 
should be recast in terms of the strength of ice; (2) the summer bonus for reduced ice 
strength should be given once the ambient air temperature has been above 0°C for one 
month; (3) an analysis should be performed to define a similar criterion to be used during 
the growth (autumn) season; and (4) there should be no bonus for decayed multi-year ice. 
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Ice Decay and the Ice Regime System  

 
 
1.0 INTRODUCTION 
 
Navigation in Canadian waters north of 60°N latitude is regulated by the Arctic Shipping 
Pollution Prevention Regulations (ASPPR). These regulations include the date Table in 
Schedule VIII and the Shipping Safety Control Zones Order, made under the Arctic 
Waters Pollution Prevention Act. Both of these are combined to form the “Zone/Date 
System” matrix that gives entry and exit dates for various ship types and classes. It is a 
rigid system with little room for exceptions. It is based on the premise that nature 
consistently follows a regular pattern year after year.  
 
Transport Canada, in consultation with stakeholders, has made extensive revisions to the 
Arctic Shipping Pollution Prevention Regulations (ASPPR 1989; Canadian Gazette 1996; 
AIRSS 1996). These changes, introduced only outside the zone-date system, were 
designed to reduce the risk of structural damage in ships which could lead to the release 
of pollution into the environment, yet provide the necessary flexibility to shipowners by 
making use of actual ice conditions, as seen by the Master. In this new system, an "Ice 
Regime", which is a region of generally consistent ice conditions, is defined at the time 
the vessel enters that specific geographic region, or it is defined in advance for planning 
and design purposes. The Arctic Ice Regime Shipping System (AIRSS) is based on a 
simple arithmetic calculation that produces an “Ice Numeral” that combines the ice 
regime and the vessel’s ability to navigate safely in that region. The Ice Numeral (IN) is 
based on the quantity of hazardous ice with respect to the ASPPR classification of the 
vessel (see Table 1). The Ice Numeral is calculated from 
 
  ....][][ ++= bbaa IMxCIMxCIN     (1) 
 
where  
IN = Ice Numeral 
Ca = Concentration in tenths of ice type “a” 
IMa = Ice Multiplier for ice type “a” (from Table 1) 
 
The term on the right hand side of the equation (a, b, c, etc.) is repeated for as many ice 
types as may be present, including open water. The values of the Ice Multipliers are 
adjusted to take into account the decay or ridging of the ice by respectively adding or 
subtracting a correction of 1 to the Ice Multiplier (see Table 1). 
 
The Ice Numeral is therefore unique to the particular ice regime and ship operating within 
its boundaries.  
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Table 1 Table of Ice Multipliers for AIRSS  
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The ASPPR deals with vessels that are designed to operate in severe ice conditions for 
transit and icebreaking (CAC class) as well as vessels designed to operate in more 
moderate first-year ice conditions (Type vessels). The System determines whether or not 
a given vessel should proceed through that particular ice regime. If the Ice Numeral is 
negative, the ship is not allowed to proceed. However, if the Ice Numeral is zero or 
positive, the ship is allowed to proceed into the ice regime. Responsibility to plan the 
route, identify the ice, and carry out this numeric calculation rests with the Ice Navigator 
who could be the Master or Officer of the Watch. Due care and attention of the mariner, 
including avoidance of hazards, is vital to the successful application of the Ice Regime 
System. Authority by the Regulator (Pollution Prevention Officer) to direct ships in 
danger, or during an emergency, remains unchanged.  
 
At the present time, there is only partial application of the ice regime system, exclusively 
outside of the “zone-date” system. 
 
Credibility of the new system has wide implications, not only for ship safety and 
pollution prevention, but also in lowering ship insurance rates and predicting ship 
performance.  Therefore, there is a need to establish a scientific basis for the system. To 
this end, Transport Canada approached the Canadian Hydraulics Centre of the National 
Research Council of Canada (CHC/NRC) in Ottawa to assist them in developing a 
methodology for establishing a scientific basis for AIRSS. Considerable progress has 
been made in addressing the scientific basis (see Timco and Kubat (2001) for a recent 
update). 
 
One important aspect of the Ice Regime System (IRS) is the decay of the sea ice. As 
noted in Table 1, an additional integer value is added to the Ice Multiplier if specific 
types of sea ice are decayed. The IRS allows the addition of one to the Ice Multiplier if 
the multi-year (MY) ice, second-year (SY) ice, thick first-year (TFY) ice or medium first-
year (MFY) ice is decayed. No allowance is made for decay in thinner ice. This 
modification can significantly increase the Ice Numeral for decayed ice regimes.  
 
This modification for decay was originally done on an “ad hoc” basis with no scientific 
evidence established for it. Further, there is no accepted definition of ice decay. Because 
of this, Transport Canada has asked the CHC/NRC to review this question. In this report, 
the strength of sea ice is reviewed with an eye towards the decay process. This is done for 
both first-year sea ice and older, multi-year and second-year sea ice. Following that, the 
ship damage events in the Arctic are reviewed to look for a correlation between sea ice 
decay and (less) damage. This is followed by some recommendations for the approach 
that should be taken for considering the decay of sea ice in the Ice Regime System.  
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2.0 FIRST-YEAR SEA ICE 
 
 
2.1 Growth of Sea Ice 
 
Sea ice is a complex material which is composed of solid ice, brine, air and, depending 
upon the temperature, solid salts.  Ice growth mechanisms can produce several different 
grain structures, depending upon the prevailing conditions. The details of the ice 
microstructure influence significantly the mechanical and physical properties of the ice. 
In general, sea ice is a mix of grain structures including S2 columnar, granular, frazil and 
discontinuous columnar. The classic picture of sea ice structure (see e.g., Weeks and 
Ackley 1982) shows an upper granular structure overlying a S2 columnar structure.  
Although this type of composite structure is prevalent in land-fast ice in Arctic regions, it 
is certainly not universal.  In many cases, especially in pack ice, there can be considerable 
"banding" of alternating layers of columnar and granular ice, often with discontinuous 
columnar ice.  Moreover, in certain areas, considerable frazil ice has been observed on 
the bottom of an ice sheet.  Thus the overall structure of the ice can be quite variable.  
 
When the ice grows, it traps some of the salt that is present in the seawater. The amount 
of salt that is trapped in the growing ice sheet is affected by several factors. Typically 
first-year sea ice has salinity in the range of 4 to 6 parts per thousand (‰) salt. This is 
lower than the salinity of seawater, which is typically 35 ‰.  The brine, air and solid salts 
are usually trapped at sub-grain boundaries between a mostly pure ice lattice.  Also, 
because a temperature gradient exists, the upper surface temperature is close to the 
ambient air temperature, and the lower surface temperature is at the freezing point 
(usually -1.8°C for sea ice). Because there are a number of salts in the ice, the phase 
relationship with temperature is multifarious (see e.g., Weeks and Ackley 1982). All of 
these factors make understanding and charactering sea ice extremely difficult.   
 
2.2 Ice Salinity 
 
For sea ice, the salinity (Si) is usually expressed as the fraction by weight of the salts 
contained in a unit mass.  It is usually quoted as a ratio of grams per kilogram of 
seawater, that is, in parts per thousand (‰ or ppt).  In sea ice there is usually some 
salinity variation with depth in the ice sheet.  This depth dependence of the salinity 
changes throughout the winter as the salt within the ice migrates downward through the 
ice.  There can be, however, marked salinity variations even within a small sample. In 
many cases, therefore, the average value of a salinity profile is used as a first 
approximation of salinity for an ice sheet. 
 
In collating information on sea ice from a wide number of sources, Cox and Weeks 
(1974) found that the average salinity of a cold ice sheet could be related to the thickness 
of the ice (hi).  Figure 1 shows a plot of the average ice salinity versus ice thickness for a 
large number of measurements on sea ice sampled during the growth season. The graph 
gives the original data of Cox and Weeks along with some more recent data from 
Frederking and Timco, Sinha and Nakawo, and Frederking. The data were collected from 



 HYD-TR-070 Page 9  

 

 

cores from all parts of the Arctic including the Beaufort Sea, Bering Sea, Labrador, 
Eclipse Sound and Strathcona Sound. From Figure 1 it appears that a reasonable 
representation of the ice salinity for a given ice thickness hi can be expressed as (from 
Timco and Frederking 1990):  
 
   ;34.04.174.13 mhforhS iii £-=  
   ;34.062.10.8 mhforhS iii ³-=    (2) 
 
This approach assumes that there is no salinity variation with depth through the ice sheet, 
which is a reasonable first approximation for sea ice. Equation (2) gives the average 
salinity of sea ice as a function of the ice thickness. As evidenced in Figure 1, there is a 
good fit of the equations to the data. The change in salinity with thickness reflects the 
drainage of the brine during the year, and the fact that slower growth rates trap less salt in 
the ice sheet. With thicker ice, the growth rate is substantially lower than that for a thin 
(usually snowless) ice sheet in the early winter. All of these factors affect the strength of 
the ice. 
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Figure 1:  Ice salinity versus ice thickness for cold first-year sea ice 
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2.3 Brine Volume and Total Porosity 
 
Historically sea ice has been analyzed in terms of the "brine volume" in the ice. The brine 
volume represents the amount of liquid brine in the host ice matrix. The determination of 
the brine volume integrates the influence of both temperature and salinity.  The brine 
volume of the ice is related to the temperature (Ti ) of the ice, the salinity (Si ) of the ice 
and the types of salts present.  For sea ice, the brine volume can be determined from the 
Frankenstein and Garner (1967) Equation: 
 

   
ú
ú
û

ù

ê
ê
ë

é
+= 532.0

185.49

i
ib T

Su      (3) 

 
where -0.5°C ³  Ti ³  -22.9°C; or from the Cox and Weeks (1982) equation: 
 
   )(/ 1 TFS iib ru =       (4) 
 
where r i is the bulk ice density, and 
 
      F1(Ti )  = - 4.732 - 22.45 Ti - 0.6397 Ti

2 - 0.01074 Ti
3  

                                           for - 2 ³  Ti ³  - 22.9 
              = 9899 + 1309 Ti + 55.27 Ti

2 + 0.716 Ti
3   

                                             for - 22.9 ³  Ti ³  - 30  
 
Although the latter is more accurate, the former provides a reasonable estimate of the 
brine volume.  The brine volume is usually quoted in terms of the volume in parts per 
thousand, similar to the salinity.  Alternatively, it can be expressed as a volume fraction. 
(For example, a brine volume of 20 ‰ is equivalent to a brine volume fraction of 0.020). 
 
Knowledge of the brine volume for sea ice is useful on its own. However, in addition to 
the liquid brine in the ice, air is present in the ice.  In certain instances (especially where 
brine drainage occurs) the air volume can be significant. For this reason it is usually 
better to express the porosity of the ice as the total porosity (i.e. brine plus air). For this, 
the total porosity (nT) of the ice is expressed as 
 

nT = nb + na        (5) 
 

where nb is the relative brine volume and na is the relative air volume. Cox and Weeks 
(1982) developed equations to calculate the total porosity. To do this, the bulk ice density 
must be known accurately. Since this is a property that is not usually known due to the 
difficulty of an accurate measurement, the following discussion will be related only to the 
brine volume. 
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2.4 Flexural Strength 
 
Several researchers have attempted to relate the strength of sea ice to the brine volume or 
total porosity of the ice.  There is a good reason for this.  It is generally assumed that as 
the total porosity in the ice increases, the strength should decrease since there is less 
"solid ice" that has to be broken. Timco and O’Brien (1994) have done the most 
comprehensive analysis of the flexural strength of ice. They compiled a database of over 
2500 reported measurements on the flexural strength of freshwater ice and sea ice. For 
this data set, approximately 1000 tests were performed on sea ice. Timco and O’Brien 
(1994) showed that the data for first-year sea ice could be described by: 
 
    )*88.5(exp76.1 bf us -=     (6) 
 
where s f  is the flexural strength of the ice and the brine volume (nb) is expressed as a 
brine volume fraction. This relationship is shown with the data in Figure 2.  
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Figure 2:  Flexural strength versus the square root of the brine volume for first-year 

sea ice. 
 
 
There are several things to note from this figure: 

·  The value of 1.76 MPa for zero brine volume is in excellent agreement with the 
average strength (1.73 MPa) measured for freshwater ice.  

·  The general scatter in the data increases with decreasing brine volume.  This is a 
reflection of the fact that, at low brine volumes, the ice is much more brittle.  The 
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range of scatter approaches that measured for freshwater ice. This type of scatter 
is characteristic of a brittle material.  It is natural scatter. 

·  This equation is the most comprehensive equation for flexural strength to date. 
There have been a few other equations proposed to relate strength and brine 
volume but these have been based on substantially fewer data points, and data that 
extended over a very limited range.  In other words, the other equations are valid 
over only a small brine volume range. The wider range of this equation represents 
these other equations very well in the ranges where they are valid. 

·  The data for the equation was compiled from a large number of investigators, and 
from a variety of geographic locations, in both polar and temperate climates. 
Therefore it should be quite representative of the flexural strength of sea ice in 
most regions. 

·  The brine volume used to represent the ice beam for any test was taken to be the 
average brine volume, determined from the average temperature and salinity of 
the beam. Thus, to calculate the flexural strength, it is only necessary to know the 
average temperature and salinity of the ice. 

 
In summary, the fact that a very large number of data points have been used in this 
analysis, the excellent agreement with the flexural strength of freshwater ice at zero brine 
volume and the associated scatter comparable to freshwater ice, indicates this equation is 
a very good representation of the dependence of flexural strength of sea ice on the brine 
volume.  
 
2.5 Internal Processes within Sea Ice 
 
The information discussed above provides some insight into the internal processes within 
sea ice.  During the mid-winter months, the air temperature is very low and the ice is 
cold.  When the ice is cold, the majority of entrained salt is in the form of precipitated 
crystals within the brine pockets.  As spring approaches, the air temperature progressively 
warms and the internal temperature of the ice increases. Increasing ice temperatures 
cause a phase change within the brine pockets whereby precipitated salts dissolve and 
enter solution.  As the salts dissolve, ice melts along the walls of the brine pocket and the 
overall brine volume increases.  
 
As the ice temperature warms, the ice becomes nearly isothermal.  Brine pockets 
continue to increase in size and eventually interconnect to form large brine drainage 
channels within the ice.  These channels provide a conduit for the liquid brine to “drain” 
out of the ice.  Once the brine drainage channels form the ice salinity decreases rapidly.  
Ice that is isothermal and from which most of the salinity has drained is considered to be 
in an advanced state of decay.  What does ice decay mean quantitatively in terms of the 
degradation in ice strength?  To answer this, a natural starting point would be to calculate 
the flexural strength of the ice using the inverse relationship between ice strength and 
brine volume described in Equation 6.  The following discussion focuses upon changes in 
the flexural strength of the ice during the decay season. 
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2.6 Changes in Flexural Strength: Case Study 
 
Techniques for measuring the properties of cold, winter sea ice are straightforward.  Once 
the air temperatures and solar radiation increase however, the physical properties of the 
snow and ice quickly begin to change.  The properties of an ice core change as soon as it 
is extracted from the ice sheet.  The difficulty of measuring the properties of warming sea 
ice explain why there is an absence of data on the properties of first-year sea ice during 
the decay stages.   
 
The decay of landfast first-year sea ice was characterized during two field seasons near 
Resolute, Cornwallis Island in the Canadian Arctic.  The field programs were conducted 
for two sequential years, in 2000 and 2001.  The programs began in May, when the ice 
was cold, and extended until June and July, when the snow cover had melted fully and 
the ice was beginning to ablate.  Property measurements included snow depth, ice 
thickness, air and ice temperature and ice salinity.   
 
Most of the property measurements were used to calculate the flexural strength of the ice 
using Equation (6) and the model discussed in Timco and O’Brien (1994).  Figure 3 
presents a typical case study illustrating a portion of the annual (winter-spring) ice cycle.  
The relationship between the measured air temperature (for year 2001), ice thickness, 
calculated brine volume and calculated flexural strength is shown for January to mid-
July.  Mid-winter ice conditions were approximated using ice thickness measurements 
made by Billelo (1980) on first-year ice near Resolute from 1959 to 1972.  The author 
reported ice that was, on average, about 0.40 m thicker than ice during the decay season 
field measurements (for the same time of year).  As a result, Figure 3 shows a 
discontinuity between ice thickness reported by Billelo (1980) and the field 
measurements from years 2000 and 2001.   The air temperatures shown in Figure 3 are 
the mean daily air temperatures recorded at Resolute in year 2001. 
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Figure 3: Flexural strength and ice measurements used in the calculation 
 
The case study in Figure 3 shows that the calculated brine volume and flexural strength 
of the ice remain relatively constant throughout the winter.  In spring, there is a steady 
increase in air temperature and solar radiation intensifies.  At that point the brine volume 
increases and the internal structure of the sea ice changes, causing a decrease in the 
flexural strength of the ice.  Figure 3 shows that by 11 June (JD162), the ice temperature 
and brine volume have increased to a point where Equation 6 is invalid for calculating the 
flexural strength of the ice.  The flexural strength equation breaks down when the ice 
temperature is close to the melting point. At this stage, the increase in the brine volume is 
in a “runaway” condition and the equations for calculating the brine volume are no longer 
valid. At the same time, as shown by measurements from the 2000/20001 field programs 
(Figure 3), the ice begins to decrease in thickness. 
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In order to calculate the flexural strength of decaying sea ice, an equation would need to 
be developed to take into account the total porosity of the ice (Equation 5), rather than 
only the brine volume.  Calculation of the total porosity requires reliable information 
about the density of the ice.  The wide range of scatter in the reported densities of cold, 
winter sea ice (Timco and Frederking, 1996) illustrates the difficulty of obtaining 
accurate ice density measurements.  It is considerably more difficult to measure 
accurately the density of warm sea ice.  As a result, developing an equation that requires 
the total porosity as input is a formidable task.  Clearly, it becomes necessary to use other 
means to measure the strength of decaying sea ice.  The most feasible means of 
determining the strength of warm ice would be to avoid performing property 
measurements on an extracted ice core, i.e. to do the strength tests in situ.  The borehole 
jack assembly fulfils that requirement.  
 
2.7 Ice Borehole Strength 
 
Borehole jack tests are convenient in that, after a core has been extracted from the ice, 
strength tests are conducted in the hole made by the corer.  The borehole jack is mounted 
with its curved, stainless steel indentor plates flush to the wall of the ice core hole.  A 
pump circulates hydraulic fluid into the jack to activate its laterally acting piston.  The 
piston applies hydraulic pressure to the indentor plates, causing them to extend and 
penetrate the wall of the borehole.  Once a test has been run at a specified depth, the jack 
is rotated and lowered to the next test depth.  In first-year sea ice, the borehole jack tests 
are typically conducted at a 0.30 m depth interval.  A total of four tests would be 
conducted for ice about 1.2 m thick.  
 
An external data acquisition system records the oil pressure and displacement during each 
test. These measured values are then used to determine the ice pressure.  The test length 
and indentor rate differ for each borehole jack test, so it is not possible to compare tests 
results based upon the peak pressure recorded during an individual test.  Rather, the 
information from different tests should be compared based upon the ice pressure at a 
specified indentor displacement.   
 
Measuring the in situ, confined compressive strength of the ice (i.e. ice borehole strength) 
with a borehole jack was a significant component of the Resolute field programs 
conducted in years 2000 and 2001.  Strength measurements were obtained at least twice 
per week in the early season and more frequently as the season progressed.  Each test 
day, depth profiles of the ice borehole strength were obtained throughout the full 
thickness of the ice for a total of three holes.  Results from the different borehole jack 
tests were compared based upon the pressure at an indentor displacement of 3 mm (s 3mm)  
 
Figure 4 shows changes in the ice borehole strength that occurred at two representative 
ice depths (0.30 and 0.90 m) during the 2000 and 2001 measurement seasons.  Air 
temperatures and ice thickness during the two field seasons were comparable, providing 
good repeatability of the borehole jack tests.  Strength measurements from the two years 
showed similar trends.  The reader is referred to Johnston et al. (2000) and Johnston and 
Frederking (2001) for a more thorough discussion of results from each season.   
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Figure 4: Ice borehole strength for two measurement seasons  
 
When the measurement program began on 14 May (JD134) in year 2001, the ice strength 
was 21.7 MPa.  The ice strength decreased quite rapidly during the first week, by about 5 
to 7 MPa.  After that, the ice strength continued to decrease, although at a considerably 
slower rate.  The ice strength at all depths stabilized at 2 to 3 MPa in early July (2 July, 
JD183).  The ice maintained a 2 to 3 MPa strength throughout most of July (the last 
measurements were taken 20 July - JD201).   
 
Results from the borehole jack tests during the decay season were placed in perspective 
by consulting the literature for the ice borehole strength of mid-winter, first-year sea ice.  
Masterson et al. (1997) reported a depth averaged ice borehole strength of 24.4 MPa for 
29 tests in natural first-year sea ice.  Blanchet et al. (1997) reported results from a series 
of borehole jack tests that were conducted in cold, first-year sea ice at Tarsiut Island in 
the Beaufort Sea.  The authors reported a maximum ice borehole pressure of 27 to 8 MPa 
for first-year ice in the (ice) temperature range –17°C to near 0°C.   
 
A curve was fit to the data points reported in Blanchet et al. (1997) and this was used to 
extrapolate the strength measurements from years 2000 and 2001 to mid-winter 
conditions.  Figure 5 presents results of the mid-winter extrapolation of the ice borehole 
pressure for ice depths 0.30 and 0.90 m.  The comparison shows that the ice borehole 
strength of cold, mid-winter ice ranges from 20 to 28 MPa for ice at a depth of 0.30 m 
and 16 to 22 MPa at an ice depth of 0.90 m.  Variations in the mid-winter ice borehole 
strength resulted from changes in the ice thickness and air temperature (hence ice surface 
temperature).  Figure 5 shows that the ice borehole jack strength changes most during the 
spring, when air and ice temperatures begin to warm.   
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Figure 5: Typical, mid-winter ice borehole strength and strengths from decay work 
 
 
2.8 Decay Process in First-Year Sea Ice 
 
As previously discussed, the flexural strength equation is not reliable for warm sea ice.  
In the temperature region where the flexural strength equation is not appropriate, 
borehole jack tests offer a feasible means of measuring the in situ confined compressive 
strength of the ice. Having demonstrated the feasibility of the borehole jack in measuring 
the strength of decaying ice, how does the in situ confined compressive strength relate to 
the flexural strength of the ice?   
 
Figure 6 shows a comparison of the extrapolated and measured ice borehole strength (ice 
depth 0.30 m) and the calculated, full thickness flexural strength of the ice.  The region of 
overlap between the strengths shows that the ice strength is stable during the winter 
months.  During the spring season, the ice strengths begin to decrease and continue to 
decrease until early July.  Results show that the ice borehole strength in the surface layer 
decreased from its mid-winter maximum of 29 MPa in February to about 2 MPa in July.  
The calculated flexural strength of the ice had a mid-winter maximum of 0.71 MPa and 
decreased to 0.25 MPa on 9 June (JD160).  
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Figure 6: Comparison of ice borehole strength and calculated flexural strength 
 
The ratio of ice borehole strength to flexural strength was 43 in mid-winter and decreased 
to 8 in late spring.  Since the relation between the two strength measurements cannot be 
represented by a constant ratio, the two strengths were normalized with respect to their 
maximum, mid-winter values.  The results of the normalization are shown in Figure 7.  
To provide an indication of the normalized, full thickness ice borehole strength, the 
borehole strengths at depths 0.30 and 0.90 m (shown in Figure 5) were averaged.  That 
averaged strength was then normalized with respect to the extrapolated, average, mid-
winter strength of the two ice depths (25.5 MPa).  A similar procedure was used for 
normalizing the flexural strength (maximum mid-winter strength of 0.71 MPa).  
 
The trends of decreasing normalized strengths in Figure 7 are in excellent agreement with 
one another.  Both strengths show that in mid-May, the ice had about 70% of its mid-
winter strength.  By early June, the ice had about 50% of its mid-winter strength.  After 
the first week of June, only the borehole jack measurements provided information about 
the degradation in ice strength.  Measurements showed that by the end of June, the ice 
had only 15 to 20% of its mid-winter strength.  The ice strength was stable during the 
month of July, when only 10% of the mid-winter ice strength remained. [To put this in 
perspective, this flexural strength value for the sea ice of approximately 70 kPa is only 
slightly higher than the flexural strength of ice using in physical modelling facilities. In 
physical model tests, the flexural strength of the model ice is typically on the order of 30 
to 60 kPa.] 
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Figure 7: Comparison of normalized ice borehole strength and calculated flexural 

strength  
 
The correlation between the ice strength and air temperature is shown in Figure 8.  
Increasing air temperatures are the primary reason for the decrease in ice strength during 
the decay season.  Once the air temperature warms to about –10°C, the majority of the 
internal salts within the ice have converted from the solid phase to the liquid phase, and 
the sea ice is no longer in its mid-winter state.  After the ambient air temperatures rise 
above about –10°C, the brine pockets rapidly begin to increase in size, causing a decrease 
in ice strength.  Figure 8 shows that the decrease in ice strength continues until early July, 
by which time the ice has about 10% of its mid-winter strength.   
 
2.9 Ice Strength and Stages of Decay 
 
A considerable amount of work has been devoted to describing the stages of ice ablation 
using remotely sensed imagery.  Barber et al. (1997) qualitatively described ice decay in 
terms of various stages of ablation.  Similarly, DeAbreu et al. (2001) examined time- 
sequenced satellite images of landfast first-year sea ice in the Resolute region during the 
2000 ice decay season.  The authors described at least five stages of ablation, including 
sea ice in its winter state, snow melt, pond formation, pond drainage and rotten ice.  
Although remote sensing is an effective means of monitoring processes that occur at the 
ice surface, it does not provide information about the bulk layer of ice.  One of the 
objectives of the 2000 and 2001 seasons of field measurements was to relate remotely 
sensed observations to changes within the internal layers of ice.   
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Since the work of DeAbreu et al. (2001) coincided with the area in which the ice 
borehole strength measurements were performed, DeAbreu’s five stages of ablation were 
superimposed in general terms on Figure 8.  The snow melt stage began in mid-May and 
extended to late-June.  Ice strength during the snow melt stage ranged from 70 to 40% of 
its mid-winter strength.  After the snow melt stage, melt ponds began to form on the ice 
surface.  The ponding stage occurred in late June and lasted for about one to two weeks.  
During the ponding stage, the ice had about 30 to 20% of its mid-winter strength.  Melt 
pond drainage began in early July and continued throughout the month.  Ice strength 
during the pond drainage stage was from 20 to 10% of the mid-winter ice strength.  Once 
the melt ponds drained from the ice, it was considered rotten ice, the most advanced stage 
of decay.  No information was available about the strength of rotten ice. 
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Figure 8:  Relation between decay of ice strength and air temperature 
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3.0 MULTI-YEAR AND SECOND-YEAR ICE 
 
 
3.1 Strength of Multi-year Ice 
 
In contrast to first-year ice, multi-year ice and second-year ice have very low salinities. 
As such, there is little porosity in the ice and it is considerably stronger than first-year sea 
ice. Further, since there is little salt, there is not a large change in the brine volume with 
increasing temperature. There is, however, a general decrease in strength with increasing 
temperature, but this is mostly as a result of the decreasing strength of the ice matrix 
itself. In many ways, multi-year ice is similar to freshwater ice and glacial ice. 
 
Although there have been a large number of strength tests performed on freshwater ice, 
only a handful of tests have been performed on multi-year and second-year ice. There 
have been no reported measurements of the flexural strength of multi-year ice. However, 
there have been a number of measurements of the compressive strength of multi-year ice 
(Timco and Frederking, 1982; Sinha 1984; Cox et al., 1984) and second-year ice (Sinha, 
1985). These measurements showed that (1) the strength of the multi-year ice is similar to 
the strength of first-year ice when the ice is very cold (i.e. -20°C), but (2) multi-year ice 
is considerably stronger than first-year ice when the ice is warmer. This is a reflection of 
the lack of brine volume increase with increasing temperature with multi-year ice. 
 
There have been very few reports of the borehole jack strength of multi-year ice 
published in the open literature (Iyer and Masterson, 1987; Blanchet et al., 1997). 
However, there were a number of field measurement programs carried out in the 1970s 
and 1980s as part of the oil and gas exploration in the Beaufort Sea. The results of these 
studies are not available publicly, but they are available to the CHC as part of the NRC 
Centre of Ice-Structure Interaction (Timco, 1998).  
 
Fenco (Dome Petroleum, 1982) carried out a series of borehole jack tests in multi-year 
ice during August and October 1981 field trials. Geotech carried out borehole jack tests 
during two field programs to the Canadian Arctic. During the 1982 test program reported 
by Dome (1982), 40 borehole jack tests were performed. For the Geotech (1984a) study, 
60 borehole jack tests were done using the conventional borehole jack, and 22 tests were 
done at a higher rate (fast borehole jack tests). For the latter tests, the time to the peak 
pressure was less than 0.5 s, which is substantially quicker than the conventional loading 
times, which averaged about 10 seconds. Detailed information on the Geotech (1983) 
field program was not available, although Geotech reported that there were 33 vertical 
tests performed with an average strength of 30.1 MPa, and 9 horizontal tests performed 
with a mean strength of 26.5 MPa. In addition to these Beaufort Sea studies, Fenco 
(1977) measured the borehole jack strength of multi-year ice off the coast of Labrador. 
The information from these field studies was extracted and plotted as a function of 
temperature in Figure 9. 
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Figure 9:  Borehole jack strength as a function of ice temperature for multi-year ice. 
 
Figure 9 shows that the strength of multi-year ice is not a strong function of temperature 
until very close to the melting point. Strength values for colder ice are in the range of 18 
to 35 MPa. In the temperature range above -2°C, there can be a very large range of ice 
strength. The data indicate that the strength of very warm multi-year ice can range from 4 
to 26 MPa.  
 
It should be noted that the strength of first-year sea ice in mid-winter is of the order of 20 
to 28 MPa (see Figure 5), which is not dissimilar to the strength of cold multi-year ice as 
shown in Figure 9. This is a reflection of the fact that most of the salt in first-year sea ice 
is in its solid state, and as such, there is little brine porosity in the ice. As the melt season 
progresses, however, the strength of first-year ice decreases considerably more than that 
of multi-year ice. 
 
 
3.2 Decay Process in Multi-year Ice 
 
Virtually nothing is known about the actual decay process in multi-year ice. As discussed 
above, there have been only a limited number of measurements on multi-year ice 
throughout the winter and spring seasons. The information available is not conclusive for 
making any concrete statements about the decay process. There are a few things to note 
in this regard for multi-year ice: 
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1. The limited number of borehole jack tests at higher temperatures do not show a 
strong temperature dependence, indicating that multi-year ice does not decay in 
the same manner as first-year ice. This is understandable based on the phase 
relationships of the salts and the low salinity of multi-year ice. 

2. Multi-year ice can decay. Figure 9 shows a decrease in strength very close to the 
melting point of the ice. Further, large multi-year ice floes have broken apart very 
easily with the MV Arctic (B. Gorman, personal communication). It is not clear, 
however, whether this was due to lower ice strength or a relatively thin multi-year 
ice floe. 

3. There is no visual method for judging if multi-year ice has decayed. 
4. The large range of strength values for multi-year ice close to the melting point 

indicates that temperature cannot be used as a method for defining low strength 
for multi-year ice. 

5. Freshwater ice decays through a “candling” process. This comes about from the 
absorption of solar radiation at the impurities at the grain boundaries of the 
individual ice crystals. For freshwater ice, the grain structure is often columnar, 
and when sufficiently decayed, the ice breaks apart in a large number of long 
slender columns that resemble candlesticks. This process could also play a role 
with multi-year ice, but it is not clear how deep this candling process would occur 
within the ice. 

 
 
3.3 Decay of Multi-year Ice and the Ice Regime System 
 
Based on the limited information available on the decay of multi-year ice, there is no 
scientifically-based reason to increase the Ice Multiplier for decay of multi-year ice. It 
should be noted that in the original ASPPR document (ASPPR, 1989) there is no 
adjustment for the decay of multi-year ice. However, in the Arctic Ice Regime Shipping 
System Standards (AIRSS, 1996) there is a bonus given for the decay of multi-year ice. 
The authors do not know the reason for this change.  
 
 
Based on this analysis, the following recommendations are made for multi-year ice: 
 

1. The bonus of +1 to the Ice Multiplier should not be given for decay of multi-year 
ice. It is recommended that the approach proposed in the ASPPR be re-adopted; 

 
2. Field measurements of multi-year ice throughout the summer season should be 

undertaken to provide more insight into the decay and strength of multi-year ice. 
This work would provide the necessary information for making the final decision 
on the issue of decayed multi-year ice and the Ice Regime System. 
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4.0 SHIP DAMAGE IN THE CANADIAN ARCTIC 
 
The current Ice Regime System gives a bonus of +1 to the Ice Multipliers if the ice is 
decayed. In this section, an analysis will be made to investigate whether there is any 
evidence to support this bonus to the Ice Multiplier.  
 
As a first step, it is necessary to understand the volume and timing of vessel traffic in the 
Arctic. The majority of vessel traffic occurs during the summer months. This traffic is 
primarily comprised of commercial shipping for transporting goods to the Arctic, 
removal of natural resources from mines, fishing vessels, tour boat operations and 
regulatory vessels. In the 1970’s and 1980’s there also was some activity in the Beaufort 
Sea related to offshore oil and gas exploration. At the present time, this Beaufort activity 
has stopped. To quantify the volume of traffic, use was made of a database developed by 
Mariport Inc. They have compiled a list of vessel traffic in the Arctic for several years. 
For the present analysis, the data from 1996 was used. In this year, Mariport reported that 
there were 59 different vessels in the Canadian Arctic. These data were analysed to count 
the number of different vessels that were in the Arctic during each month of the 1996 
calendar year. Figure 10 shows the results in a histogram with the months indicated 
numerically from 1 to 12 (January to December). From this figure is clear that there is 
some limited shipping in June and July, but the majority of traffic takes place during 
August and September. 
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Figure 10: Vessel traffic in the Canadian Arctic by month for the 1996 calendar 

year (data from Mariport Inc.) 
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The Canadian Hydraulics Centre has developed a database related to vessel damage due 
to ice, as part of their work to put the Ice Regime System on a scientific basis (Timco and 
Kubat, 2001). This database contains over 1500 Events related to both damage and no-
damage Events of ships in ice-covered waters. The database was queried to extract the 
information related to vessel damage due to ice. The query included all types of damage 
(not just hull-related damage). The data was filtered to look at regions with latitude north 
of 57° and includes approximately 20 years of damage statistics.  The vast majority of the 
damage Events relates to the Canadian Arctic, but there are also a few Events in the 
American Arctic and in the Baltic Sea.  Figure 11 shows a histogram of the results. The 
data have been further separated based on the presence of multi-year ice at the time of the 
vessel damage. There are several things to note in this figure: 

·  The shape of the histogram is very similar to Figure 10; i.e. there are more 
damage events with more vessel traffic. 

·  The largest number of damage events occurred in August, with slightly fewer 
damage Events in both July and September.  

·  In July, there are a large number of Events in which only first-year ice is present. 
·  Between August and October, there are a similar number of damage events with 

multi-year ice present, but a decreasing number with only first-year ice present.  
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Figure 11: Histogram showing the number of damage Events in the Arctic for each 

month 
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5.0 FIRST-YEAR ICE DECAY AND THE ICE REGIME SYSTEM 
 
The current Ice Regime System takes into account the large difference in strength 
between mid-winter ice and summer ice by introducing the “decay” of the sea ice. This is 
done by allowing the addition of +1 to the Ice Multiplier when the ice is decayed to the 
“rotten” stage. This is a very qualitative approach. The definition of the rotten stage is not 
quantitatively well-defined (and it is not easily detectable). Further, as can be seen from 
Figure 7 and Figure 8, there is not an abrupt change in strength at any time – rather, there 
is a continual decrease in the strength of the ice once the air temperature begins to rise. 
This decrease in strength is directly related to the rise in the air temperature. The data 
show that the strength of the ice sheet has decreased to approximately 20% of its mid-
winter strength when the mean ambient air temperature remains consistently above 0°C. 
Further, when the air temperature remains above 0°C for several weeks, the strength of 
the ice drops to approximately 10% of its mid-winter strength. This analysis provides a 
quantitative method for incorporating the difference in mid-winter and summer strength. 
 
Measurement of air temperature is very easy. The present analysis has shown that this 
property can be directly related to the strength of first-year sea ice. This can be used as a 
means of defining the stage at which the summer bonus could be given to the Ice 
Multiplier for first-year sea ice.  
 
When should the summer bonus be given? There are several aspects that must be 
considered for this. The data show that the strength of the ice is approximately 20% of 
the mid-winter strength once the air maintains a temperature of 0°C for a few days. This 
is a result of a gradual increase in temperature during the spring with a resultant decrease 
in strength. Does this value seem reasonable to take for the summer bonus? For the 
Arctic, above zero temperatures occur typically at the end of June. An examination of the 
ship traffic and damage statistics (see Figure 10 and Figure 11) shows that there are a 
large number of damage incidents during July when the vessel traffic is still relatively 
low. Thus, a value of 20% of mid-winter strength is too high. If a value of 10% of mid-
winter strength were used, this would typically occur in early August; i.e. one month with 
ambient air temperatures above 0°C. This strength of the ice at that time should not 
present any potential hazard for ice-strengthened vessels. Further, the ice at this time has 
thinned considerably from its mid-winter thickness (see Figure 3).   
 
It should be borne in mind that the Ice Regime System is related to safety, not operational 
efficiency. Thus, it could be argued that decayed ice allows the vessels to travel at higher 
speeds where there is more risk of damage with a collision with a multi-year floe. This 
should be considered in the application of the summer bonus. 
 
The present analysis shows that there is a good reason to take into account the strength of 
sea ice in the Ice Regime System. Since the Regulations must cover all of the calendar 
year, they should be structured to take this large strength difference into account. This is 
necessary not only for the spring season, but also for the autumn season when the ice is 
forming and increasing in strength.  
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Based on this analysis, the following recommendations are made with regard to first-
year sea ice decay: 
 

1. The concept of decay of sea ice should be re-cast in terms of the strength of the 
ice in the Ice Regime System. 

2. There should be a bonus given for low strength during the summer months, since 
the ice is considerably weaker and thinner than in mid-winter. 

3. The springtime (i.e. melt) limit for the summer bonus could be based on the 
present analysis. It is noted that the strength of ice can be directly related to the 
ambient air temperature. This is a convenient and easily-measured quantity to 
define the summer bonus. It is proposed that the summer bonus be given once 
the ambient air temperature has been above 0°C for one month.  

4. Additional analysis should be performed to define a similar criterion to be used 
during the autumn/winter growth season. 
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6.0 SUMMARY AND RECOMMENDATIONS 
 
The analysis presented in this report has clearly shown that there is no quantitative 
scientific basis for the current approach of taking into account the decay of sea ice in the 
Ice Regime System. The present analysis pointed towards an approach to take into 
account the large difference in strength between mid-winter and summer ice. To do this, 
it is recommended that: 
 

1. The concept of decay of sea ice should be re-cast in terms of the strength of the 
ice in the Ice Regime System. 

2. There is justification to provide a bonus given for low strength during the summer 
months, since the ice is considerably weaker than in mid-winter. 

3. The bonus of an increase of +1 to the Ice Multipliers can be based on the ambient 
air temperature since this is directly related to the strength of first-year ice. It is 
proposed that the summer bonus be given once the ambient air temperature has 
been above 0°C for one month.  

4. A detailed analysis should be done on the strength of ice during the growth (i.e. 
autumn) season to define a similar criterion to be used during the growth season. 

5. The bonus of +1 to the Ice Multiplier should not be given for decay of multi-year 
ice. It is recommended that the approach proposed in the ASPPR be re-adopted; 

6. Field measurements of multi-year ice throughout the summer season should be 
undertaken to provide more insight into the decay and strength of multi-year ice. 
This work would provide the necessary information for making the final decision 
on the issue of decayed multi-year ice and the Ice Regime System. 

 
This work should be carried out in conjunction with the Canadian Ice Service. 
Appropriate discussions should be held with the important Stakeholders of the Ice 
Regime System to ensure that the approach developed is both practical and easily 
implemented. 
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