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ABSTRACT. The fri ction of pure ice against various m a terials was studied a t th e
melting point by pulling plates of th e ma terials of known roughness und er a melting
ice sample, which was loaded from a bove, and by ma intaining a surrounding air
temperature of + 2DC ( ± I DC) . Speed was varied over a wide ra nge from 0.05 to
400mm s- l .
Results for an aluminium sheet of roughness Ra = 0.84 pm, showed a maximum in
fri ction coefficient of 0.04 a t a speed of 16 mm s- I. Below this speed the fri ction
coefficient dropped to 0.002 at 0.2 mm S- I and results from different ice samples were
ver y reprodu cible. Above 16 mm s- J, the friction coeffi cient initi a ll y dropped to
a bo ut 0.002 a t lOO mm s- J, a nd then increased again to 0.03 7 a t 400 mm s- J. R esults
a t speed s a bove 16 mm s- J were much less reprodu cible tha n th ose a t lower speeds.
R esults are given also for the fri ction of ice on Formica, acrylic, a nd copper pla tes.
The amount of meltwa ter produced during a test was measured by weighing an
absorbent tiss ue before and after mo pping-up th e m eltwater. The amount of
mel twa ter was significantly more for a luminium th a n for Formica or acrylic, showing
th a t th e therm al conductivity of the slider was controlling the a m ount of meltwater.
The amount was also a strong fun ction of velocity.

INTRODUCTION

METHOD

Friction of ice against the hull of a ship is a n importa nt
fac tor in the resistance of an icebreaking ship Oones,
1989; Liukkonen, 1992 ). During m odel tests it is routinely
m easured by all ice ta nks and used as a correlation factor
wh en comparing mod el-scale results to full-scale. Friction
is also importa nt in such diverse a rea as glaciers sliding on
bed rock a t very low speeds, a nd skiing or skating a t very
high speeds. Often, a n icebreaking ship hull slides against
wet ice so the interface is essentially at, or close to, the
melting point . Consequently ice ta nks usuall y measure
th e fri cti on of wet model ice, which is slowl y melting, for
compa rison with full -scale results, usually a t speed s of
a bout 0.2 m s- J (Bell a nd Newbury, 1991 ).
The present wo rk was d esigned to measure the friction
coefficient of m elting ice against m a terials of different
th erma l conductivity. By choosing pure ice rather than
sea ice or model ice, we hoped to simplify the physics of
the pro blem by elimina ting the brine. W e were a ble to
cover a wide ra nge of velocities, from 0.05 to 400 mm s J,
which ex tends from tha t of surging glaciers a t the low
end , to tha t of model ship tes ts in ice tanks, and full-scale
ice-structure interactions found in na ture a t the o ther.
The work was performed a t th e Ship Research Institute,
T okyo, J a pan, while the senior author was a g uest worker
there, a nd lack of time prevented completion of all th e
planned experiments. This paper summarizes th e res ults
obtained .

A schema ti c drawing of th e fri ction tes t se t-up is shown in
Figure I . Th e ice sa mple was fixed in position and the
fri ction pla te moved und erneath it. The pa th length was
usually 760 mm , except for the very slow tes ts when it was
shorter, and tests ra nged from 4 hours to 2 seconds,
corres ponding to speeds of 0.05 to 400 mm s- J. Th e
fri ctiona l force ac ting on the ice sample was meas ured
by a load cell of capacity 10 kgf which was placed
between a supporting fra m e a nd the sample. The norm al
force was a d ead weight, which could be varied from 0 to
50 kg, but whi ch was kep t consta nt a t 10 or 20 kg for the
majority of th e tests. The weight of th e supporting fra m e,
load cell a nd ice sample was elimina ted by means of a
co unter weigh t.
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Fig. 1. A schematic diagram of thefriction test apparatus.
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Fig. 2. An example cif the roughness results obtained fro m
a replica oJ the aluminium plate.

Th e fri ction plates were I m long, 0.3 m wid e, and
30 mm th ick. Four fri ction plates were tested : a luminium ,
acryli c, copper, a nd a plate coa ted with a melam ine resin ,
tradena me Formica. Oth er plates were built but not
tested in th e time availa bl e. The urface ro ughness of the
plates was meas ured by a Surface T exture M eas uring
Instrument (Tokyo Seimitsu, model Surco m SSOA ) using
a repli ca of a sma ll p art of th e surface, mad e by p ouring a
co ld- c urin g res in with a m eth ylm e thacr yla te bas e
(Kul ver, T echnovit 3040) on to the plate a nd waiting
for it to dr y. An example of a surface profile is shown in
Figure 2 for the a luminium plate. In this paper, the
ave rage roughn ess, Ra, given by th e following equation , is
taken as an ind ex of th e surface roughness of a pla te.

Ra =

11

Ir(x)l dx

where I is th e length of rough ness measuremen t, r( x) is
th e roughness height at di stance x m easured from the
ave rage level over I. The roughness meter used in thi s
study has a n acc uracy of 0.02;.tm in terms of the average
ro ughness .
The signal from the fri ctional force load cell was
amplifi ed and recorded on magnetic tape, which was also
digitized a nd a nalyzed simultan eo usly by a desk top
computer. An examp le of th e tim e history of the fri ctional
80 .0
Exp. No. F-3- 10
NORMAL PRESSURE : 14.4 kPa
AVERAGE FORCE : 13.3 N
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Fig. 3. An example of the time history oJ the frictional
force obtained for the Formica friction plate, at a speed of
0.5 mm S- I. The friction coefficient was the average force
between the vertical lines at times of 75 and 1400 s, divided
by the normal Jorce .
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force is shown in Figure 3. As seen in this figure, there is a
steady signal of th e kinetic friction , preceded by a high
peak, du e to static fri ction , at the beginning. Assuming
Coulomb's law to be applicable, fri ction coefficient ;.t was
calculated as;.t = F / N, where F is the average frictional
force over the steady state, th e kinetic friction , and N is
the normal force. In this paper we ignore the static
fri ction coefficien t.
Air tempera ture in the room - th e trim dock area of
the ice tank - was maintained at +2± IOC. Temperat ure control was by the opening and shutting of the ice
tank door, so occasionally the temperature rose somewhat
before we realised what had happened . The sample was,
therefore , always melting slowly during the tests . The
only exception to this was one se t of tests done at - 3°C, on
a copper plate, in order to compare with literature values
of friction coeffi cient.
I ce samples were prepared from distilled , de-aera ted
water froz en in plastic containers insulated at the sides
a nd bottom , in a freezer at - ISoC. They were not seeded
but were a llowed to freeze naturally. The grain stru cture
of the bulk of the ice was columnar with a grain size of
a pproxima tely S mm, and the part of the samples from
near the bottom and sid es of the container was cut away
with a band saw. The end resu lt was a sample
approximately ISO x 100 x 30 mm with friction surface
of ISO x 100 mm , a nd columnar grains perpendicul a r to
th e friction surface . Th e samples were frozen into a brass
holder which was then attached to the friction apparatus
and allowed to sit at room temperature for some time,
approximately 30- 60 min , until the sample was slowly
melting.
Imm ediately prior to testing, the sample and the
friction surface were dri ed with absorbent tissue paper.
After a test, th e water formed on the plate was moppedup with another piece of tissue paper which had been
weighed. The wet tissu e was then weighed and the weight
of meltwater produced was determined.

RESULTS
General results
Tests were conducted on aluminium, copper, Formica
a nd acrylic plates. Their roughness values, as meas ured
by us, and thermal conductivities at 273 K , from reference
books, a re given in Table I.
Unfortunately, the roughness of th e acrylic sheet was
not measured but it was much smoother than the Formica
as judged by feel, a nd proba bly had a roughness close to a
glass plate, which we did measure, and which had an Ra
of 0.02, or just at the accuracy limit of the equipment.
Our original intent was to have all surfaces of identical
roughness, but this was not possible. H owever, the
a luminium a nd Formica plates were similar in roughness, but very different in conductivity, and so were
studied the most. The Formica and acrylic plates were
similar in thermal conductivity, but different in roughness. The copper plate was used only for some tests at
- 3°C, for comparison with literature values of friction
coefIi cien t.
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Table 1. Results of roughness values and reported thermal
conductivity for materials used
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Observations of th e fri ction surface after a test showed
that at high speeds water droplets were dragged along by
the moving plate, but a t slow speeds all th e meltwa ter
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F ig. 5. Friction coifficient (a) and meltwater p roduced
( b) for the F ormica jJlate, normal pressure 14 kPa .
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rem a in ed with the ice sample, held In pl ace by urface
tensio n . Thi s tran sitio n occ urred at a pproximately
50 mm S- I .
Th e a mo unt of meltwa ter produ ced depend ed grea tl y
on th e lherm a l condu cti vity of th e slid er as can be seen by
co mpa ring Fi g ures 4 (b) a nd 5 (b), with th e hi g her
th erma l co ndu cti vity a luminium produ cing alm os t ten
tim es more water th a n the Formi ca. I t was a lso a stro ng
fun ction of velocity as can be seen in th e fig ures, with th e
a mount of meltwa ter in creasing dra ma li call y between
a bo ut 10 a nd 100 mm s I .
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T es ts were co ndu cted o n a co pper pl a te with a ir
tempera ture m a inta in ed a t -3°C, prin cipa ll y to compa re
wi th res ul ts ob ta in ed by Eva ns a nd oth ers ( 1976 ). Our
valu es fo r fri c tio n coe ffi cient, p , n o t how n , we re
essenti all y co nstant ove r the ra nge 0.5-400 mm S I a t
0.028 ± 0.00 5, for a norm a l press ure of 7 kPa, compa red
to a valu e of 0.035 ex tra polated from Evans a nd o th ers
( 1976 ), und er simil a r co nditi ons.
Aluminium
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Fig. 4. Friction coiff icient ( a) and meltwater
produced ( b) for the aluminium plate as a fun ction of
velocity, for a normal pressure of 7 kPa .
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Fi g ure 4 (a ) shows th e res ults obta ined for three different
ice samples on th e sa me a luminium pla te, a nd Fig ure 4 (b)
shows th e co rres ponding a mounts of meltwa ter produ ced
for each tes t. Similar res ults were o btain ed on a different
da y a t a high er norm a l press ure, 14 kPa, as against 7 kPa
for Fig ure 4. Th e general pattern was as for Fig ure 4; a
9
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gradual increase in friction coefficient with velocity, v,
from the slowest speed to a maximum at V = 10 mm S- I
followed by a decrease to v = 100 mm S- I and then
another increase. The results were more scattered at the
highest speeds, above 30 mm S- I, while it was always
possible to obtain good agreement with different ice
samples tested on different days at speeds slower than this.
Agreemen t between the two sets of measuremen ts, Figure
4 and those at 14 kPa (not shown ), was good except in the
speed range 10-40 mm S- I , where th e tests at the higher
normal load gave somewhat lower friction coefficients,
and also at the very highest speeds.
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Formica
Figure 5 shows results for two sets of tests (on differen t
days ) on the same Formica sheet. The resu lts are
consistent at speeds below 30 mm S- I , but above this
speed, results show much greater scatter. As can be seen
in Figure 5(b), it is just at this speed that the amount of
meltwater prod uced starts to increase dramatically. At
high speeds, 100 mm S- I and up, the friction coefficient
seems to level off, rather than go through a minimum as
was the case with the aluminium plate, and there is again
considerable more scatter in the results. T he peak in the
friction curve is shifted to a slightly lower value of
velocity, 4mms- l , as opposed to 10mms- 1 for aluminium, and the value of the Formica/ice friction coefficient
is about twice that of the aluminium: this, for plates of a
similar roughness but very different thermal conductivities. The amount of meltwater produced is much less for
the Formica than the aluminium; note the very different
scales in Figures 5 (b ) and 4 (b ). However, the shape of the
curves are the same, with little meltwater being produced
until speeds of about 30 mm S- I are reached.

Acrylic
Figure 6 shows results for an acrylic sheet, much smoother
than the Formica but of similar thermal conductivity.
Here the friction values are much smaller, by a factor of
10, and therefore subject to bigger errors, essentially
because one is trying to measure small loads with a large
load cell. There is a suggestion of a maximum at a
velocity of about 2 mm S- I , but the scatter of the results is
too great to justify this, except in comparison to the
Formica and aluminium results. The meltwater produced
was comparable to the Formica, but slightly greater
except at speeds above 70 mm S- I . This is because
although the friction coefficient was much smaller, the
thermal conductivity of acrylic is similar to Formica and
it is the thermal conductivity that is controlling the
amount of meltwater.

DISCUSSION AND CONCLUSIONS
Previous work

The results obtained on the copper plate at - 3°C were
consistent with literature values, and so confirmed that we
were obtaining reliable results.
10
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Fig. 6. Friction coifficient (a) and meltwater produced
( b) Jor the acrylic plate, normal pressure 7 kPa .

Our resu lts are different from most friction results in
the literature, but almost no-one has studied the friction
of ice at the melting point. Barnes and others (1971 )
obtained results which at first sight look like ours, namely
a bell-shaped curve, but under very different conditions,
well below the melting point. They interpreted their
resu lts in terms of creep at low speeds, plastic flow and
fracture at the medium speeds and frictional heating and
melting at high speeds. Clearly there is no creep, plastic
flow or fracture in the present experiments so the similar
appearance of the results is fortuitous.
For sea ice at - 8°C, and a similar speed range , Saeki
and others (1984) gave results for concrete, and coated
and uncoated steel. All showed a decrease in friction
coefficient as speed was increased from 0.3 to 10 mm S- l ,
followed by a levelling off and an essentially constant
friction to the highest speeds measured, 1000 mm S- I.
Oksanen and Keinonen (1982 ) studied ice at - 1°C and
lower temperatures but only over a narrow speed range,
500- 3000 mm S- l, at the upper end of our range. Evans
and others (1976) studied ice friction in the range of 20010 000 mm S- I, between - 150 and - 1°C. They found that Jl.
was proportional to temperature below the melting point
and to V- I / 2 . This is expected when the friction is
controlled by thermal conduction into the slider and
ice, and little heat is used to melt ice. However, in our
case this is not true, heat is being conducted into the ice
from the surroundings which are warmer than the ice,
and heat generated at the interface wi ll also melt ice. In
this case, Oksanen and Keinonen (1982 ) have shown that
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/1, as well as the thickness of the water layer, should be
proportional to V 112 .

Our results
In our experiments we have to explain an increase in /1
with v, followed by a maxim um, a decrease, and then a
levelling off, or possibly a nother increase. At the very
lowest speeds there is sufficient heat conduction through
the plates to melt eno ugh ice to cover all the asperities on
the plate surface, thus giving a very low fri ction
coefficient. T his can be shown by a sim ple calcu lation
from the measured amount of meltwater, and the
roughness of the plates. The rise of /1 with velocity up to
the maximu m does indeed follow approximately a v l / 2
dependence, as shown in Figure 7(a ) for Formica, where
the results are plotted on a log- log scale. Also, the amount
of meltwater produced fo llows a similar dependence in
this range, and continues the same dependence somewhat
beyond the friction coefficient maximum, as shown in
Figure 7(b) for a luminium. This rise of /1 with velocity is
due to increased ice-plate d irect contact, with the water
fil m being squeezed out with increasing speed . H owever,
another mechanism must cause the maximum to occur,
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a nd the su bsequent decrease in /1 with v. We believe that
th e maximum occurs because th e amount of m eltwa ter
genera ted by therma l conduction through the plate to the
interface increases dra matica lly, and eventually becomes
so large that the asperities in th e plate are again covered
with water, thus reducing the fri ctional force to a low
value. For aluminium , with th e mu ch larger amount of
meltwater, the fri ction is then reduced to a very low
value, whereas with Formica, and less meltwater, the
fri ction is not reduced as much. For th e acrylic pl a te,
which was much smoother, the amount of meltwater
requi red to cover the asperities was mu ch less, and was
essenti a ll y provid ed by thermal conduction a t a ll speeds.
The reason that th e a mou nt of meltwater is a strong
function of velocity is that at hig h speed , the ice is a lways
in contact with a warm plate at + 2°C, whereas at low
speeds the melting ice cools down the plate. Also, as noted
a bove, the m eltwater (at O°C) sta ys in contact with the ice
at low speeds, below 50 mm S- I, thus acting as a th ermal
mass which must be warmed by conduction th rough the
plate before more mel ting can occur. Above 50 mm S- I,
where the meltwater is dragged along by the sliding plate
rather than always being in contact with the ice, there is
no meltwater to warm before more melting can occur.
H ea t genera ted by fri ction would a lso aid melting, but
this can be shown to be negligible compa red to th e hea t
conducted through th e plate.
The final inc rease in J.l at hig h speed s for the
aluminium , or the levelling off for the Formica, is, we
believe, due to viscous drag of th e very large a mount of
meltwater now being produced.

0.01

IMPLICATIONS OF RESULTS

(,)

·c
~

0.001
0.01

I

0.1

10

mmls

Velocity

a
1000

·

~
..:.d
\0

.·
100

V

I
0

......

...
-...
I-;

~
'b\O~

tU
Cl:!

10

~

I !)

./"

·

•

~

1
0.1

b

10

100

1000

Velocity mm/s

Fig. 7. Friction coifficientJor Formica ( a) and meltwater
produced Jor aluminium (b) plotted against velociry on a
log-log scale. A line oJ slope J/2 is shown, corresponding to
/1 ex v' /2.
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I ce tanks usu ally measure the fri ction coeffi cient of th eir
model ice against their ship mod el at speeds of a bout
200 mm S- I, because th ese a re th e scaled speeds of
icebreaking ships. This is, perh a ps, unfortunate because
the prese nt results in this range show considerable more
scatter than at lower speeds, a nd a depend ence of friction
on the th erm a l cond uctivity of the slid er. However
reproducible res ults are achieved at a given tank, and
even when different tanks test the same fri ction plate (Bell
and Newbury , 1991 ). This is probably because the
roughn ess of a typical mod el is much greater than the
plates used here, with co nsequ entl y high er friction
coeffi cien ts.
Surging glaciers slid e on their beds at speeds of the
order of the slow speeds reported here, 0. 1 mm S- I or
3 km a- I. These res ults show that in this range the friction
coeffi cient starts to rise with speed , wh ich could possibly
act as a negative feedback mechanism tending to prevent
furth er accelera tion of th e glacier.
Full-scale ice/stru ctu re interactions, for example ice
against bridge piers, drilling rigs etc., occur a t speeds of
10- 1000mm s- l . I n this range, we have shown that the
friction coeffi cient can vary considerably with different
amounts of m eltwater, a lthough for design purposes this
may not be relevant because design loads would be
calculated using significantly la rger fri ction coeffi cients
corres ponding to lower temperatures. Also, full-scale
structures, whether made of concre te or steel, would
II
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have significantly ro ugher surfaces th a n those used in this
work, which would also increase th e fricti on.
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