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FOREWORD

The Winter Navigation Research Board presents its report no 28.
This report can be seen as a continuation to the report no 21.
The aim is to obtain more accurate information about the ice
pressure'and ice inducedt stresses on the hull of a ship and thus
provide a better basis for the determination of hull scantlings .
for ice strengthened ships. The Winter Navigation Research Beard
expresées its thanks to the research team, the personnel of the
ice breaker SISU and otﬁers who have contributed to this work.

Helsingfors and Stockholm April 1979

Jan-Erik Jansson Lennart Johansson
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1. INTRODUCTION

The aim of this report is to obtain relevant data for the dimensioning
procedure of the shell structure of an ice-going vessel in the Baltic.
The dimensioning ice loads have formerly been obtained by indirect
methods because there is a lack of reliable analytical models of

ice pressure and load and because so far empirical data of them is

not available.

The only values published about ice loads are calculated indirectly
from the response of the shell structure. The response is measured
with strain gauges. This method does not give the value of ice

pressure or load area, only an estimate of the total load. Thus it

was decided to design a measuring system for local ice pressure.

Nowadays practically all the estimates of dimensioning loads for
various structures are of stochastic nature. Also the ice load is
a stochastic variable and to investigate its characteristics a

special recording system was developed.

This system was in operation onboard the Finnish icebreaker SISU

during winter 1978. >In this winter the output of four gauges was
analysed. These gauges included two V-shaped strain gauges on the
plating and two new ice pressure gauges. The measuring period was

from 24.2. to 7.5. 1978. During this time the icebreaker was operating

in the Bothnian Bay mainly from Kemi.




2. MEASURING SYSTEM

2.1  Icébreéker SISU
The’méin'dimensions of the B

length, max
length, -DWL ;
breadth, max
breadth, DWL
draught, max
draught, DWL
power

speed in open
water

The' shell structure of the i

(s = 400 mm) , horizontal str

altic icebreaker SISU are the following:

104.6
96.0
23.8
22.5

8.3
7.3 m
"16.2 MW

g8 B B8 B B

18.7 knots

cebreaker SISU consists of plating, frames

inggrs and webframes (s = 2400 mm). The

frames are perpendicular to the symmetry plane .of the ship.
i

In fig. 1 is the side view o

f the icebreaker SISU showing also the

area where the transducers were located.

16.2 MW ICEBREAKER

Length, max 104.6 m
Length, dwl 96.0 m
Breadth, max 23.8 m
Breadth, dwl 22.5 m
Draught, max . 8.3 m
Draught, dwl 7.3 m
Height to main deck 12.1m

5
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Fig. 1. Side view of the Balti

e

Transducers

¢ icebreaker SISU.




2.2 Data collecting system

An automatic microprocessor-based data collecting system was
developed for the ice pressure measurements. The scheme of the
measuring system is shown in fig. 2. It is possible to attach

8 transducers to the system,.bﬁt only 5 were used in winter 1978.
The sampling of the transducer signals was made by a Hewlett-

Packard digital voltmeter equipped with a scanning unit. The

" sampling frequency was :1000 Hz, which means 125 samples per second

per channel.

N ; Scanning Digital
; plifiers Lo £ile a .
[ransducers Ampl wpase Slo-ers unit voltmeter Microprosessor . Tape punch
ch 1 1 1 l
|| -
i
2 2 2 o
HP 348 HP 3480 M 6800 Facit 4070
3 3 3
T
Meas. ! Output
[N 4 - n control | control
|
1
i
5 5 -5
Fiskars !
VMS
05 Signal _
"propellers rotate" (2;,_1'0;1(

Fig. 2. Scheme of the measuring system.

The signal level distributions for each channel were formed by
means of a microprocessor, which divides each sample in one of 20
classes according to the amplitude and adds one count in correspond-

ing memory register.

The measurement commences when one of the aft propellers starts to
rotate in forward direction and is interrupted after a 15 second

delay when both of the aft propellers are stopped; The distributions



were punched on paper tape once a day at midnight. The memory
of the microprocessor was secured against an electrical breakdown

by means of accumulators.

A phétograph of the data collecting system is shown in fig. 3.

An example of the print-out of the system is presented in fig. 4.

Fig. 3. The data collecting system.
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00
01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19

00000000
00001425
08031887
00014322
00002720
00000850

.00000311
0oooo092

00000046
00000013
00000013
00000007
00000004
00000002
00000000
00000000
00000000
00000000
00000000
00000000

a) No. of reccrd (day)
b) No. of channel

~¢) Class

d) Samples in class

Fig. 4. An example of a print-out
of the data collecting system.




2.3 Ice pressure gauges

Two épecially designed ice pressure gauges were mounted on the shell
of the ship. When designing the ice pressure gauge, the following

aspects were to be considered:

- On the shell surface outside the pressure gauge no
discontinuities whatever are allowed because they
may affect the breaking process of ice.

~ The gauge:is not allowed to cause any risks for the safety
of the ship by reducing the strength of the shell structure.

For these reasons any holes in the plating are out of question. For
the operation of the gauge, the following demands are to be full-

filled:

- The gauge must have sufficient sensitivity and linearity.

- The gauge may not be sensitive to the variations of the
‘area of ice pressure, i.e. it shall measure only the
‘local pressure.

The principle of the gauge is to measure the deflection of a restricted
area of the shell plating caused by ice pressure. The surroundings of
that area ($ 200 mm) are well stiffened By the thick steel cover of the
gauge, and the brackets shown in fig. 5. The sensing element of the
gauge is realized using the strain gauge technique. In connection
with the pressure gauge PGl, an alternative realization of the pressure

gauge was studied. A strain gauge bridge was mounted directly on the

- plating (PGlA). The outputs of the strain gauge bridges were amplified

by a Fiskars DC-amplifier. A photograph of a pressure gauge'mdunted

is shown in fig. 5.




Fig. 5. The ice pressure gauge mounted.

The location of the gauges is shown in fig. 6. The heights from the
base line of the gauges were 6.71 m (PGl) and 7.21 m (PG2). During
the winter 1977 the locations were baséd on the mean draught of the
ship, which was 7.61 m at frame 94 according to the logbook of the
ship. 1In 1978 this mean draught was also 7.61 m the minimum being

7.35 m and the maximum 7.85 m.
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2.4 Strain gauges

Two‘V-Shaped strain gauges (PL1 and PL2) were mounted on the shell
plating, in the midpoint of an area restrlcted by two frames and
two strlngers. The angle between the two elements in the V-gauge

o}
was 56 and the measuring direction was horizontal.

To. check_the directions of the principal stresses also a3 x 120°
Rossette gauge (PL3) was mounted in the'ﬁicinityof the V-gauge PLl.
This measuring point was not connected to the statistical measuring
system, but some time-histories were recorded by a tape recorder.

The analysis showed that the direction of the bigger principal stress

was horizontal, as assumed.

Locations of the strain gauges are also shown in fig. 6.

2.5 Calibration of the ice pressure gauges

Both of the two ice pressure gauges were calibrated by an internal
hydraulic pressure up to 5 MN/m%. The upper gauge (PG2) was calibrated
also by external pressure up to 5 MN/m? and by external point force

up to 130 kN corresponding to about 10 MN/m? uniform pressure on the

area of the pressure gauges.

For the callbratlon by external hydraullc pressure a steel plate of
d1men51ons 400 x 450 mm? was welded parallel to the shell plating
30 mm away from it, thus forming a kind of a pressure vessel. Fig. 7

is a photograph presenting the calibration with this method.




I

Fig. 7. Calibration by external pressure.

The calibration with an external point force was made by means of

a hydraulic cylinder and a beam supported outside the frames as

fig. 8vshows. The place of the pressure gauge was found roughly with
an ultrasonic plate thickness meter, and after that exactly by press-
ing systeﬁatically the plate at different points and finding the

place which gives the maximum output voltage.
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Fig. 8. Calibration by external point force.

The conversion from the point force to the uniform pressure was
based on a FEM-model made to describe the pressure gauge and its
environmenfs. Fig. 9 shows the element mesh used. The results
obtained from the FEM-model were in agreement with those obtained

from theAcalibrations,as fig. 10 shows.
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Fig. 9. The element mesh used in the
FEM-calculations.

The linearity of the gauge was high in all the three calibration methods.
The slopés of the calibration lines differ on the other hand much from
each other. In the case of calibration with external pressure, this

is caused by the reaction forces induced to the shell_étructure by the
calibration plate. In the case of the internal pressure,the loading
configuration is different and also the deformation of the cover may
cause error in the display of the gauge. This is inconvinient because
the internal calibration is technically much easier than the external
methods. However, if it is possible to prove that the ratio between

the slopes remains always constant, the internal calibration may be

used at least when the external calibration is technically impossible.
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Fig. 10. The calibration lines obtained by
various methods.

When simulating the different calibrationmethods by the FEM-model,
the results showed the same tendency as the calibratiéns. On the
basis of this examination it was obvious that the calibration with .
external point force gives the most reliable results and it has been

used in the following analysis.
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The FEM-calculations (cases 1 to 3)_ShQW also that the gauge‘has

a low sensitivity to variations of the total force, which causes
variations in the global displacement of the shell structure around
the gauge. This is due to the stiffness of the surroundings of the
gaugé. In the icebreaker SISU the situétion.may be better than in
the model because the gauges are located beside a stringer or a deck
(225 mm from the centre of the gauge), whereas in the model this
distance is 1200 mm. .Thus the environﬁents of the gauges are quite

stiff and so the global displacement of the shell structure is small.
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3. WINTER 1978

3.1 Overall description

: The severity of the winter 1978 was about the average. The largest
wl : extension of the ice field was reaéhed around 23.2., the amount of

w‘ ice area peing 170 000 km , fig. 11. In an average winter the ice

| .area is about 184 000 km /6/. The ice conditions before this date
‘ are not of interest heré because these measurements began on 24.2.

In fig. 11 there is given also the approximate operation area of

I the icebreaker SISU during the measurement period.

\l-_ After the date of maximum extent, the ice cover retreated somewhat
| and remained thereafter constant up till mid-April. During this

%lf time the ice cover in the Bothnian Bay was quite inhomogeneous,
usually consisting of compact pack ice and ridged level ice. The
ice cover in the Bothnian Bay can also be separated into two zones;
landfast ice which is motionless and thus is not ridged, and ridged
i level ice. When open pack ice appeared it was between these two

| zones. The thickness of ice in the landfast zone was around 70 cm
and in the level ice zone up to 50 cm. At the end of April the
ice cover started to melt, which was also noticed by the formation
of numerous leads. The ice cover disaﬁpeared finally in the end

of May.

e The advancement of ice winter can be examined in view of the daily
L averages of temperature along the coast of the Bothnian Bay, fig. 12.
It is clearly noticed that the advance of ice cover ceased due to

|| a rise of temperature up to around 0°C for about 10 days. Because
y;! the temperature is the main variable affecting the advance.of ice

“ cover, it has a very large indirect influence on the ice loads by

|

affecting the time ships must sail in ice.
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Fig. 12. Daily averages of air temperature during
February — May 1978 in Kemi and Vaasa.
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3.2 Special features of the ice conditions

For future reference some features of the ice situation influencing
ice loads are described. The first factor is the ice thickness as
a function of time. In fig. 13 there is depicted the ice thickness
versus time in the landfast ice zonme close to Oulu. It can be seen
that the thickness remained almost constant during the measurement

period.

"
T T T

9. 11 12, 152, 13, 153, 14 15k 15 dafe

Fig. 13.; Ice thickness close ‘to Oulu
in the winter 1978.

Another factor influencing the ice 1oa&s is the extent and location
of leads along the Finnish coast. These make it possible for ships-
to navigate in open water. The first big lead which aided shipping
in the Bofhnian Bay was formed about 25.2., see fig. l4a. The lead
remained open up to 10.3. From around 20.4. there was a zone of
open pack ice between the landfast ice and level ice in the Bothnian

Bay, fig. 14b.
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4. . RESULTS OF MEASUREMENTS

4.1 Daily maxima

The main results of this investigation are the daily maxima of ice
pressure and stress, see Appendix 1. These form the basis for sta-
tistical analysis from which relevant data of extreme ice pressure
‘can be extrapolated. The daily maximum peak of stress or pressure
can be a‘very isolated event; perhaps it does not even represent the
prevailing ice conditions but is an outcome of some exceptiénal
extremal situation. Thus the average value of, say, the 100 highest
values corresponds better to the ice conditions the icebreaker is

navigating in.

The daily maxima of ice pressure (PGl) and stress (PL1 and PL2)

are presented ‘in fig. 15a---c. Also the average of the 100 highest
pressure or stress levels are depicted. The results of PG2 are

not given because they are not reliable due to difficulties with
the amplifier.
Between 21.4. and 27.4. icebreaker SISU was mainly standing still
so no recordings were made during that time. The distributions of
daily maxima with the calculated Gumbei—distributions are shown

in fig. 16.

It can be.seen from fig. 15 that the maximum daily value represents
well the prevailing ice conditions because there is a close correla-
tion between the maxima and the average of the 100 highest values.
There are, however, a couple of excepfions. In PGl, for example, the
maximum value is much higher than the preceding or following value

in 23.3. and 11.4. but the averaged value does not deviate at all
from the heighbouring values. Nevertheless these kinds of days

are very few and they do not affect the statistical analysis which

follows.
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Fig. 16. The distributions of daily maxima for
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From fig. 15 the following maximum values of each channel during

the whole measuring period are obtained:

] PGl p = 86 MN/m?
PL1 0/0y = 0.55
PL2 c/oy = 0.70

where cy is the yield strength.

4.2 Daily recordings

The order of stress or pressure level samples per one day'is 107 of
which by far the greatest part is in the first ome or two classes.
The average duration of a stress peak is about 0.3 s /8/, which means
that 38 stress level samples correspond to each peak.- Conséquently
if there is only a few samples in the highest classes, they can
correspond to one single stress peak. An example of this kind of
recording is shown in fig. 17a. On the other hand recordings like

in fig. 17b contain many pressure peaks. All the daily recordings
can be divided into those two types of daily distributions. The

first type occurs quite seldom, about once in twenty days.
I

Before the 1ong-tefm measurement commenced, the time-histories of the
transducer signals were recorded for a couple of hours. From these
records a view of ice pressure or stress time history can be obtained.
Three samples of the time histories are presented in fig. 18. From
the time histories it can be concluded that the cross—covariance of
the preséure levels of the two péessure gauges is almost zero and
thus there is no correlation between them. This reflects the fact
that the height of ice load is quite small, and when an ice floe is
bent below the hull it influences a small zone at a time. On the
other hand, the cross—-covariance between the output of the strain
gauge and pressure gauge mounted on the same waterline (i.e. PGl

and PL4, PG2 and PL5) was neariy one at time difference which was
equal to the time in which the ship travels the distance between

the gauges. This reflects the fact that the ice load is quite local

also in breadth and it travels along the plating.
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Fig. 17. Two daily distributions of ice pressure,
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The present daily distributions are .formed from stress or pressure
level samples. However, in this context, the peak amplitude distribu-
tions should be more relevant. In order to compare the output level
distributions with the peak amplitude distributions, a half an hour
part of the time history of PG2 was analysed. The pressure level

was divided into six classes basing on the output of statistical
measuring system and also manually according to pressure peaks, and

thereafter the data were plotted on Weibull-probability paper, i.e.,

logarithm of the class number x was plotted versus In(-1n(1-P)), where -

P is the probability of occurrence, fig. 19. As the points do not
‘differ much, it.can be concluded that both distributions almost

completely coincide.

tnx | pIMN/n?]

WU X
-25 o x
"2 L o X
ks | ox !
Ox

x stress level distribution
o peak amplifude distribution

| | .
0 1 2 tn(-(n(1-P))

Fig. 19. A comparison Jf the stress level and peak
amplitude distributions on Weibull-probability
paper.
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4.3 Statistical analysis

The object of this statistical analysis is to create reliable basis

for estimation of maximum ice pressure or stress during ships life-

time., There is a big scatter in the measured ice pressure values

and its statistical character is clear."The size of measured sample

is always finite and thus, due to the statistical nature of ice pressure,

the extremal pressures must be extrapolated and examined in view of

- their occurrence probability. The approach here is obtained from

Gumbel /3/.

The daily maxima were plotted on the Gumbel probability paper in the
following way. Let the sample be in increasing magnitude {pi}, |
i=1,...,N where N is the total amount of dailyrobservations. The
mean frequency of mth value is |

_om
P(pm) TN+ 1

Here is the situation that the observations of the same magnitude
are grouped so that the mth up to the m + kth observations are re-
presented by a common pressure or stress value. For this reason a

mean rank is attributed for each class.

m' = vym(m + k)
After this the observations are plotted p versus -1n(- ln(Er:—TQ),

see fig. 20a-—-c. In this connection the concept of return period
T(pi) is important. The return period is the number of observations

needed in order to obtain the value p;- It is defined by

B 1 N+1
Ty TRy TR+ I-1

Also the return period is shown in fig. 20.
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Fig. 20. The distributions of daily
maxima plotted on Gumbel-
probability paper.
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Fig. 20. The distributions of daily maxima
: . plotted on Gumbel-probability paper.
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Fig. 20. The distributions of daily maxima plotted
on Gumbel-probability paper.
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To be able to extrapolate to longer teturn periods and consequently

to hither pressure or stress values it must be known how the sample

is distributed. The normal, log-normal, Weibull and Gumbel distribu-
tions were fittéd to the observations. After this the probability
functiqns F(p) cbrresponding to each of them were deterﬁined and curves
P versué -In(- 1nF(p)) were drawn in fig. 20. 1In table 1 is shown

how the estimation of parameters was done.

Gumbel distribution fits the observations best as can be anticipated

- because it wancreatedéfor forecasting extremes. The fit with Weibull
distribution is also rather good but normal distribution gives much
too long return periods and log-normal distribution gives much too
short return periods. As a conclusion it can be stated that the.use
of Gumbel distritution for extrapolation gives the most reliable

results.

The return period is an important tool in estimating the encountered
stresses of pressures during the life time of a ship. At this stage
of knowledge of the statistical characteristics of ice pressure the
extrapolation to longtime periods is doubtful due to restricted
amount of observations. Still, the. extrapolated values of pressure
or stress corresponding to annual operating time as return period
and using this value as return period the following values are

obtained from fig. 20:

PGl p = 10.7 MN/m
PGl 0/0y = 0.66
= (.80

PL2 olo
y
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4,4 Influence of external conditions

The daily number of measured stress or pressure levels i.e. the size
of measured sample has an influence on the highest measured stress or
pressure level. Thus it should be natural to reduce the measured
maxima according to the daily operation.time of the icebreaker.
However, the form of this reduction is of crucial importance for the
reliability of the statistical analysis. As no apparent connection

- between the daily maxima and operation time was found (for data see

appendixxl) the data used in the statistical analysis was not reduced.

Ship's speed, air temperature, ship's draft, ice thickness etc. have
an effect on the theoretical ice load /5/. Air temperature and wind
velocity can be obtained at four hour intervals from the logbook of
the ship. No correlation between the daily maxima and temperature
or wind velocity was not, however, found. This does not directly
amount to that these parameters are without effect on the ice load,
but that the scatter due to variations in draft, ship's speed and
ice conditions eclipse their effect.

|
The draft of the icebreaker varies continuously when it is in operation
due to the use of heeling tanks, variations in trim, pitching motions
etc. The variations in draft at the location of the pressure gauges
is not great so that the effect of draft variation can be neglected.
Ship's speed and ice conditions are more important parametersj the
recording of speed will be incorporated into this system.from winter
1979, and the ice profile encountered by the icebreaker will be taken

into account in the subsequent statistical analysis.
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4.5 Connection between ice pressure and ice-induced stress

The local ice pressures and ice-induced stresses in the plating were
studied separately-in the previous chapters. The connection between
these factors is now discussed.- It is obvious that the spatial
distribution of the load and the ice pressure itself vary greatly
during the breaking process of ice edge. The only reliable method
to‘obtaiq knowledge about the spatial distribution of ice load is

- to mount several pressure gauges close to each other both in vertical

and horiZQntal direction.

At the short term measurements analysed in chapter 4.2, no simultaneous
load on both the pressure gauges (vertical spacing 500 mm) was observed.
The previous measurements /8, 9/ have also shown that when the load
height is supposed to be small, the local ice pressure and ice~induced
stresses in plating are incompatible if the ice load is assumed to be
uniformly distributed on the loaded area. The maximum measured stresses
in the plating give too low pressure values, as fig. 21 shows. On the
other hand the measured maximum ice pressures give too high stress
values in the plating. The connection between the measured maximum
stress in the frame and the maximum ice pressure has proved almost

compatible.
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Fig. 21. The influence of load height on the
) calculated ice pressure with a prescribed

stress in the plating.

Because the former assumption of an uniformly distributed ice pressure
leads to a contradiction, a pressure distribution, which gives a good
correlation between measured maximum values, has been developed. This

spatial distribution is shown in fig, 22 both for plating and frame.
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~a) Load primarily on a frame

b) Load primarily on plating.

Fig. 22. The two load configurations which explain
the measured stress values in frames an
, plating. o

An intuitive explanation for the physical background of ‘this spatial
distribution is that the flexural stiffness of frame is higher than

that of plating. In the case of icebreaker SISU the ratio of flexural
stiffness is about ten. Consequently the stress field induced in the
ice field is inhomogeneous and the distribution of the ice pressure
follows the configuration shown in fig. 22. Using this kind of pressure
distribution for Plating with Prax = 8.5 MN/m? and Umax/dy = 0.697,

P, = 2.4 MN/m?>. 1In this calculation the element mesh of the structure
was somewhat simplified, see fig. 23. From these two pressure values
the conplusion can be drawn that the value of Poox corresponds to the

multiaxial strength of sea ice and Py is close to the uniaxial strength

of sea ice.
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5. CONCLUSIONS

The most striking result of -this investigation is the high value,

8.5 MN/m?, of the local ice pressure. This value seems high because
in naval architecture.the ice pressure is traditionally thought to be
of order of the uniaxial compressive strength of sea ice, about

3 MN/m? /7/. However, the stress field in the ice plate is not
usually uniaxial and thus the contact pressure can be two or three

_times higher than the compressive strength /2/.

The statistical analysis showed that the daily maxima of pressure

or stress followed quite closely the Gumbel distribution. Using this
distribution and the operating time in 1978 as return period, it can
be concluded that the ice pressure of 10.7 MN/m? and stress of 0.80
(divided with yield strength) is encountered once during a winter.
The extrapolation to very high ice pressure values must be viewed
somewhat critically because probably there is some ultimate

maximum of ice pressure which is reached when all external conditions
are perfect. This ultimate pressure must be obtained by analytical

methods or by laboratory tests.

The measurements and calculations of ice-induced stresses presented
here gave an indication that the form of ice pressure is not uniform.
The discrepancy between measured stresses in frames and plating can
be explained if the ice pressure is of saw tooth form. Thus the
flexibility of ship's side has an effect on the value of design ice

pressure.

On the basis of these measurements and results it is felt that this
kind of statistical approach gives the most reliable design ice

pressures and loads.
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