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ABSTRACT 

This paper presents updated distributions of the temperatures, salinities 
and borehole strengths of old ice, as a function of time of year.  
Thousands of measurements are compiled from old ice floes across the 
Arctic. Probability of exceedance curves are used to show the more 
‘extreme’ values that can occur at various depths in the ice, whereas 
properties over the full ice thickness are obtained from (i) the means of 
populations and (ii) by depth-averaging measurements from the same 
borehole.  Ice temperature and borehole strength show strong seasonal 
variability (temperature and borehole strength being inversely 
proportional), whereas the mean salinity of old ice varies little over the 
course of a year (on average, 1.8‰ for all months).  The compilation 
showed that temperatures colder than approximately -34°C have not 
been measured in old ice in the marine environment during the three 
coldest months of the year.  Borehole strengths upwards of 40MPa have 
been measured at various depths in old ice.  Since such cold 
temperatures (-34°C) and high strengths (40MPa) are not representative 
of the full thickness of old ice, particular attention is paid to the range 
of depth-averaged ice temperatures spanning all months (0 to -20°C). 
Flexural strengths calculated from the Timco and O’Brien equation (for 
old ice having a mean salinity of 1.8‰ – which incidentally is also the 
mean bulk salinity of old ice from the data compilation – are 
comparable to the limited number of flexural strengths measurements 
from multi-year ice specimens. Normalized values of mean borehole 
strength and calculated flexural strength (for 1.8‰ ice) exhibit similar 
trends of decreasing strength with increasing ice temperature however, 
the Timco and O’Brien equation tends to underestimate the flexural 
strength of old ice near the melting point (ice temperatures warmer than 
-3°C). That, coupled with the relatively constant bulk salinity of old ice 
throughout the year, suggests that brine volume plays a lesser role in 
the deterioration of old ice than first-year ice.  As a rough rule of 
thumb, the mean depth-averaged strength of old ice with a bulk ice 
temperature of -10°C, -5°C and 0°C decreases to respectively ~85%, 
70% and 30%, relative to its maximum winter strength (-20°C ice 
temperature).  On average, the mean, depth-averaged borehole strength 
of old ice is 30 times higher than the calculated flexural strength of 
1.8‰ old ice, over the ice temperature range -1°C to -20°C.  Caution 
should be exercised when applying results in this paper, given the 
considerable variability in old ice strength with temperature.   
 

KEY WORDS:  old ice; ice temperature; salinity; borehole strength; 
flexural strength; probability of exceedance.   
 

INTRODUCTION 

Multi-year ice is one of the most significant design and operational 
concerns for future exploration, development and shipping systems in 
the Beaufort Sea.  There are many unknowns surrounding multi-year 
ice – the lack of information about its thickness and physical properties 
being the most critical.  Johnston et al. (2009) address multi-year ice 
thickness by compiling on-ice thickness measurements from multi-year 
floes sampled Arctic-wide, over the past 50 years.  Here, a companion 
study of the temperature, salinity and strength (borehole and flexural) 
of old ice floes is presented.  The companion studies of multi-year ice 
thickness (Johnston et al., 2009) and old ice properties (this paper) will 
produce more reliable statistical distributions of old ice properties (for 
input into probabilistic load models) and improved force calculations 
from equations such as those in ISO 19906.  For example, ISO 19906 
states that an ‘ice strength parameter’ (CR) can be used to calculate 
global average pressures.  CR values of 2.8 and 1.8 are given for ice in 
arctic and sub-arctic areas, respectively.  ISO allows for CR to be 
modified, should evidence exist that ice strength in the region of 
interest differs from the values specified above.  That evidence should 
be based on actual ice strength measurements or information about the 
thickness, temperature and salinity of the ice–which are addressed here.   
 

WHAT EXACTLY, IS OLD ICE? 

Old ice is defined as ‘sea ice that has survived one or more melt 
seasons’ (WMO, 1985), hence includes both second-year ice and multi-
year ice.  Second-year ice has survived one summer’s melt season and 
is up to 2.5m thick, sometimes more.  Multi-year ice has survived at 
least two summer melt seasons and can be 3m thick, or more.  It is 
important to distinguish between second-year and multi-year ice 
because they have different material properties, but often the distinction 
cannot be made reliably (Johnston and Timco, 2008).  This paper draws 
upon the temperatures, salinities and strengths of old ice so, in 
principle, differentiating second-year ice from multi-year ice should be 
easier than using ice thickness measurements alone.  But, still, the non-
uniformity of multi-year makes the distinction challenging. ‘Age-
related’ and ‘deformation-related’ effects contribute to the variability of 
old ice, in space and time.  Age-related effects can sometimes be seen 
as annual layers of ice growth in vertical thin sections of ice, in 
springtime.  Bjerkelund et al. (1984) use that technique to show the 
clear boundary between ‘two-year old ice’ and ‘one-year old ice’ in 
bona fide second-year ice.  Multi-year ice also has annual growth 
layers, but the boundaries are less evident due to years of ice 
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desalination and ice ablation.  Deformation-related effects complicate 
the matter further.  As old ice floes grind against other floes or the 
coastline, they become a heterogeneous mixture of weathered, jumbled 
ice blocks that, over time, consolidate to varying degrees.  The non-
uniformity of second-year and multi-year ice floes, and the need to 
define the floe’s properties over its full thickness, make ‘old ice’ an apt 
description for the ice discussed here.   
 

OLD ICE DATA INCLUDED IN THE COMPILATION 

This paper is based upon the temperatures, salinities and densities of 
old ice (from 33 studies) and the borehole strengths of old ice (from 28 
studies) measured from 1973 to 2013.  These data were collected on 
level and deformed old ice floes across the Arctic and in the sub-Arctic 
(Fig. 1) in winter, spring, summer and fall (Fig. 2).  Data were obtained 
from the open literature and the less accessible, grey literature.  
 

 
Figure 1.  Locations where old ice floes were sampled.  Stars show floes 

where only temperature, salinity and/or density were measured; circles 

show where borehole strength tests were conducted in old ice floes. The 

complete suite of measurements was seldom made on every floe.   
 

Ice Temperature:  Compiled Data 

Ice temperatures (n=4161) were obtained from ice cores and from in 

situ temperature chains that were frozen into the ice for an extended 
period.  When multiple cores were obtained from the same floe, all of 
the temperatures were included in the compilation for that floe.  
Measurements from the temperature chains were included for every 
month that the temperature chain functioned, but only one sample per 
month was taken from each measurement depth (mid-month, either at 
early morning or midnight). Temperature chains account for ~80% 
(n=3312) of the temperatures reported in Fig. 2 and, in fact, they are the 
most common source of data below an ice depth of 6m. Five 
temperature chains were installed on old ice floes in the Beaufort Sea, 
four of which were instrumented during the SHEBA program (Perovich 
et al., 2003) and one by Gladwell (1977). Four temperature chains were 
installed on multi-year ice floes in the Canadian Arctic Archipelago and 
the eastern Arctic (Johnston, 2009; 2011).  The remaining ~20% 
(n=849) of temperatures were obtained from extracted ice cores, most 
of which represent the uppermost 6m of ice.  The compilation includes 
all of the studies to date on which temperatures have been measured 
over the full thickness of multi-year ice floes more than 10m thick 
(Gladwell (1977), Vaudrey (1981), Johnston (2009, 2011, 2014)).   

Ice temperatures were measured in all months, fewer measurements 
having been collected in winter than summer (Fig. 2).  The plot of ice 
temperatures for all months and all depths (Fig. 3-a) shows that (i) the 
coldest temperature in the compilation (-34.3°C) was measured near the 
top ice surface, (ii) -10°C was the coldest temperature measured at the 
6m ice depth and (iii) near melting temperatures were measured below 
a depth of 10m in the 7 thickest multi-year ice floes.  The thickest ice in 
the data compilation was a 12.4m hummock (Johnston, 2011), but 
multi-year ice thicker than that occurs in most geographic regions 
(Johnston et al., 2009). 
 

Ice Salinity: Compiled Data 

All of the salinities in this compilation (n=4348) were measured on 
extracted ice cores. Old ice salinities have been collected most often in 
April, May and June; no salinity measurements exist from November to 
February (Fig. 2). More than half of the salinities for the month of June 
(829 of the 1252 measurements) come from the 10 multi-year ice floes 
that were sampled during the MV Arctic ramming trials (Lapp et al., 
1984). The fine sampling interval (~20 to 30mm) used in that study is 
unusual; no other study of old ice salinity was resolved to such detail. 
Fig. 3-b shows the salinity of old ice to be variable with depth, there 
being no trend evident in the data. Typically the salinity of old ice is 
less than 5‰, but salinities up to 12.3‰ have been measured at certain 
depths in some floes.   
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Figure 2. Histogram of months in which old ice properties were measured.   
 

Ice Density: Compiled Data 

Most of the old ice densities in this study (n=447) were measured in 
April, May, August and September (Fig 2) and range from 468 to 
966kg/m³ (Fig. 3-c).  The figure does not include the hundreds of ice 
densities that Cox et al. (1984; 1985) measured on carefully machined 
specimens of multi-year ice under the controlled conditions of a 
laboratory, but those results (653 to 918kg/m³) are comparable to the 
densities in Fig. 3-c.  In this paper, relatively little consideration is 
given to ice density because measuring the density of small specimens 
of sea ice is challenging, extremely labour intensive (especially in the 
field) and, invariably, produces a great deal of scatter (Timco and 
Frederking, 1996).  Accuracy is paramount however, since a 5% error 
in the ice density can produce errors of up to 60% in the volume 
fraction of gases calculated from Cox and Weeks’ (1983) equations 
(Shokr and Sinha, 1995), which is important for ice strength. In 
addition, relating the density and/or porosity of small ice specimens to 
the overall floe strength (i.e. through its full thickness) is problematic – 
particularly for the borehole strengths discussed in this paper.  That is 
because, during a borehole strength test, the area of influence extends 
beyond ice adjacent to the borehole indentor (Masterson, 1996; 
Shkhinek et al., 2010). The bulk density of the ice has been proposed as 
a more relevant parameter for evaluating borehole strength (Johnston, 
2014), but it is seldom available.   
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Ice Borehole Strength: Compiled Data  

The borehole indentor system is recognized as a means for obtaining in 

situ ice strength (ISO, 2010).  Typically, borehole strength tests are 
conducted at specified depths in a borehole until the full ice thickness 
has been penetrated or until the bottom of the borehole has been 
reached.  The strengths measured at various depths in a borehole can be 
averaged to obtain the overall floe strength (i.e. depth-averaged 
strength). Often, boreholes extend only part-way through the ice 
thickness, which introduces uncertainty in using this approach to 
determine the ‘overall strength of a floe’, as shown later in the paper.  
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The borehole strengths in this compilation (n=1441) come from the 79 
old ice floes that have been sampled since 1973.  Two borehole 
indentor systems have been used to measure the strength of old ice to 
date. Strengths from the two borehole systems are comparable, given 
the host of other factors that contribute to data scatter, including ice 
failure mechanisms (which govern the maximum pressure attained 

during a borehole strength test), hydraulic pump capacity, test duration 
and the approach used to define a borehole strength (Johnston, 2014).  
Stress-rate effect plays a relatively minor role in the measured borehole 
ice strengths over the range of stress rates at which the tests are usually 
conducted (1.0 to 2.5MPa/s).  Sinha (1985) also showed confinement to 
reduce the stress-rate effect on ice specimens [i.e. in a borehole, for the 
purposes of this paper]. 
 
Borehole strength tests have been conducted in all months except 
February (Fig. 2). Tests are most often performed in the uppermost 6m 
of ice, which is also where the highest strengths occur in old ice (up to 
50MPa, Fig. 3-d). The highest strengths occur near the top ice surface, 
where the ice is coldest, and the lowest borehole strengths generally 
occur in the warmer bottom ice. There is limited confidence 
extrapolating strength measurements to ice thicker than 10m, since so 
few measurements have been made at that depth.   
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Figure 3.  Temperature (a), salinity (b), density (c) and borehole strength (d) of old ice from January to December, all geographic regions. 

 

PROBABILITY OF EXCEEDANCE AND MEANS  

Old Ice Temperature 
Representing the tail of the distribution by a probability of exceedance 
(POE) curve is a useful approach for placing bounds on the maximum 
and minimum property values that can be expected at any depth in old 
ice (i.e. the ‘extreme’ values).  The POE is obtained by ranking the 
data in sequential order and plotting them against a probability, pe = 
i/(n+1); where pe is the exceedance probability, i is the ith ranked data 
point and n is the total number of data points.  The pe=10-² (POE 0.01) 
and pe=10-³ (POE 0.001) are commonly used for engineering 
purposes.  In this paper the POE curves are used to compare the 
properties of old ice in a general way, there being no physical basis 
for using the POE values to describe the properties of an old ice floe 
that can be expected every ‘100 years’ or ‘1000 years’.   

Nearly 80% of the temperatures in the compilation come from the in 

situ temperature chains on 9 old ice floes, between latitudes 74°N and 
80°N.  The POE curves in Fig. 4-a are heavily weighted towards those 
floes. The coldest ice temperatures in the data compilation come from 
four floes instrumented during the 1997/98 SHEBA program 
(Perovich et al., 2003) and the 12.4m thick multi-year hummock that 
was instrumented in Belcher Channel, Nunavut in 2009/10 (Johnston, 
2014). The month of January produced the coldest ice temperature    
(-34.3°C, Fig. 4-a) and the coldest air temperature (-37.4°C, not 
shown). It is recognized that the winter temperature data are weighted 
towards a small number of old ice floes, but including additional data 
would not alter the results considerably. That is because ice 
temperatures are moderated in winter by the overlying snow cover, 
which limits the depth to which (relatively short-lived) air 
temperatures colder than about -37°C can penetrate the ice. Note also 
that, although air temperatures over land can be much colder than       
-37°C, the warm ocean appears to moderate air temperatures in the 
offshore environment.  Placing bounds on the coldest ice surface 
temperature that can be expected in the marine environment is useful 
for estimating the full thickness ice temperature in winter:  ice with a  
-34.3°C top ice surface temperature and -1.8°C bottom ice surface 
temperature would have a full thickness temperature of -18.1°C. This 
simple calculation can be used during the winter months, when a 
linear temperature profile extends from the cold top surface to a warm 
bottom surface. 

 
The POE curves for (a) temperature, (b) salinity and (c) borehole 
strength of old ice, by month, are given in Fig. 4.  Table 1 lists the 
‘extreme’ values characterizing individual depths in old ice, as well as 
the geometric mean of the monthly populations.  The 0.01 POE of ice 
temperature is the coldest temperature that can be expected in old ice 
at any given depth – be it near the top ice surface (in winter) or near 
the ice interior (in summer).  As expected, the 0.01 POE temperatures 
are considerably lower than the mean temperatures in Table 1.  The 
geometric means are more indicative of the properties of the ice sheet 
overall, as opposed to the properties of the ice at individual depths 
(0.01 POE). The exceedance probabilities, means and standard 
deviations all play a role in characterizing the ice, as discussed below.   



 
Fig. 4-a and Table 1 show a systematic trend of increasing 
temperature in spring and summer, and decreasing temperature in fall 
and winter, but the months in which the POE and mean temperatures 
reach their coldest (and warmest) values do not necessarily coincide.  
For instance, Table 1 shows the first evidence of ice warming at the 
top ice surface to occur in February (POE 0.01) and in the bulk layer 
of ice in March (mean value). August and September are the two 
months with the warmest ice temperatures (POE 0.01 and mean).  The 

coldest ice temperatures measured in two different floes during 
August and September were -6.9°C and -4.4°C, respectively.  The fact 
that those temperatures were measured 5m to 6m below the top ice 
surface shows that old ice floes generally have a ‘C-shaped’ 
temperature profile or have become mostly isothermal (except 
perhaps, near the top ice surface) in August and September.  By 
October, the ice cooling trend has advanced from the top ice surface 
(POE 0.01 of -16.3°C) to the ice interior (mean value, -4.7 ± 3.6°C).   
 

 

Table 1. POE for Temperature, Salinity and Borehole Strength of Old Ice, by Month 

Month 
Mean Ice temp. ±  

st dev (°C) 
Ice temperature  
POE 0.01 (°C) 

Mean Salinity ± 
st dev (‰) 

Salinity  
POE 0.01 (‰) 

Mean BHS ± st dev 
(MPa) 

BHS  
POE 0.01 (MPa) 

Jan -10.8 ± 7.6 -31.0 — — 21.7 ± 3.1 26.0 

Feb -13.0 ± 8.4 -29.2 — — — — 

Mar -11.4 ± 6.3 -26.8 1.8 ± 1.2 5.6 24.2 ± 6.3 36.0 

Apr -9.4 ± 6.1 -25.0 2.4 ± 1.6 6.3 22.4 ± 5.8 38.0 

May -7.8 ± 4.6 -19.4 1.5 ± 1.6 9.6 29.6 ±8.9 49.2 

Jun -2.7 ± 2.9 -12.4 1.2 ± 1.3 5.2 19.5 ± 7.7 34.6 

Jul -2.5 ± 2.1 -8.8 2.2 ± 1.5 5.4 15.2 ± 7.4 28.6 

Aug -2.1± 1.6 -6.6 1.5 ± 1.2 4.8 13.3 ± 6.6 29.2 

Sep -1.4 ± 0.9 -4.3 2.1 ± 1.8 9.3 5.1 ± 1.6 * — 

Oct -4.7 ± 3.6 -16.3 1.5 ± 1.6 7.0 12.1 ± 7.5 25.6 

Nov -6.8 ± 3.7 -18.0 — — 17.8 ± 6.6 30.0 

Dec -11.4 ± 6.9 -28.8 — — 23.0 ± 5.8 — 

*low mean borehole strength for September results from the limited number of tests (18), conducted to a maximum depth of 2m.   
 

0.001

0.01

0.1

1

-50-40-30-20-100

Old ice temperature (°C)

P
ro

b
a
b
ili

ty
 o

f 
E

x
c
e
e
d
a
n
c
e
 (

P
O

E
)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

0.001

0.01

0.1

1

0 2 4 6 8 10 12 14

Old ice salinity (‰)

0.001

0.01

0.1

1

0 10 20 30 40 50 60

Old ice borehole strength (MPa)
 

(a) (b) (c)

Figure 4.  Probability of Exceedance, POE, curves for (a) temperatures, (b) salinities and (c) borehole strengths measured on old ice. 

 

 

Old Ice Salinity  

Old ice salinities are similar, regardless of when or where in the Arctic 
the floe is sampled (Fig. 4-b).  The salinity of old ice most often ranges 
from 0 to 5‰, but values of up to 12.3‰ have been measured in some 
cases.  The unusually high old ice salinities for the months of May and 
September were measured at various depths in landfast multi-year ice 
near Ward Hunt Ice Shelf (Jeffries and Shoemaker, 1987) and old ice 
from the Kong Oscars area of east Greenland (Overgaard et al., 1978), 

respectively.  Table 1 shows that the mean salinity of old ice ranges 
from a minimum of 1.2±1.3‰ (in June) to a maximum of 2.4±1.6‰ (in 
April).  The relatively small differences in the monthly mean ice 
salinities, and the overlapping salinity curves in Fig. 4-b, suggest that 
old ice experiences much smaller changes in salinity than first-year ice 
during summer (Johnston et al., 2003).  The average old ice salinity for 
all ice depths, in all months, is 1.8‰ (not shown).    
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Old Ice Borehole Strength 

The monthly POE curves of ice borehole strength are in relatively good 
agreement, although September and May sit apart from the other 
months (Fig. 4-c).  The unusually low strengths for September come 
from a single study that sampled the uppermost 2m of old ice only, 
therefore cannot be taken as representative of the full thickness of old 
ice.  The month of May is notable for producing the highest borehole 
strengths (up to 50MPa).  Three of the studies conducted in May 
involved thick multi-year ice in the Canadian Arctic Archipelago 
(Geotech, 1985; Johnston, 2007 unpublished, and Johnston, 2014).  
Borehole strengths of 50MPa are not unrealistic for cold multi-year ice, 
when it is considered that multi-year ice floes in the Beaufort Sea can 
have boreholes strengths of 30MPa in August (Johnston, 2014, see   
Fig. 4-c).  Even though August is one, of the two months with the 
warmest ice temperatures (Table 1, Fig. 4-a), the old ice strength in late 
summer can rival strengths in winter, at some depths (Fig. 4-c).   
 

SEASONAL VARIATION IN OLD ICE PROPERTIES 

The temperature and borehole strength of old ice vary during the year, 
but old ice salinity remains relatively constant (Fig. 4, Table 1).  Given 
the minimal change in old ice salinity over the course of a year, the rest 
of this paper will focus on quantifying variations in the strength and 
temperature of old ice.  Note that the ‘depth-averaged’ values (from an 
individual borehole) and ‘mean’ values (of a population) are both used 
to describe the overall properties of a floe.   
 
Fig. 5 shows the variation in the depth-averaged temperature and depth-
averaged borehole strength of 164 boreholes in old ice, by month.  The 
figure includes depth-averaged strengths of boreholes in which 
temperatures were (n=111) and were not (n=80) measured over the 
complete depth of the borehole. Note that the depth-averaged 
temperatures in Fig. 5 represent a smaller sample (889 depths in 111 
boreholes) than the temperatures compiled in Fig. 4-a (n=4161 depths).  
The considerable variation in the depth-averaged borehole strengths in 
Fig. 5 largely results from boreholes being made to different depths, 
relative to the ice thickness.  Since most boreholes penetrate part-way 
through the full ice thickness, data in the figure tend to be biased 
towards the colder, stronger ice (in winter) and the warmer, weaker ice 
(in summer).  Nevertheless, Fig. 5 does show strength and temperature 
trends to be mirror images of one another:  ice strength tends to 
decrease from winter to late summer, and increase again in the fall.  
The opposite trend is observed in ice temperature.   
 
The inverse relation between ice strength and temperature is shown 
more clearly in Fig. 6, using three data sets (i) 889 individual strength 
and temperature measurements made in 111 boreholes, regardless of 
test depth, (ii) the depth-averaged strengths and temperatures from 111 
boreholes and (iii) monthly mean temperatures and strengths listed in 
Table 1 from two, largely unrelated populations.  Note that the ice 
temperatures in (i) and (ii) were measured prior to conducting the 
strength test, therefore can be directly correlated to the measured 
strength.  For clarity, Fig. 6 shows the measurements into 1°C bin 
widths, over the temperature range 0 to -20°C.  The figure does not 
indicate the number of boreholes and/or depth intervals included in 
each temperature bin, but it should be noted that (a) all bins contain 
more than 4 measurements and (b) considerably more measurements 
have been made in warm ice, than in cold ice.  Only four borehole 
strength tests have been performed at (known) ice temperatures colder 
than -20°C (two tests each at ice temperatures of -22°C and -26°C).  
Since so few tests were conducted at ice temperatures colder than         
-20°C, the data have not been included in Fig. 6.   
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Figure 5.  Depth averaged borehole strength (BHS, circles & crosses) and 

depth-averaged ice temperature (squares) for individual boreholes showing 

general trend of decreasing strength/increasing temperature.   
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Figure 6.  Mean and st. dev. of old ice borehole strengths (BHS), binned by 

ice temperature.  See text for details about the three data sets in the figure.    

 

The first item to note from Fig. 6 is that each of the three data sets show 
that ice strength decreases with increasing ice temperature, although 
there are large standard deviations for all bins. The trend is strongest at 
ice temperatures warmer than -12°C and less evident at colder ice 
temperatures.  That is because, in cold ice, the borehole indentor may 
cause ice around the indentors to fracture, limiting the maximum ice 
pressure that can be attained during a test.  These so-called premature 
failures (Sinha, 2011) can be problematic for tests performed near the 
top ice surface – which also happens to be where most ice temperatures 
colder than -12°C occur – since fractures propagate more easily to a 
free surface.  Eliminating the premature failures from the data 
compilation provides evidence that the borehole strength continues to 
increase over the ice temperature range -12°C to -15°C (Johnston, 
2014).  Similarly, Cox and Richter-Menge (1988) show the mean, 
confined compressive strength (triaxial compressive strength) of multi-
year ice specimens tested at a temperature of -20°C to be twice the 
strength of specimens tested at -5°C.  By inference then, the mean 
borehole strength of multi-year ice could approach 40MPa at ice 
temperatures of -20°C, given its 20MPa strength at -5°C (Fig. 6).  
 

Paper No.ICETECH14-134-RF Johnston  Page number: 5



The second item to note from Fig. 6 is that individual test depths were 
characterized by temperatures as cold as -20°C, but the coldest depth-
averaged temperature was several degrees warmer (-15°C).  The 
coldest ‘depth-averaged’ temperature in Fig. 6 comes from a 3.5m deep 
borehole made in thick multi-year ice, with no snow cover.  The depth-
averaged temperature would have been warmer had the borehole 
penetrated the full ice thickness.  Nevertheless, the depth-averaged 
temperature of -15°C is between the coldest mean ice temperature in 
Table 1 (-13.0 ± 8.4°C, February) and the average, full-thickness 
temperature of old ice (-18°C) with an ice surface temperature of         
-34.3°C and a linear temperature profile extending to the warm bottom 
ice (-1.8°C, see Fig. 3-a).   

 

where σf  is the flexural strength of the ice (in MPa) and νb is the brine 
volume calculated from the equations in Frankenstein and Garner 
(1967).  Equation 1 is commonly used to calculate the flexural strength 
of first-year ice over its full thickness.  Timco and Johnston (2002) 
show the measured borehole strength of first-year ice and the calculated 

flexural strength from Equation 1 to decrease in the same manner 
during summer. The authors attribute the deterioration in first-year ice 
strength to the increased brine volume of the warming ice.  For multi-
year ice, however, the measured borehole strength and calculated brine 
volume are poorly correlated, over a wide range of temperatures 
(Johnston, 2014), leading the author to conclude that brine volume has 
a lesser effect on multi-year ice strength.  Since Johnston (2014) did not 
elaborate on whether Equation 1 would result in overly conservative, or 
under-conservative flexural strengths for multi-year ice, the matter is 
examined below.   

 
The third item to note from Fig. 6 is that the means and standard 
deviations in depth-averaged strength from the boreholes (n=111) are 
in good agreement with the geometric means from individual strength 
tests regardless of test depth (n=889), for a specific ice temperature bin.  
That is surprising, since one would expect the mean ice strength to 
depend upon the test depth, but perhaps the large standard deviations in 
strength for each temperature bin mask this effect.  Note also that 
merging the monthly means of two separate populations from Table 1 
(temperature and strength) often produces unacceptably low strengths 
for old ice.  This shows that caution should be exercised if the mean 
values in Table 1 are used to estimate the properties of old ice.  Clearly, 
it would be preferable to relate ice temperatures and ice strengths from 
the same population (i.e. old ice floes), rather than relating largely 
unrelated populations.   
 

BOREHOLE STRENGTH AS A PROXY FOR 

FLEXURAL STRENGTH 

The borehole strength is a measure of the confined compressive 
strength of the ice, which makes it useful for calculating the force of 
thick, multi-year ice crushing against a vertical structure.  The flexural 
strength is more relevant for inclined (conical) structures and 
icebreaking ships.  There is some evidence that thick, multi-year ice 
fails in flexure (Danielewicz and Blanchet, 1987), but the question of 
how often it occurs – and under what conditions – has not been 
sufficiently addressed.  Then, there is the fundamental question of what 
value to use for the flexural strength of multi-year ice:  ISO 19906 
states that it “can be taken as 0.40MPa, although values ranging to 
1MPa have been used by some practitioners”.  Frederking and Sudom 
(2013) obtained an even wider range of calculated flexural strengths 
(0.2 to 1.7MPa) for multi-year floes impacted by the MV Arctic.  Since 
considerably more borehole strength data have been collected on old 
ice than flexural strength data (for good reason – in situ borehole 
strength tests are much simpler to conduct and produce less scatter), the 
following sections examine whether the measured borehole strengths 
can be used (a) as a proxy for the flexural strength of old ice and (b) to 
establish bounds for the flexural strengths that can be expected over the 
full thickness of old ice.   
 

Calculated Flexural Strength of Sea Ice 

Timco and O’Brien (1994) use over 2500 measurements from 
freshwater ice and first-year sea ice to show that the flexural strength of 
sea ice can be described by:  
 

σf = 1.76 exp (-5.88 √νb) (1) 
 

 

Measured Flexural Strength of MY and Iceberg Ice 

Equation 1 can be used to calculate the flexural strength of old ice, but 
determining whether the calculations are reasonable requires consulting 
the flexural strengths that have actually been measured on specimens of 
second-year or multi-year ice.  Three studies are available for that 
purpose.  Gladwell (1977) and Vaudrey (1981) are the only two sources 
of measured flexural strength of multi-year ice known to the authors.  
Both studies were conducted in the Beaufort Sea.  Considered here are 
the 20 beams (either 2m by 0.3m square or 1.5m by 0.2m square) that 
Gladwell quarried from various depths in a multi-year ice ridge and 
tested in three-point bending.  In the Vaudrey study, a total of 14 
‘large’ beams (1.25m long by 0.15m square) and 80 ‘small’ beams 
(500mm by 65mm square) were quarried from the sail of a multi-year 
pressure ridge and tested in three point bending.  The third study of 
interest was performed by Gagnon and Gammon (1995), but involved 
iceberg ice.  During that (laboratory) study, the flexural strength of 24 
beams of iceberg ice was measured in four-point bending.  The beams 
were 127mm thick and long enough to extend beyond the lower 
supports of the loading frame (0.727m).  Results from the Gagnon and 
Gammon study are included here because they provide an upper bound 
for flexural strengths possible in old ice.   
 
Fig. 7 plots the means and standard deviations of flexural strength from 
each of the three studies, against ice temperature.  There is considerable 
scatter in the data, partly because beam specimens for the three studies 
were of different dimensions.  Data scatter aside, it is possible to tease 
out a general decrease in flexural strength with increasing ice 
temperature.  The trend is most apparent in the Gagnon and Gammon 
study, possibly because those tests were conducted under the controlled 
conditions of a laboratory.  Fig. 7 also shows the flexural strengths that 
were calculated using Equation 1, for four constant ice salinities (from 
0.01 to 5.0‰), at varying ice temperatures.  Comparison of the 
measured and calculated flexural strengths shows that (a) calculations 
for 5.0‰ sea ice fall below most of the mean strengths of the 
specimens, (b) calculations for 0.2‰ sea ice are comparable to the 
mean strengths of iceberg specimens and therefore, overestimate most 
of the flexural strengths from multi-year ice specimens and (c) 
calculations for 0.01‰ sea ice are extremely conservative compared to 
strengths measured on even iceberg ice, for the wide range of 
temperatures. Fig. 7 is useful for the insight it provides about the 
temperatures and salinities of old ice for which the flexural strengths 
noted in ISO 19906 (0.4 to 1.0MPa) may apply.   
 

Relating Borehole Strength to Flexural Strength of Old Ice 

It has been shown that the flexural strengths calculated from Equation 1 
(for sea ice of 1.8‰ salinity) are comparable to the flexural strengths 
measured on multi-year ice specimens (Fig. 7).  It was also shown that 
the mean salinity of old ice (1.8‰) varies little throughout the year.  
Therefore, one would expect Equation 1 to provide a reasonable 
estimate of the flexural strength of 1.8‰ old ice, over its full thickness.  
This was examined by comparing the calculated flexural strengths to 
the measured borehole strengths, as shown in Fig. 8.  Note that both 
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strengths have been normalized to their mid-winter maximums.  The 
mean borehole strength of old ice was normalized by 32MPa (at -19°C, 
see Fig. 6) and the calculated flexural strength was normalized by 
1.14MPa (for 1.8‰ and -20°C, see Fig. 7).  The mean, depth-averaged 
borehole strengths in the figure were obtained from Fig. 6, whereas the 
flexural strengths were calculated for old ice of constant mean salinity 
(1.8‰) and varying ice temperatures from -1°C to -20°C (see also Fig. 
7).  Fig. 8 does not show the flexural strength for the 0°C temperature 
bin because Frankenstein and Garner’s brine volume equations are not 
valid for ice temperatures warmer than -0.5°C.  Note that the decreases 
in measured borehole strength and calculated flexural strength are most 
pronounced at ice temperatures warmer than -5°C.  Note also that, at 
near melting temperatures, the normalized flexural strength (calculated) 
is lower than the normalized borehole strength (measured) of old ice.  
This provides additional evidence that brine volume plays a lesser role 
in the decrease of old ice strength, than first-year ice strength.  The 
iceberg specimens in Fig. 7 showed the temperature-strength effect to 
be quite separate from brine volume effects, since glacial ice contains 
no salt.  Preliminary results suggest that old ice may be governed by a 
temperature-strength effect that is somewhere in between iceberg ice 
and first-year ice.   
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Figure 7.  Flexural strengths of MYI (after Vaudrey, 1981; Gladwell, 1977) 

and iceberg ice (after Gagnon and Gammon, 1995).  Flexural strengths 

calculated for the salinities commonly observed in old ice (dotted lines).   
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Figure 8.  Depth-averaged borehole strength (BHS from Fig. 6) compared 

to flexural strengths calculated for a constant salinity of 1.8‰ at ice 

temperatures from -1°C to -20°C (calc FS).  The BHS and FS were 

normalized to winter maximums, as discussed in text.   

Fig. 8 shows similar trends of decreasing strength with increasing 
temperature for the normalized borehole strength and the calculated 
flexural strength.  The figure suggests that the mean strength of old ice 
decreases to approximately 85%, 70% and 30% of its mid-winter 
strength (at -20°C) when the ice temperature warms to -10°C, -5°C and 
0°C respectively.  Although these results can be used as a general rule 
of thumb, the reader should recall that the strength of old ice has large 
standard deviations at all temperatures.   
 
Equation 1 was shown to provide a reasonable estimate of the flexural 
strength of old ice having a mean salinity of 1.8‰.  Fig. 9 plots the 
flexural strengths for ice of constant 1.8‰ salinity over the ice 
temperature range -1°C to -20°C (FS) against the mean, depth-averaged 
borehole strengths for the binned temperatures (BHS) from Fig. 6.  
Note that borehole strengths for temperature bins -15, 16, and 17°C 
were not included in Fig. 9.  The measured borehole strength of old ice 
is, on average, 30 times higher than the calculated flexural strength for 
1.8‰ salinity sea ice, over the specified temperature range.  The 
highest ratio (38) occurs at an ice temperature of -1°C, likely because 
Equation 1 becomes less reliable at near melting ice temperatures, due 
to its brine volume dependency.  Note that, to the authors knowledge, 
this is the first published study to directly relate the measured borehole 
strength to the calculated flexural strength.  Further study is needed.    
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Figure 9.  Mean, depth-averaged BHS for binned temperatures (see Fig. 6) 

versus calculated FS from Equation 1 (1.8‰ salinity for varying ice 

temperatures) over the ice temperature range -1°C to -20°C. 
 

CONCLUSIONS 

Thousands of temperature, salinity, density and strength measurements 
are compiled from old ice floes.  Probability of exceedance (POE) 
curves for each month of the year are used to represent the tail of the 
distribution.  POE values of 0.01 characterize ‘extreme’ ice properties 
at specific depths, whereas properties over the full ice thickness are 
characterized by the means (and standard deviations) of the monthly 
populations and by depth-averaging measurements from the same 
borehole. Since most measurements on old ice extend only part-way 
through the floe, these approaches have limitations for describing the 
full thickness properties of the floe.   
 
Old ice temperature and borehole strength are shown to be inversely 
proportional.  Seasonal variations in ice temperature and borehole 
strength are considerable, yet the mean salinity of old ice varies little 
over the course of a year.  The months with the highest mean borehole 
strength, coldest mean temperature and lowest mean salinity are 
respectively May (29.6±8.9MPa), February (-13.0±8.4°C) and June 
(1.2±1.3‰). The months with the lowest mean borehole strength, 
warmest mean temperature and highest mean salinity are respectively 
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October (12.1±7.5MPa), September (-1.4±0.9°C), April (2.4±1.6‰).  
The POE curves showed December, January and February to be the 
coldest three months, with -34.3°C being the coldest ice temperature in 
the compilation.  Temperatures in the bottom ice of floes more than 
10m thick, although limited in number, remained at near freezing 
temperatures throughout the year. Old ice reached its warmest state in 
August and September.  The coldest temperature in late summer was    
-7.0°C, and it occurred towards the interior of a 10 to 12m thick floe. 
Floes exhibit a cooling trend from September/October to February.   
 
Timco and O’Brien’s commonly-used equation for calculating the 
flexural strength of first-year ice has its limitations when applied to old 
ice, yet appears to provide a reasonable estimate for the flexural 
strength of old ice with a mean salinity of 1.8‰, at ice temperatures 
colder than -3°C.  Equation 1 underestimates old ice strength at ice 
temperatures warmer than -3°C.  Evidence suggests that old ice does 
not desalinate to the same extent as first-year ice, and that brine volume 
plays a lesser role in the decreasing strength of old ice, than first-year 
ice.  Normalized values of the mean borehole strength and the 
calculated flexural strength exhibit similar trends of decreasing strength 
with increasing temperature, except at near melting ice temperatures. 
Comparison of the normalized borehole strength and calculated flexural 
strength shows the strength of old ice to decreases to ~85%, 70% and 
30% at ice temperatures of -10°C, -5°C and 0°C respectively, relative 
to its maximum winter strength (at -20°C).  The mean, depth-averaged 
borehole strength ranges from 11.5 to 31.5MPa and the calculated 
flexural strength varies from 0.4 to 1.14MPa (for 1.8‰ old ice salinity) 
over the temperature range -1°C to -20°C. On average, the mean, 
depth-averaged borehole strength is 30 times higher than the calculated 
flexural strength for 1.8‰ sea ice, over the given temperature range.   
 
Results in this paper should be used judiciously, given the highly non-
uniform nature of old ice and its variability in ice strength. Thick, old 
ice should not be assumed weak and deteriorated, even in late summer. 
Extrapolating results to the bottom ice of 10m thick floes should be 
done with caution, since so few tests have been conducted at those 
depths. Although there is no solid basis for using results in this paper to 
extrapolate beyond an ice depth of 10m, these results do provide a first 
glimpse of what might be expected in the way of properties for such 
extreme ice features.   
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