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Two cases of damage to lighthouses due to ice in the Baltic are

reported. Factors inﬂuencing the magnitude and the level of the.
ice presgure are discussged, 'The crushing strength of the ice and
the height of pile-up are distinguished as the outstanding factors.
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[CR PRESSURE AGAINST LIGHTHOUSES

By Lars Bergdah}_i) .

Lighthouses, moorings and other isolated structures in the arctic
and temparate seas are exposed to moving ice fields and pack ice.

Dimensional criteria and rules for the design has long been needed,

In the Baltic isolated lighthouses have been built in areas with severe

ice conditions since the thirties in spite of the fact that litile was
known about the forces from the ice., Some experiments with wood
jnstead of pack ice was made by Frost [6] in 1941. Seefigure 1.

Only twa of these lighthouses has been damaged by the ice, Thus the
other lighthouses are pretty safe, but the probability of damage is
very difficult to estimate when you do not even know the force from

or behaviour of an ice field with known properties.
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Figure 1 Five lighthouses in Kalmar sund, 1941, From Frost Eﬁ]

1} Research engineer Division of Hydraulics, Chalmers University of

Technology, Géteborg, Sweden,



Damaged lighthouses

Two cases of damage to lighthouses, due to the ice, are known in the
Baltic. One ig Tainio lighthouse outside Helsinki in the Gulf of Finland
and the other ig the lighthouse of Nygrén cuiside Luled in the Bay of Bothnia.

Tainio lighthouse consists of a calsson which was sunk on a leveled
macadam bed at nine meters depth in the summer of 1966, The light-
house was finished in october except for the injections of the macadam-

bed. This work was postponed to the next summer.

At one occagionin the winter 1966-1967 the Lighthouge was pushed 14 m
in the ESE-direction, The surrounding ice cover had an estimated
thickness of 0,3 to 0. 5 m. At the lighthouse, howwever, the ice wasg

"~ packed up to approximately 4 m thickness against the weathergide and

1 m against the lee side. Thesealevel was slowly rising and winds were
heavy,

The calsson was positioned on radially arranged steel rails. At first
these rails could have lessened the friction but in the final stage the

1igh-thouse stopped against some protruding rocks.
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From Ernsisons and Kjellgren [3'}



Hence Lidfquist and Palosuo [i{):j made the following estimation. The
friction factor must have been between 8, 5 and 0. 7 until the light-
house stopped against the rocks, The wexght in Watex wag B - 109 N
which gives the ice preassure 4 * 106 ab.6 - N Divided by the

dmmeter 3,5 m, of the circular cylinder this gives 1, 2 106 a

1.6 10° N/m.

in the end of april 1969 the lighthouse of Nygranwas broken down by

the ice. The type of fracture has been classified as pure bending

after ingpection by divers. According to Ernstsons and Kjellgreﬁ
'[51 no trace could be found that the lighthouse had moved out of

* position,

Ernstsons hag estimated the yield moment to 8,1 + 106 Nm from the

appearance of the fracture. The surface of fracture was one meter
under the sea level, So if the force acted at sea level it must have
been 8,1 ¢ 106 N. But the figsuring on the tower indicates that the point
of action was between one and two meter above sea level, That ia the

ice pressure could have been as low as 2.7 - 10'6 N.

. ~
The lighthouge was built on sand with a friction factor of 0. 60 a 0.75.
The weight was 7 - 10° N. This gives a highest probable load of 4.2+ 10
N, That is the resuliant force from the ice must have acted at least 1 m

above sea level, Ingpection sustains this,

6

The lighthouse had- a diameter of 2.5 m, See figure 2, The ice pressure

' would then be between 1.1 - 10% ana 1.7 108 N/m.

What actually happened when the lighthouse broke down is not known,
But the pack ice must have built up to at least oge meter above gea level
so that the forces from. the surrounding ice fields could act at that ele-

vation, See figure 3.
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Figure 3 Scheme for the action of the ice.
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According to the maritime office of the Swedish meteorological and hydro-
togical institute (SMHY, Larsson) theice cover i the ares most winters
vezched s maximum thickness of 0.70 m in the end of March or the be-
ginning of April. The thickest smooth ice cover ever reported in the

area iz 0. 20 m. Salinity in the water iz 4.5 to 5 %o. The institute lacks
regular meagurements of the ice before the winter 1968/70,

Piling up of ice on coastal siructures

" Bruun and Stratmsnes HE report of the behaviour of ice against gea-

shores and constal structures, They draw fhe following conclusions:
't
1} Sloping shores and structures favorice piling, As a resuli

of wind and current forces, ice may pile up to an elevation
of 10-15 m above still water level,

2} Vertical walls do not faver ice piling. If the depth in front
of the structure ig sufficient the ice does not climb but is

H
rathey forced down,

The authors say that they do not know ice piling at depths greater '
than & m but that the magnitude of this "safe' depth in some way must

depend on the acutal exposure,

Allen et aL[ZE gives an interesting analyeis of the relation beiween

horizontal force, P, per unit width of suerroanding ice and height of

pile up, h,
] e o h2
P o= gt e pgas O 0 3
2 iz - the horizontal pressure from wind and currents
t thickness of ice
g earth accelleration __
and ¢ dengity of the pile ‘up above water level

The equation {1) could reformulated be usefnl to estimate the possible

height of a pile up.
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Experimental data sve few and scattered but equation (2) is on the “safe
gide, Note that < must be equal to or less than the crushing strenght,
Nygrén was situated at a depth of 4 w and the foundation was sloping
50 conditions for ice plling was al hand. The lighthouse will be replaced
with & new one of the same shape but able 1o susgtain the ice load at 2 m

shove ses level,

Hstimation of the ice pressure

‘Several models for estimating the ice pressure exist, They are founded
on the mode of failure of the ice, See Korzhavin ['?] . ‘;?f, Nuttall {_13},

Lavoie [8].
The simplest mode of failure is when the ice field is crushing ageinst

a vertical pillar,

I—ix d;tk {Icf\ . . ¢ 6 0B Lo § oA (3)
where §H horisontal forece

B

d = diameter of pillar

t = thickness of ice

U= crushing strength of -ice

- This is the formula used by Swedish authorities [6}. Korzhavin E?j
used a variant, ‘ |

I—-}:::E‘mckadnt"c:fﬂé:r ) P (4)

Here m iz a formfactor due to the shape in plan of the structure. m

varies according to table below,

& e,
d 2 e ;’;‘:v
h: e

o~ Direction of ice zjnoverﬁent
N .
Higure 4 Definition of d and &0
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Table 1
2 45° i 709 96°  120°
m 0,60 . 0.65  0.69  0.73 0.81

I. depends on the loeal buckling and redistribution of forces in the ice
according to Korzhavin [8]. Allen 1] calls this an indentation factor,

and usesg following relation _
I &= 1 '{"é/e}{p L\fd/t - . i " |till‘!.li : (5}

Korzhavin Eﬁ 2:8'3 states that T & 2.5, that is I has maximum value
of 2.5 when d/t = 1. See also Nuttall 13,

The contact factor k tells the fraction of centact hetween the pillar and
the'ice, This is set to 0.7 to 0.5, but reasons for those vslues are very
doubtful, See for exsmple Schwarz ijé} .

The crughing strength & o depends on the rate of loading, void volume,

salt content, temperature ete, See for example Weeks and A.ssur:,ﬁﬂl.

Faflure due to bending

 Failure due to bending is a very complicated fenomena due to the unelastic

properties of the ice. Consider a unit widih of the structure. The hori-
Zontal force P on the structure depends on the vertical force V necessary
to bresk the ice at some distance 1, the slope of the gtructure f'ﬁ . the
friction factor ige between the ice and structure. Sometimes the momen-

turn of the ice ig a limiting factor, For definitions see figure 6,

7
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Higure 9 Scetch of forces against the ice sheét
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The ice .sheet is pressing perpeﬁdicuﬁtar againgt the slope with a load I,
When moving, this gives rise fo the friction force tge ¥, ¥ and tge-F
can be composed to the resultant R which then is divided into the hori-
zontal force P and vertical force V.,

PATAT SN RIS

R=m{]+tg e e (B)
V=R‘cos(go+/5) _ B ¢ 4
P = R 'Sin (fp -?“/’3) . b e (8)

{7} and (8) give

P=Vig (p+/3) | e ()

The unit width load P is limited by equation (4} when neglecting exentricity
of loading or by the highest possible value of V inserted into equation {9).

The maximum vertical force can be derived from the positions of cracks
and type of failure, The most freguent theories use a model with .
tensile crack at a distance 1 from the stracture. See ,fig}zreﬁ. The distri-
uted moment m is either hypothetically set to a yield romeint % 2. o~

2

or an elastic moment % A {?i“"”s, where éf“‘y is a yleld stress and G;

is the bending strength

1.2 e | _ o .
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I’Kis - "gt izs -+»4.e¢tu (1})

The load V per unit width of a long.sloping structure is then according

to fig. 5..
V =% m/l . . = . - LR B N R (12}

~ or using equation (11)

V . __é tz WS/] _ A - (13)

A circular sloping strocture with 8 weterline contaet radius a, see figur 6,

gives

i :m}.«iij@:-w-m N ¢ £



per unit length of circumference or using (11)

l+a 1 .2 '
vumawémfw‘wgt g‘;; 4 4 k5 ANt ok S (15}
/M’“‘;&"“ﬂg\k\ fy I’r}.
g X e tz..ﬂ“’f o Nﬁ""«, E%ﬁ
e RN

PO (0 TP I i Gar = Jir b $26E 4 %

ring tensile crack

AL

,_Ei&lf_?wﬁ_- Scetch_\ of the bending mode of failure against a cirocular

structure with gloping sides,

According to Russian engineérs,[’?‘j the distance ‘1 is obgerved to
be equal to 3+, Equations (13) and {i5) then degenerate into

VM@?t 7 {(16)
. (3tva) | 1 e '
al]d V - Iai-&ﬂ-‘-la'w—'\"‘ m“-’" t @Tg ¢ ¥ & & 4 & & ¢ & | ( 1 7)

(Integration of (17} over the circumférence under the conditions below

glves

27aV = 5.2« 10° N
which is 25 to 35 percent more than resulis from theories by N@vel [i?]

Meyerhof il}_g and Assur E:Bj



Conditions:
E . Elasticity of ice 3+ 109 N/_m.2
t Thicknesgs of ice 0.45 m
Vs Poigson ¢ ratio 0,33 ‘
a Water line radius
or loading radius 4,2 m
0T Bending strength 6 - 10% N/m? )

To get the total horizontal load on a circular structure with sloping -
walls from an ice field being cut.by the structure, the componeﬁt of
P, paralleil to the movement of the ice field, is integrated over half
the circumference, Using equation (9) gives

w[2

/ P rarcosth ¢ dek = 2+ Voo tg (r_p +/5)a (18)
-1]2 .

m.
1

Fhiggh re 7 Projection of the force P

Insert V according to equation (17)

H = (3t + a) -‘%«:t o Ceeeren. (19)
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Failure due to shear

Sometimes the vertical force V and hence the horizontal force is
limited by the fact that the ice fails by shear instead of bending. -
Probably the shear cracks will be vertical but due to uncertainties of
crystal orientation it iz safer to assume it at 45° ‘againgt the Wovizon.
The necessary vertical force is then per unit width of ice brim,

v - Tyt % ' cevrie. (20)

where fs is the shear strength, This gives analoguously to
equation (18)

Hz‘gvfcg(qp-qﬁ/g)axzﬁﬂ‘ﬁ;t-atg(qﬂ+/5) AR (21)

Propoged design procedure

‘The first step when designing = lighthouse is to make a geotechnical
invegtigation of the bottom and choose s suitable place. This step
should include a consideration of the possibilities to avoid the piling_
up of ice. Ig it cheapest to build it on a deep place, or should it be

. built in & shallow area and be designed for the pile up?

- As a second atep prevailing directions of winds and currents have to be
found out and the fetch in different directions have to.be decided. Also
the probabili‘tjr of maxirnum pefmisaib}.e windvelocity and current velocity
 should bé_z decided, Ice conditions and'ice characteristics in the area

should be mapped.

Now an estimation of possible forces in the ice has to be made from

the chosen values of wind velocity, current velocity and feleh, At this
.'péinf weé could get an indication of the height of pile up if any. A -decision
of the shape of the lighthouse must-also be made. The mode of failure

and the forces from the ice must be weighed against the cost for different

shapesg.
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The example Nygran

Asswme that the fetch of wind and currents was big enough so that the
internal force per unit width of the ice was restricted by the crushing

strength,

Let o3, = 8105 N/m® 19, t=070m and p = 600 kg/m®

()= P= o, ct=2.1-10° N/m

.mmmwwwm'g't :
2P m[2-2.1-10 -
@ % b =gz |00t 26 m
The highest possible pile up against a ghore would thug be 26 m if the
fetch was long enough, Due to the shape of the tower the ice cannot,

however, build up to 26 m because the ice ig carried away al the gides

of the lighthouse,

ice filled section
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Figure 8  View of the lighthouse in the direction of ice move:'ment.

a1ill it would seem realistic to count on some overelevation of the

horizontal force on the lighthouse :towér, Say 2 m above water level,
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The horizontal fofoe against the vertical tower would then be ca].cuiatéd
according to equation (4). d = 2.5m, k=0.7, m = 0,80 '

LTS oty o

(5)=% 1=1+ 4/exp{55/0 7 = 1.6

44 H=1,6-0.807:25:07:3:10°=4,6-10°n
That is per meter width of structure: 1. 8 N/m.,
The moment at the failed cross section would he
M=4,6-10°-3 = 14 Nm
Note that if or = 105 N/m? H=1.5-10%N or 0.6 - 10° N/m width

of structure,

Conclusionsg

Looking at the calculations in the;_.éxample Nygrén, "it is obvious that
there are only two factors that are really important; namely the
crushing strength of the ice, and the height and possibility of pile up,
Concerning the strength of ice it iz not probable that this can be
clarified any better because of the variation in tmtur‘e See Weeks and
‘Assuv [‘15}

The "critical" depth for pile up éccurding to Braun and Straumsnes {47,
and the interrelation beiween forees and height of pile up according to
Allen [2] must be better decided,

Fgpecially the reduction of pile up due to finit width of structure must

be investigaled. .
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APPENDIX II ~ NOTATIONS

The following symbols are used in this paper:

Y
d
by

F\

5o m

=t

m

m

i

waterline or contact radius

diameter of structure

elasticity of ice

normal force per unit width

earth accelleration

total horizontal force againgt a structure

height of pile up above water lével

“indentation factor

contact factor

distance between contact and ring tens.ile erack
form factor

moment per unit Widﬁl‘

elastic fallure moment per unit width

yield moment per unit width

horizontal force per unit width

result'ant force per unit width

thickness of ice

friction factor

vertical force per unit widih

angle in plan

angle of slope of structure

Poisson’ s ratio

| dengity of pile up above water

stress

- erushing strength of ice

 bending strength of ice

vield stress of ice

ghear strength of ice
friction angle

et
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