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ABSTRACT 
The tendency of icebergs to roll or heel 

over is well-known, and so the potential hazards 
and difficulties of towin g unstable icebergs may 
be appreciated. It follows that there is a need 
for both accurate and approximate techniques for 
determining the stabi lity of an iceberg. 

I . INTRODUCTION 
The stabi lity of an iceberg can be deter

mined accurately only when the data on the berg 
are complete . If the data are incomplete or 
approximate, it is necessar y to know to what 
degree the stabi lity is dependent on various 
parameters, especial ly those parameters associa
ted with the under-water shape of the berg. 
Allaire (1972) failed to analyse this dependence, 
and, a l so, hi s technique app lies on ly to certain 
shap es of icebergs. The present paper modifies, 
extends, and improves Allaire ' s work, yie lding 
approximate estima t es of stability for a lmo st 
any shape of iceberg. Moreover, the essentia l 
parameters affecting stabi lity are presented, so 
that the reliability of estimates made in the 
field may be eva luated. 

2. BASIC TrlEORY 
The basic parameters for the stabi lity of 

any floating homogeneous body may be reviewed 
briefl y as follows: 
In Figure I, C is the centre of gravity of the 
portion of the iceberg above water, h is the 
height above the water l ine, B is the centre of 
buoyancy, H i s the depth below the water line , 
G is the centre of gravity of the total body, 
and M is the metacentre. 

Fig.l. Vertical cross-section of a floating 
homogeneous body, shown in equi l ibrium and in 
a tilted position. 

We are not assuming a uniform cross-section. 
Figure I represents a plane of the berg contain 
ing the points C, G, and B. That they lie in a 
vertical plane is obvious from eq uilibrium con
siderations. M i s the metacentre associated with 
rolling about an axis perpendicular to this plane. 
As we are i nteres ted in the axis about which 
rolling is most likely to occur, the axis chosen 
is such that the average water-line width of the 
berg along that axis is a minimum. We cal l this 
the major axis of the berg, and the minor axis 
is perpendicular to it, passing through the plane 
containing C, G, and B. In practice, it may be 
difficult to lo cat e the major axis. As a genera l 
rule, the major axis may be ta~en to be the axis 
a lon g which the water-plane area of the berg ha s 
maximum horizontal dimension . 

I The distance BM is given by the formula 
-- where I is th e area moment of inertia of the 
~ter - plane sec tion of the body about the major 
axi s and Vb i s the below-water volume of the 
body. We t ake the ratio of the density of gla
cial ice to sea -wa t er as 0.875, then. for an 
iceberg, from Archimedes ' Principle, Vb = 7Va , 
where Va is the volume of the above-wa ter portion 
of the berg. Moreover, by taking moment s about 
G, it is c l ear that for equilibrium, GC = 7BG or 
BG O.125_(BC). In our previous notation, 
BC Ch + H) . 

Thus 
G~I BM - BG 

I - -
~ - O.l25(h + H) . 

a 
The only unknown (unless total information on 

( I ) 

the berg is availab l e) is the val ue of H. Every
thing e l se may be calculated from the above -water 
portion. 

3. THE CIUTICAL STABILITY RATIO 
Let iJ be the minimum average width of the 

water-plane section of the berg taken parall e l 
to the minor axis , and l et L be the l ength of the 
major axis . The average draft of the berg Hav is 
defined as the ratio of the below-water vo lume 
to the water-plane area, i .e. 

Vb 
Hav = 
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To obtain an estimate for the distance H, 
we introduce a parameter y, the under-water full
ness coefficient associated with the under-"ater 
shape of a berg. It is defined by the equation, 

2H 
y = Hav . 

If the under-water portion of a berg has vertical 
sides, then y = 1 . The coefficient y is an indi
cator of deviation from this shape. It is not 
intended that y should be quantitatively measur
ed, but rather that it should be estimated by 
comparison with the known fullness coefficients 
for certain standard shapes. A further discuss
ion concerning y is given in section 6. 

For an iceberg with an estimated under
water fullness coefficient y and average height 
above the water-plane section hav, the depth of 
its centre of buoyancy belo" the water line is 
estimated from the equation 

- VbY 7Vay 7havY 
H =-

2 

To obtain an estimat'e for h, we introduce 
a parameter x, the above-water fullness coeffici
ent, associated wi th the above-water shape of a 
berg. It is defined by the equation 

2h 
x = h

av 
As with the coefficient Y, it is intended that 
for a particular berg the coefficient x be esti
mated by comparison "ith known fullness coeffici
ents for a selection of standard shapes. The 
above-water fullness coefficient is discussed in 
section 4. 

For an iceberg wi th a estimated above-"ater 
fullness coefficient x and average height above 
the water-plane section hav' the height of the 
centre of gravity of the above-"ater section, 
measured relative to the water-plane, is estima
ted from the equation 

havx 
h = -2-

Finally, to obtain an estimate for the 
radius of gyration, k 2 of the water-plane section 
about the major axis, we introduce a further 
parameter z, the "ater-plane fullness coefficient, 
associated with the shape of the "ater-plane 
section. For a berg that does not have signifi
can t variations in water-l ine "idth along its lJ2 
major axis, a reasonable estimate for k 2 is IT ' 
If there are' significant variations in \.;idth, 
w2 is a significant underestimate for k 2 • 

12 The water-plane fullness coefficient z is 
the measure of this underestimate and is defined 
by the equati~n 

w2 

Z = 12 k2 

As "ith the coefficients x and y, z is estimated 
for a particular berg by comparison with kno"n 
fullness coefficients for certain standard 
shapes . In section 5 there is a list of such 
shapes. 

For a given berg with an estimated water
plane fullness coefficient z and average water
line "idth W, the radius of gyration of the 
water-plane section about the major axis is 
estimated from the equation 

From Equation (1) for the metacentric 
height GM, using our estimates for k 2 , h, and H 
in terms of hav, W, x , y, and z , we have 

GM 
W2 hav 

84zh - 16 (x + 7y) . (2) 
av 

The critical stability ratio for an ice
berg with fullness coefficients x , y, and z is 
determined by Equation (2) when GM = O. Name l y, 

w 

~ 
( 3) 

We define the measured stabil i ty ratio to 
be the ratio of average width to average height. 
If the measured stability ratio for a given ice
berg with fullness coefficients x, y, and z, is 
greater than the critical ratio then the iceberg 
is stable. If not, it is unstable. 

As simple examples, \.;e take two iceberg 
models, the rectangular cuboid and th e ellipsoid. 
For the cuboid, x = Y = z = 1, and the critical 
s tability ratio is 6.5; for the ellipsoid, 
x = 1.1, Y = 0 . 8, z = 0.8, and the critical 
stability ratio is 5.4. Assuming in the case of 
the ellipsoid that we did not know the under
water shape, we tak e y = I, and then the critical 
stability ratio is 5.9. The value 5.9 is a 
reasonable crude estimate of the critical stab
ility ratio . In section 6, we indicate how this 
estimate can sometimes be improved. 

The stability ratio defined measures the 
stability relative to a principal axis of the 
surface section along \vhich the berg has (approx
imately) minimum average "ater-l ine width. The 
stability relative to any other axis will clearly 
be not less than the stabi lity relative to this 
chosen one. To determin e the stability relative 
to any other principal axis of the surface 
section, the same procedures apply, i.e. the 
only modification requ i red is to measure the 
average "idth in the surface section perpendicu
lar to the new axis chosen. 

4. THE ABOVE-WATER rULLNESS COEFFICIENT 
It shou l d be possible for an experienced 

observer to estimate the above-water fullness 
coefficient for a berg reasonably accurately, 
provided the berg is not very irregular. Intuit
ively, x measures the average rate of decrease 
in horizontal cross-sectional area relative to 
height. A selection of standard shapes with 
their fulln ess coefficients is s hown in Figure 2 . 

In practice, a rather fuller selection, including 
more composite shapes, "ould be needed for making 
good estimates of x . Drydock shapes are not 
included in the selection given here, as these 
bergs are discussed in section 7. 

It should be noted that of those bergs that 
would be classified as pinnacled, there is a wide 
variation in the fullness coefficients x, and 
therefore significant variations in the stability 
characteristics of such bcrgs. 

5 . THE WATER-PLANE FULLNESS COErFICIENT 
The coefficient z measures the mean devia 

tion of the width of the water-plane section 
a long the major axis from the calculated average 
width w. If two icebergs have the same average 
\.;idth and height, and are of simi lar shape, the 
one with the more sign i ficant variations in water
line width is the more stab l e. A selection of 
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standard shapes with their fullness coefficients 
is given in Figure 3. 
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Fig.2. Above-water fullness coefficients for 
selected shapes . 
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Fig.3. Water-plane fullness coefficients for 
selected shapes. 

6. THE UNDER-WATER FULLNESS COEFFTCIENT 
In Equation (3) for the critical stability 

ratio, let us assume that x and z are fixed; 
then to what extent does the critical stability 
ratio depend on the under-water shape and, there
fore, on y? Any error in the estimation of y is 
approximately halved in the equation by taking 
the square root of (x + 7y). Variations in y are 
dependent on whether the horizontal cross
sectional area of the berg below the water line 
increases (bulging) or decreases (tapering) with 
depth. 

Bass : Stability of icebergs 

Variations in y may be examined by taking 
two extreme under-water shapes, one bulging 
(y < 1) and the other tapering (y > 1) . For the 
bulging shape, a truncated pyramid of upper face 
lJ by L and lower face 2w by 2L has a below-water 
fullness coefficient of y ; 0.52. The value of 
y is independent of the above-water shape. For 
the tapering shape, we take as an example an 
inverted, truncated pyramid of upper face W by L 
and lower fac e 0.5w by 0.5L. It has a below-
water fullness coefficient of y = 1.35. These 
cases represent extremes in the sense that their 
height-to-draft ratios are extremes. 

In Figure 4, assuming the bergs are both tabular, 
the first has a draft-to-height ratio of 3 to 1 
which is somewhat lower than those that have 
been generally encountered in the field in the 
northern hemisphere (Smith 1931, Robe 1976). 
Similarly, the second has a draft-to-height 
ratio of 12 to 1, which is somewhat higher than 
those that have been measured in the field. A 
reasonable range for y would seem to be between 
0 . 6 and 1.2 . As a first crude stability estimate 
in the field, a value of y = 0.9 could be taken. 
The critical stability ratio for a berg with 
x = z = 1 would then be 6.2 ± I, i.e. an error 
of approximately 15 %. In fact, various visual 
indicators could reduce the error. 

y = 1.35 

Fig.4. Vertical cross-sections of selected 
shapes showing draft D, average draft Hav, 
centre of buoyancy B, and centre of buoyancy 
B' of the rectangular cuboid of the same water
line width w, length L, and volume as the 
selected shape. The position of B' above or 
below B is determined by y , the under-water 
fullness coefficient. 

In practice, it is often visually clear 
that the be low-water part of the berg spreads out 
from the water line, i.e., that the berg is of 
the bulging type. Also, the angle of entry into 
the water plane of the above-water portion may 
indicate whether or not the berg bulges or tapers. 
A berg that is relative l y old (judged in terms of 
distance from its source, degree of surface 
deterioration, crevassing, or depth of wave notch 
at the water line) and shows no signs of havi ng 
recently rolled (no clearly defined wave notches 
at oblique angl es to the water line) could ge ner
ally be assumed to be of the bulging type. From 
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the work of Josberger (1978) and from observa
tions in the field, it is apparent that maximum 
ablation occurs near the water-line level . In 
fact, it is unlikely that the y coefficient is 
much less than 0.9. Recent studies, e.g . Russell
Head ( 1980), seem to indicate that below the wave
notch level, the berg tends to taper down. 

For a berg that shows signs of having 
recently rolled, there may be certain indications 
of under-water shape. For example, if there are 
two or more recent wave notches at angles less 
than 45° to the horizontal plane, a certain 
degree of radial symmetry in the under-water 
shape is apparent, indicating a fullness coeffi
cient c lose to 0.8 or 0 . 9 . A berg that has 
rolled through an angle of the order of 90° is 
like ly to have originally been of tapering under
water shape . In its new orientation, it seems 
probable that its under-water fullness coeffi
cient is l ess than one . Al though these state
ments are l argely speculative, there does seem 
to be a fruitful line of investigation apparent 
in the problem. The problem is related to that 
of whether the draft of a berg increases or 
decreases after it has rolled. 

Lastly, if a rough estimate of the draft 
could be obtained (by radar, sonar, or even 
bathymetry of the region), there is a much better 
chance of obtaining the below-water shape type 
and then an approximate value for y . It seems 
plausible that for icebergs there is a correla
tion (possibly very crude) between the draft and 
the coefficient y . Such a corre l ation would 
great ly improve the accuracy of the critical 
stability ratio formula. From the information 
available, the generally low values for draft-to
height ratios (e.g. 4 or 5 to I for tabular, 2 
to I for pinnacled) would tend to indicate that 
values of y < I are to be expected. Unfortu
nately, the information collected on draft-to
height ratios is often unhelpful or even mislead
ing. For example, iceber gs c l assified as pinn
acled, of the same average height and draft, may 
have draft-to-height (maximum height) ratios 
ranging from 2: 1 to 4:1. 

7. DRYDOCK BERGS 
Though our stability criterion applies to 

drydock bergs, care must be taken in applying it, 
and in some cases it must be modified. For 
example, in the case where the major portion of 
the slot or the water-line surface of the berg 
on either side of the columns of the drydock is 
just above or at water-line level, the average 
height of the berg mu s t be taken over the whole 
water-plane area, including those parts at zero 
height above the wate r line . For example, if a 
third of the berg is at water-line level, the 
average height will be two-third s of the average 
height of the rest of the berg. If this is not 
done, the estimate used for Va will be inaccur
ate. 

For a drydock berg with a relatively large 
proportion of its slot below the water line, 
some further modi ficat ion is needed. When the 
s lot is approximately perpendicular to the major 
axis of the berg, there is proportionate reduc
tion in the moment of inertia of the water
plane section of the berg . Thus, if a third of 
the (implied) water-plane section is submerged 
s l ot, the moment of inertia i s decreased by a 
third and th e critical stability ratio is 
increased by a factor 1.5 &. In the case when 

the submerged slot is approximately parallel to 
the major axis of the berg, there is a relatively 
small decrease in the moment of inertia of the 
water-plane section, provided that l ess than half 
of the berg's water-plane is submerged s lot. 
Since a drydock berg lVi th more than hal f of its 
water-pl ane being submerged slot would be rare, 
it does not seem 1V0rthIVhile introducing a compli
cated correction factor. 

The above-lVater fullness coefficient x is 
high for drydock bergs. A range of val ues for a 
variety of drydock shapes is given in Figure 5. 
The high va! ues of the fu llness coefficient x for 
drydock bergs seems to indicate that drydocks 
are potential l y very unstable. HOlVever, the 
average height, hav' for a drydock is generall y 
low for those lVith a high x value, which implies 
a high measured stability ratio. 

.~, 2h .1 .... 
'...::c'''-' - ._.;. "' .. A 

2W.... ..- , w._ 
2W_ 

x =1.39 X= 1.67 x =1.88 

X= 2 .50 

X =33 

Fig.5. Above-water fullness coefficients for 
selected drydock shapes. 

8. TOWARDS GREATER ACCURACY 
The rational e behind the t echnique out

lined above has been its applicability in the 
field, IVhere an approximate estimate of stability 
can thu s be determin ed lVi th a few measurements 
and some visual observations. 

Accuracy is greatly improved if aerial 
photographs of the berg can be obtained. For 
example, from a photograph take n overhead. the 
minimum average width of a berg and its average 
height may be calculated . 

\Vi th under-water sonar methods, a fairl y 
good approx imation to the value of the under
water fullness coefficient y could be obtained 
rapidly from four stations a round the berg . 

9 . FURTHER STAB TLITY CONSIDERATIONS 
One stability parameter that we have taken 

as constant is the r atio of the den sity of 
glacial ice to that of sea-water. Stability 
increases as the r at io decreases . It has been 
sugges ted that up t o 10% of the iceberg volume 
is air. Such a value would have a substantial 
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effect on the stability characteristics of an 
iceberg. However, it is generally accepted that 
for Arctic bergs variations in the density ratio 
of 2% are more probable. Antarctic tabular ice
bergs are generally non - homogeneous and have a 
lower mean density that depends on the thickness 
of the berg. In fact, density increases with 
depth of these icebergs. Thus, Antarctic icebergs 
are very much more s table than Arctic icebergs of 
comparable shape and dimension s . If the ratio of 
the mean density of an iceberg to the density of 
sea-water is 1 , and if the berg is homogeneous , 
its critical stability ratio is given by 

x y l 1 [6 z (I + ~)l . 

A r ectangular cuboid iceberg, with 1 = 0.8, has a 
critical ratio of 4.9 (compared to the va lue of 
6 . 5 for a comparab l e Arctic iceberg). In fact, 
t aking account of the density distribution in a 
typical Antarctic iceberg would l ead to an even 
lower critical ratio. 
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