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STRENGTH OF SHIPS SAILING IN ICE

Yu. N. Popov, O. V. Faddeyev,
D. Ye. Kheysin, A. A. Yakoviev

Sudostroyeniye Publishing House
Leningrad, 1967

Author's Foreword

Intensive construction of ships able to sail in ice and of ice-
breakers, as well as a systesatic study of the ice qualities of ships
sailing in ice, was begun in the Soviet Union in the 1930's in connec-
tion with the mastery of ‘he Northern Sea Route and the expansion in
the volume of shipping in frozen seas.

In 1933-1934, work was carried out under the leadership of A. K.
Osmolovskiy [35] in which an attempt was made to evaluate the magnitude
of ice stresses whicn damaged cargo ships in the Gulf of Finland. The
evaluation was based on analysis of the ice damage. A simplified theory
of the elastic-plastic bending of beams was used to determine the mag-
nitude of the ice loads., However, this work did not relate the magni-
tude of the internal stresses to the physical and mechanical charac-
teristics of ice, so results could not be used to study other frozen
basins. Moreover, this method could not be used to determine the ice
loads on icebraakers, which have a high safety factor,

Attempts to experimentally establish the nature and magnitude of
ice loads by investigating strain on the hull joints in the icebreak-
ing steamship Sadke were also a part of the prewar period. Experimental
work was continued with the icebreaker Yermak and the icebreaking
steamship Sibiryakov in 1935. Gugenberger strain gages, slide deflecto-
meters, Geiger straln micrographs, and similar instruments were used to
take the measurements, As tests procceded, it became evident that none
cf these instruments were suitable for investigating dynamic ice pres-
sures under natural conditions. Therefore, during the expedition aboard
the icebreaker Yermak in 1936, a contact deflectometer, which made re-
mote synchronous recording of deformations at various points on the hull
possible, was used. Investigation of the ice strength of the icebreaker
Krasin and of the icebreaking steamship Sadke was made during this same
Year. These tests established the dynamic, local nature of ice loads
and approximate ice load magnitudes for various ships.*

* A, K. Osmolovskiy, F, V. Yakovskiy, V. V., Davydov, G, O, Taubin,
L. M, Nogid, and others took part in the experiments.
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Conventional Measurements of the Ice Qualities of Ships, by Yu,

A. Shimanskiy [53], published in 1938, was the first scientific work to
make note of the improved method of making a comparative evaluation of
the strength of ships, taking into consideration their operational ex-
periences. For a long time this work served as the only guide for de-
signers.,

However, rational designing of icebreakers and ships which sail
in the ice makes it necessary to know not only the relative(conditional)
values, but also the true values of ice loads. A. I. Maslov devoted
his work [32] to this problem. He was the first to consider the
strength of the ice as one of the factors determining the magnitude of
ice loads which act on a ship's hull.,

V. V. Davydov [12, 13] investigated the process involved when a
ship hits the ice, and proceeded from the general solution for eccen-
tric impact from theoretical mechanics, taking into consideration the
yielding of the side and the elastic strain of ice compression, How-

ever, V, V., Davydov did not consider such very important factors as

crumpling of the ice edge, it3 deflection by the sloping side of the
ship, and the effect of the adjoining water masses.

N. A. Zabotkin devoted his work [19] to investigating the dynamics
of an icebreaker's movements when breaking ice by gaining momentum and
hitting the ice.

In the early 1940's, V. I. Neganovyy, L. M. Nogid, and A, S.
Fisher conducted important experimental and theoretical research on the
process involved in breaking the ice cover and in the nature of the
interaction between the icebreaker's hull and the ice. A little later,
Yu. A. Shimanskiy and L. M. Nogid developed the basis of a theory for
modeling ships' movements in ice.

I. V. Vinogradov's monograph [10], published in 1946, presents an
analysis of icebreaker operations in ice and discusses the influence
of a ship's basic elements on its ice qualities. In addition, inter-
esting factual material concerning the design and construction of the
hulls of cargo ships for ice use and of icebreaker hulls is assembled
and generalized.

In 1954-1957, Yu. I. Voskresenskiy and A, Ya. Sukhorukov (under
the direction of Yu. A, Shimanskiy) developed, and made more precise,
the '"conventional gage'" method. Specifically, instiead of the previously
considered strip bending, the solution for a plate resting on a flex-
ible foundation was used. At the same time, a determination of the re-
duced kinetic energy was made on a basis of the results of Yu., N. Popov's
work [38]. He considered the spatial problem of the eccentric impact of
two bodies (ship and ice), taking into consideration the adjoining water
masses, Yu, I. Voskresenskiy investigated the behavior of hull struc-
tures in the plastic zone to evaluate the magnitude of real ice loads by
measuring non-elastic strain,
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N. F. Yershov [17] investigated the strength of the external plat-
ing in the elastic-plastic zone for ships sailing in the ice., In his
consideration of ice compression for cargo ships, N, F, Yershov assumed
that the ice cover was broken by shear stresses, and that cracks per-
pendicular to the side, are formed after which strips of ice break off.

M. K, Tarshis also made a theoretical determination of ice loads.
He considered the process of eccentric impact of a ship against the ice
and took the carrying capacity of the ice cover into consideration in
his analysis of ice compression.

In 1959, L. M. Nogid's work [33], devoted to the determination of
impact loads on a ship's hull when it contacts ice, was published.
The author solved this problem by the energy method, taking into consid-
eration the crumpling of the edge and buckling of the ice. L. M. Nogin
took the indeterminacy of the solution, connected with the impossibility
of making a strict selection of ice floe configuration and of the
physical and mechanical properties of the ice, into consideration and
introduced a correction factor in the final formulas used for the cal-
culations, A shortcoming common to the work done by M, K. Tarshish
and L, M, Nogid is that the ice edge crumples throughout its thickness,
and this is not so under natural conditions,

The use of electrical resistance strain gages, which make possible
synchronous recordings of readings of sensors installed at several
points, must be considered a new stage in experimental research on the
strength of hulls under ice conditions. Tests such as these were made
aboard the diesel-electric ships Lena (1956), Baykal (1957), Dneproges
(1958), Penzhina (1963), the motorships Bobruyskles (1964), Ivan Moskvin
(1965), and the new icebreakers (1965-1966). Valuable data on the magni-
tude and nature of the application of dynamic ice loads were obtained
from these tests.

The works of N. M. Shchapov [55], B. V. Zylev [20], K. N, Korzhavin
[22, 23], and I. P, Butyagin [7], devoted to the study of the action of
ice on hydraulic engineering structures, as well as the works of S, S.
Golushkevich and P, A. Kuznetsov [27], which present the results of the
investigation of the physical and mechanical properties of ice, and
the strength characteristics of the ice cover, are of definite interest,

Scientific-research papers devoted to questions of the ice strength
of cargo ships and icebreakers are rarely published abroad. The article
by Simpson [58]1, which considers the selection of the bow lines for Wind
class icebreakers can be included among known foreign papers. Jansson's
paper [56] studied the physical and mechanical properties of ice, de-
fined the forces which act on an icebreaker when it is breaking ice,
and investigated how the ice cover is broken, This paper also considered
questions concerned with overall and local strength of icebreakers. The
paper by Milano [57], which appeared in 1962, is devoted to an investi-
gation of the process of breaking ice with an icebreaker. It is of
interest only from the standpoint of its use of experimental data on the
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strength characteristics of ice and of empirical coefficients obtained
from operational experience of American icebreakers,

This book, which is devoted to the ice strength of ships, takes
the basic positions developed by the above-mentioned Soviet researchers
into consideration. Widely used as well are the results of recent re-
search, experimental work, and the voluminous factual material from the
operational experience of cargo ships and icebreakers.

The book has two sections, The first section presents a method for
determining ice loads acting on the hull of a ship sailing in ice.
Determining the magnitudes of the ice loads is an extremely complex
problem in view of the diversity of ice conditions. Therefore, a method
for computing ice loads is taken which, while reflecting the physical
sense of the phenomenon considered as a whole, allows the basic factors
which stipulate it to be calculated. The proposed method is universal
in the sense that it is used for merchant ships for any purpose and any
ice class.

The second section presents the basis for, and choice of, calcula-
tion systems for determining internal stresses and strains arising in
hull structures under the influence of ice loads, and makes recommenda-
tions for the rational designing of these structures.

The budk, while calling the reader's attention to these questions,
does not pretend to be an exhaustive treatment of all questions con-
cerned with the ice strength of ships., Many of these questions need
further development and clarification. The authors set themselves the
modest task of helping designers more soundly approach the selection
of calculated ice pressures and the determination of the strength di-
mensions of hull structures for ships sailing in ice.

We ask that remarks and comments concerning the book be sent to

the following address: Leningrad, D-65, ul. Gogolya, 8, "Sudostroyeniye"
Publishing House.
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SECTION ONE

BETERMINING ICE LOADS WHICH ACT ON A SHIP'S HULL

CHAPTER 1

MAVIGATIONAL CONDITIONS AND AN ANALYSIS OF INTERACTICN
BETWEZEN A SHIP'S HULL AND THE ICE

1. Classification of Sea Ice and Its Physical and Mechanical
Properties.

Ice conditions in the Arctic and other frozen seas are unstable
because of the large variety of ices caused by such natural factors as
wind, current, ice-freezing and-thawing temperature conditions, etc.

In the present classification system, sea ice is categorized ac-
cording to age, formation, susceptibility to erosion, mobility and floe
size. In addition, drift (mobile) ice, is categorized according to com-
pactness.

The age classifications of ice are: new ice (candle ice, frazil,
grease ice); black ice (pancake ice, glass ice); gray ice; white ice;
one-year ice; young polar ice and old ice (Arctic pack), more than two
years old which is characteristic of high Arctic latitudes.

Ice cover is subdivided by formation into level ice, rafted ice
and hummocked ice. The degree of hummocking is rated on a five-point
scale according to the area covered by hummocks relative to the entire
visible area.

Ice erosion is characterized by external indications of thawing
such as puddles on the ice, thawing, holes in the ice, lakes, etc. Ice
erosion is rated on a five-point scale,

Sea ice is divided according to mobility into fast ice, the basic
form of which is shore ice -- a compact ice cover connected to the shore
and drift ice which moves as a result of wind and current action. Shore
ice can extend up to several hundred kilometers,

Drift ice is subdivided into two basic groups according to size --
ice fields and open pack ice which are formed as a result of the erosion
of shore ice and subsequent breaking up of the ice, accretion of ice and
freezing of small floes.

The condition of drift ice is defined, aside from erosion, according




to compactness which is rated according to the ration of the floe arca
to the visible sector area (compactness is rated on a ten-point scale);
and by compression which results from ice motion caused by wind and cur-
rert. The degree of compression is rated on a three-point scale.

From what has been said, it follows that an extremely wide variety
of ice conditions, difficult to breakdown into strict classifications,
can be encountered on shipping lanes. Therefore, when determining ice
loads which act on a ship's hull, basic factors which substantially in-
fluence the magnitude of these loads should be taken into consideration.
These include, first of all, the ice thickness and strength as well as
floe size.

Ice is a hard crystalline substance having a number of specific
properties. The elastic and plastic properties of ice develop in various
ways depending on age, presence of snow cover, duration of load appli-
cation, state of stress, temperature, texture and chemical composition.
Its physical and mechanical characteristics also change correspondingly.

The duration of load application exerts a 5ubstantia1 influence on
ice behavior. Therefore, when studying the physical and mechanical pro-
perties of ice, the more characteristic forms of loads which occur when
there is interaction between a ship's hull and ice should be cousidered
at length. These should include impact loads acting on the hull when
a ship is moving in ice and static loads when a ship is under ice com-
pression.

When there is dynamic interaction between a ship's hull and ice,
the latter behaves as a completely elastic, solid body [4, 29, 37].
Natural ice cover is a polycrystalline body and in directions parallel
to its freezing surface, can be considered as isotropic. Some change in
physical and mechanical characteristics resulting from a temperarure
drop and change in relationship between the crystal and liquid (brine)
phases, is usually observed throughout the thickness. With this type
of anisotropy, the ice cover can be considered as an isotropic plate
126], the elastic characteristics of which are described by some average
modulus of normal elasticity E and Poisson's ratio .

The most widespread methods for determining these characteristics
at the present time are acoustic and seismic methods, as well as tests
on small ice samples [4, 29]. The most reliable method is to determine
the modulus of normal elasticity E by the magnitude of the resonant
(critical) frequency of flexular waves propagated in the ice cover.

Calculations obtained by using data from these measurements have
shown that the modulus of elasticity of sold Arctic, salty ice, changes
with the range

E=(2t05)x105t/m2.

The magnitude of the modulus of elasticity determined in such a
way, provides its average value for a large area. Heterogeneities in the
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ice cover do not affect the magnitude E since their dimensions are practi-
cally incommensurable with the critical wavelength which reaches 100 to
200 m. Proceeding further from these gonsigerationa, an average value

for the modulus of elasticity E = 3.10° t/m is assumed for dynamic con-
ditions for solid, Arctic, salty ice. For fgesh éce, the design value of
the modulus should be increased to E = 5. 10° t/m .

The magnitude of the modulus of shearing G, is also unstable; how-
ever, the ratio E/G remains practically constant in the majority of cases
(E/G ~ 2.6). Therefore, an average value of Poisson's ratio for ice p =
= 0.34 can be obtained.

When there is prolonged load application, for example during ice
compression, the plastic properties of ice appear. In this case, the
relationship between the strain velocity and the magnitude of stress may
be nonlinear. According to K. F. Voytkovskiy's data [11], a quadratic
relationship exists between the established velocity of deflection of
ice beams and the magnitude of a design load. Deflection of floating ice
slabs is relatively well-described by a linear model, viscous elastic body
(50]. 1In this case, the modulus of constant resistance should be taken
as a computed value. As some academic calculations and experimental data
show, the magnitude of this modulus is approximately eight to nine times
smaller than the dynamiﬁ modglua. In the future, when there is prolonged
load action, E = 4 x 10" t/m will be taken as the computed value of the
modulus of elasticity for sea ice.

The maximum value for loads acting on a ship's hull in ice cannot
exceed the magnitude of stresses which break ice covers. Therefore, when
determining ice loads, it is necessary to know the magnitudes of the ice's
ultimate local crushing (breaking) strength 9. bending strength Ub and
shearing strength Ts'

According to K. N. Korzhavin's data [22], the magnitude of the
ultimate local crushing strength of ice is 0 = (2.5 to 2.7) C , where
o u is the ultimate strength of ice agains% uniaxial compresgion, de-
termined on samples.

With static loading (ice,compression), a magnitude of 9. un within,
the range 0 = 50 to 100 t/m” can be assumed, then o, = 125 to 270 t/m",

When there is static load action, it is recommended that oc = 200
t/m” be assumed as an average value for the ultimate crushing strength
of ice for ice-strengthened classes of cargo ships. This correasponds to
average strength Arctic ices. For icebreakers, a vglue near to the upper
limit is assumed as the design value: O = 250 t/m . This corresponds

a ; . . c
to solid Arctic fresh ice and shore ice.

When there is dynamic load action, the magnitude of ice crushing
stresses_is considerably greater than the static value, reaching 800 to
1000 t/m~ and greater. In essence, pressure in the contact zone between




a £hip's hull and ice cannot be identified with the ultimate crushing
strength of ice Gc. In this case, an effective value for 0 , depending
primarily on the velocity of the collision, should be introduced.

A method for determining the magnitude of contact stresses when a
ship strikes ice is described in detail below (see number 6). in order
to calculate thesg stresses, the design values for 0., which can be assumed
as 500 to 600 t/m~ for icebreakers and 300 to 400 t/m"~ for ice gargo ships,
must be known. We note that values for 0_ greater than 600 t/m” comprise
less than 5% of the total number of feasible measurements for the¢ crushing
strength of Axctic seas [37].

According to experimental data, the magnitude of the ultimate bending
strength of ice T, depends only slightly on the period of lual application
{21, 23]. However, the magnitude of 0 _ changes within a wide ranqge as a
result of the salinity of ice and its gemperat re. Thus, according to
B. P. Veyberg's da‘1 (9], o = (44 to 162) t/m~ for fresh ice.

The bending strength of Arctéc,salty ice is considerably less and
varies in range from 30 to 120 t/m".

V. 1. Kashtelyan [21] notes that the reason for such wide -ariation
in the magnitude of J_ is evidently, not only that there are differences
in ice properties but also differences in experimental methods. In this
work, near maximum values for ob arg assumed as design values: = = 100
t/m” for salty ice and 0, = 125 t/m for fresh ice. These value: for
O, are assumed as design values in the case of a ship'sstriking ice as
well as a ship under ice compression.

The ultimate shearing strength of ice is considerably less than its
ultimate bending and crushing strengths. According to datg of K. N.
Korzhavin [22]), this magnitude does not exceed T_ = 60 t/m fer fresh
ice. The magnitude of Ts is conséderably less for salty,sea ice and in the
future, will be assumed as 30 t/m .

The strength of ice depends on its composition, temperature, age,
porosity, etc., and changes within a rather wide range. Under natural
conditions, sectors of ice with great strength exist side by side with
sectors having extremely little strength., In the future, a near maxisum
value of ice strength will be assumed for calculations. ACcorQiqgly,
the de:.2ity of fresh ice is assumed as Y a pg = 0.91 to 0.92_t/m°, and
the density of salty ice in wintertime, Y = 0.87 to 0.903t/m {371. For
Arctic,salty ice in the summertime, Y = 0.85 to 0.87 t/m”.

In conclusion, we shall present some data concernirg the coefficient
of friction of ice against steel.

According to V. I. Arunol'd-Alyab'yev's data [1], the coefficient
of static friction of ice against smooth steel varies within the range
fo = 0.15 to 0.20 and the coefficient of kinetic frictionf . - 0.10 to
0.15. The coefficinnt of static friction depends on the wagnitude of the
load. When the specific pressure increases to 1.3 t/m , this ~oefficient
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becomes equal to the coefficient of kinetic friction and does not vary
with any subsequent load increases. The coefficient of friction depends
substantially on the condition of the ship's plating: it increases to

f = 0.35 to 0.40 for painted steel. Inasmuch as side plating in the ef-
fective waterline area éa practically always glazed with ice and pressure
is greater than 1.3 t/m as a rule, we shall assu-eff = 0.15 as the value
of the coefficient of friction in the future.

Table 1 presents the values of physical and mechanical characteris-
tids of ice which will be assumed as initial design magnitudes in future
discussion of the material.

Table 1

Phgsical and mechanical characteristics of ice.

) X 3 x.p.[‘leplmll AbRE
12:::' 12 npl.j%.x‘::zl £k 50 6 7 .
| warpysc mins | miws | mies | mles | B

Cxatue so asaax| 4-100 |125—270| 90—100] -30 o.:u]

Com;lilﬁ 9 | !
|gapxTute- - - 1
l cxul l}(')np o asauny | 3-100 |350—600| 90—i00f — 0,34

| B edBesomnax| 6108 |~ |120—-130]- 60 |03
npe‘tlili 13 -
a Yaap o awauny | 5-108 —  |120-130) — 0,34

1-types of ice;'22-nature o£ load applicgtion; 3-ice_characteris-
tics; 4-E t/m ; 50, tm ] 647b, t/m 3 7-Ts, t/m"; 8-Arctic
salty; 9-compressed in ice; 1O0-impact against floe; 1l-fresh;
12-compressed in ice; 13-impact against floe.

Z. Sailing Conditions for Ships in Ice.

Characteristic sailing conditions for ships in ice are:

continuous movement in compac’ ice;
breaking ice by charging;

movement in a lane behind an icebreaker;
movement in drift ice;

compressed in ice.

Continuous movement in compact ice. This is a characteristic con-

dition for icebreakers and partially, for ships active in sailing in ice,
The stability of continuous movement for each specific ship depends on
the thickness and strength of the ice cover. During continuous movement,
the ship's hull contacts the ice and due to the icebreaker form of bow
lines, crushes the ice by bending which results from vertical stresses.




Absence of ice damages to ships' hulls during continuous mo.erent o com-
pact ice,testifies to the fact that the ice loads are retati- I simall and
cannot bz used as design loads when designing hull stru~ruare:

Breaking ice by charging., Breaking ice by chargina i1+ & cliiracteris-
tic operating condition for an icebreaker when it is unable 16 pass through

the ice with continuous movement. The greatest ice load C et an
icebreaker which has hit the ice does not fracture it ani ;i @ oal
crushing of th» edge of the ice field occurs. With a!l o " ~titicns
equal, the magnitude of ice loads will depend on the spc.i 0 hee eo

breaker at the moment it hits the ice.

Movemciit_i1: a lane behind an icebreaker. This i> « - [ - !.sic
conditions for ships being led by an icebreaker, In th:ii: i »1. the
ship's hull is subjected to impacts against broken-oft 3.} - .- ;. ¢ floes
which fill the lane as well as against the sides of the i.:«. .- the lat-
ter case, ice stresses will be great. This is confirm o s suf-

fered by ships in contact with the edge of an unbroker 17 . o

Ship's movement in drift ice. This sailing conditin caracteris-
tic for icebreakers and all categories of ice ships. Whco 5050 ove sailing
in large fields of drift ice, ice loads will be similar - o which oc-
cur when a ship hits an ice field. Sailing in open pact ice = . companied
by periodic impacts of the hull against individual floos 3 i.itude
of ice loads.in this case, will depend on the floe size. t(ne ic thickness

and strength and the ship's speed.

Ship under ice compression. A ship can undergo ice corplession during
which the midsection of a ship having a relatively small slop~ to its side
or a vertical side, experiences considerable pressure fiom the ice. Ice-
breakers and ice cargo ships may be subjected to compression. “he intensity
of compressive stresses depends on the slope of the ship’s si'i~., as well
as on the thickrniess and strength characteristics of the i:«.

Thus, when calculating design ice loads which act on a hull, the
following cases ot interaction between a ship and ice which are characteris-
tic for all ships sailing in ice, should be considered:

ship striking an individual ice floe;

ship striking the edge of i¢n ice field (impact when bireaking ice
by charging and contact with edge of lane);

ship under ice compression,

The magnitude of ice loads in each of the cases conaidered will
depend on the ship's speed, displacement and hull lines a1zl the physical
and mechanical characteristics of the ice. Moreover, the icoe loald oc-
curing as a result of a ship's striking ice,should be used a3 the design
load for the bow and stern and the load resulting from jcre compi~ssion
on a ship, should be used for the midsection.
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3. Interaction between a Ship‘'s Hull and the Ice.

Considerable stresses causing straining and failure of ice, can occur
in the contact zone between a ship's side and ice. The magnitude of these
stresses varies substantially for dynasic and siatic conditions. The inter-
action between a ship's hull and ice is investigated in this work on the
basis of the general theory of tangency of two solid bodies [25]. The
surface hardness of ice is considerably less than the surface hardness of
steel. Thorefore, the shell plating can be considered to be a smooth,
absolutely rigid surface when it contacts ice. The surface of the ice's
edge is usually uneven. These irregularities can ke Lroken down into
three groups according to size.

Small projections of a floe's edge, on the order of several hundred
centimeters high, come into contact with the ship's side first. Thus,
at first, the ship's side comes into contact with the ice in separate sec-
tors. The total area of these sectors, the so-called contour area F_, is
considerably smaller than area F_ which is defined as the locus of afl of
the possible contact spots. Thenaverage pressure on the side P is con-
siderably less than the contour pressure P, and in this case, cifnot be
considered as the design pressure for external shell plates.

In the second stage, relatively large irregularities on the order
of one to ¥wo frame spacings, come into contact. In this case, the edge
crumples over the entire contact area, i.e., F = Fn and the average pres-
sure equals the contour pressure and is the design pressure for the shell
plating.

In the third stage, after all of the irregularities of the edge
have been crushed, the area of the contact zone depends primarily on the
general outline of the ice's edge in the plane and the shape of the ship's
waterline in the contact area. The total contact stresses proportional
to this area are the design stresses for the side framing, transverse bulk-
heads, decks and platforms. These stresses, besides causing local failure
of the edge, induce a general strain in the ice cover. The ice can also
fail from bending or shearing or by the ice plate losing its stability
before the contact pressure reaches its maximum.

Thus, either the value of the stresses which fracture ice covers
or an individual floe, or the maximum contact pressure value, if general
failure of the ice does not occur, should be assumed as design ice loads.

When analyzing the process of a collision of a ship with ice, one
can proceed from the proposition concerning the equality of contact pres-
sures to the local ultimate crushing strength of ice as the majority of
researchers, and specifically L. M. Nogid [33], do. An effective value
for ¢ _, depending primarily on the speed of collision, should be assumed
for high speeds of interaction. When there is short-term interaction be-
tween a ship and ice, the magnitude of the ultimate crushing strength of
the ice is not maximum and can be considerably exceeded [15].
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As is kivown, il a solid body penetrates a crystalj:..c suist.ic? upon
impact, movement will continue until the contact pressure p cxce«ds the
ultimate pressure p,. necessary to fracture that substanc~

P2 P, = kee,

where p is compactness;

er is snecific failure energy;

k is a numeral coefficient, depending on the phiysic. s hanical
characteristics oi the failing substance.

The peneirateng body stops when p = p.. The mag.i-
assumed t¢ equal the local ultimate crushing strength ot i « 7 in the
first approximation.

v+ .an be

Jhie maynitede of specific failure energy can be wr'': - . i dorm
ef = a“cr'ﬁ where a_ is the critical penetration specd. o - iy,
fracturing wi!i have already ceased before the body came: - (o rnlete
stop, at the moment when the penetration speed becomes equ.l! " e criti-
cal penetration speed

20
a = ._C_.
cr kp
A mcving Loly with mass M maintains a certain aoncnt o Mo sefore

coming to a stop. This will be transmitted to the ice in the forr: of elas-
tic strains. Thus, an impact with penetration cannot te considered as a
completely plastic impact. The last phase of the impact iy alwavs the
elagstic phase. Therefore, the coefficient of restitution nust diifer from
zero somewhat. When there is an elastic impact, pressure in ‘he contact
zone is detc-mined by the formula

= pS (3.1)
p p SC' 3
where 0 is the ice compactness;
Ss is the =peed of sound in the ice;
¥ is the speed of surface displacement (side of the shiy; in the
zone of contact with the ice.

At the initial moment of the elastic phase of the impnct

=pS a
Te = Poq Bgpr
from which, considering that Ss = E ,
1]
9 2E
ﬂ‘r = y k = ) )
“ VEp c
where E is the modulus of normal ice elasticity.
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Givimg heed to all of the aforesaid, the contact pressure magnitude
can be found from a physically tenable collision model. Actual observa-

tions show that the impact of a ship against the ice's edge causes crushing

to a considerable depth (up to several tens of centimeters) and fractured
ice presses up to the surface in the form of finely broken crumbs,

The pressing-up of the broken ice in the contact zone, makes it

possible to assume that some interstitial layer of finite thickness, formed

between the absolutely rigid compactness of the side and the unfractured
mass of crystalline ice, exists. Three sequentially disposed zones can
be isolated by analyzing the structure of this layer.

In solid bodies, failure is associated with the formation of discon-
tinuity surfaces along one side of which the material is still an elastic
soldd body and along the other side, it can be considered as a viscous
fluid. A similar situation evidently takes place when a ship hits the
ice. A discontinuity surface moves in front of the compactness of the
side of the ship, penetrating the ice. All other conditions being equal,
(mass of the impacting body, its speed, etc.), the distance between these
surfaces depends on the physical and¢ mechanical properties of the ice.
The thickness of the transition zone is small [29]. Therefore, in the
future, it -~an be considered as a two-dimensional bounding surface. Elas-
tic compression can be disregarded in the plastic phase of impact; then,
particles dispos::d on the bounding surface will not move along the normal

to the surface. As a second boundary condition, the tangential speed com-
ponent can be assumed to equal zero.

A zone filled with fractured and melted ice crystals follows this
surface and can be interpreted as a viscous fluid layer. The thickness
of this layer € must be sufficiently large for the fractured material to
press up to the sides. The magnitude of the coefficient of internal fric-
tion T} in the layer, depends on the ice composition, structure and tempera-
ture. This coefficient can be considered as a physical and mechanical
constant, subject to experimental determination.

-

Complex friction processes develop in the layer directly adjoining
the side of the ship. The structure of this layer depends on the direc-
tion of impact. When there is a central impact, friction between the side
and the broken layer can be considered 'dry.'" When there is a glancing
impact, the boundary layer is in a melted state, primarily because the
work of the driving forces overcoming the friction is converted to heat
(self-lubrication of ice, see [48]). This layer can also be considered
as a two-dimensional bounding surface on which the normal velocity com-
ponent of the ice particles will equal the velocity of displacement of
the side { in the direction of the normal, regardless of the presence or
absence of frictional forces. The second boundary condition will be
different for glancing and central impacts. With a glancing impact and
formation of a fluid layer, the coefficient of friction is small (f_ =
= 0.03 to 0.06, [5]). In this case, it can be assumed that ice particles
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will not adhere to the surface of the side and consequently, shear stress
will equal zero.

When there is a central impact without sliding, a fluid layer does
not form. This provides basis for assuming the tangential speed component
equal to zero.

The process of pressing out the fractured ice can be mathematically
described by consideriéng the movement of the interstitial viscous layer,
taking into account the above-established conditions on bounding surfaces.
For this, the problem of convergence of two surfaces with expulsion of a
thin layer of viscous fluid from the space between them, one of the sur-
faces being a discontinuity surface, should be solved. At each considered
moment of time, the velocity of their convergence must be assumed to be
constant and equal to t.

Reynolds has already obtained the solution to an analogous problem.
For simplicity, we shall also consider a two dimensiocnal problem, i.e.,
we shall assume that motion occurs only in a plane normal to the surface
of the side at the point of impact (Figure 1).

Figure 1. Formation of interstitial layer when a ship's side
contacts ice. a-ship's side; b-ice (remainder as is).

In the first approximation, the thickness of the interstitial layer
€ may be considered as being independent of coordinate x. Motion of the
particles in bhis layer is symmetric relative to axis Oy, and in view of
the small thickness of the layer, is basically directed along axis Ox,i. e.,
. >>v ., In this case, Reynold's generalized equation for a thin layer
can be'used [44]:

~1e




] (3.2)

=0

avx + E:l. =0
x oy

Here. ugv is the average acceleration throughout the thickness
of the layer,

ﬂ'.—-

€
( ) dy.
£ “x ay S'Z' g

The solution of these equations for conditions corresponding to the
adhesion of particles to both bounding surfaces is known [44]. On sur-
face y =0 v_ = v =0, and on the surface of the ship's sidey -€¢ v

= 0 and vy = - {.” This corresponds to an impact against ice without sgearxng
strain. In this case, pressure in the layer will be

p=S5t -‘:--—x‘)('q..+ 0,2psC), (3.3)
“ ‘ ‘» . . ..
where c is the width of the crushing zone.
In this expression, the term 0.2 p € C takes the quadratic inertial
terms into consideration and does not depend on viscosity. When the values

of ¢ are small, the effect of this term on the final result is small.
Therefore, it can be assumed

p=f—ft(%-' ). (3.'4)

If the fluid lubricating layer is taken into consideration, Reynold's
generalized equation should be solved, giving attention to the zero value
of shear stresses along the bounding surface y = €. Then,pressure in
the layer

p==. -‘;(n+oapec)><

(=)

Without considering the quadratic term

p=-g-.:'{-t(°—'+ ) (3.5)




Comparing (3.5) with (3.4); we note that the fluid lubricating layer
reduces the contact pressure four times, In general, it can be assumed

. p-k('(ﬁ:-_';'). (3.6)

where k is a numerical coefficient determined by experimentation.

(¢}

Integrating (3.6) along coordinate x in a range from - - to C ,
we obtain an expression for the intensity of the linear ice 2 2
load, set to the unit of contact zone length,

'. qn%&.. (3-7) <

The width of the crushing zone c depends on the depth to which the
edge crushes { and the shape of the floe crous section (Figure 2). Inasmuch
as the second and third stages of impact are being considered, when small
protrusions are already crushed, the outline of the floe edge can be con-
sidered to be formed by straight lines. 1In a general case, the generating
line of the floe's lateral face can be vertically inclined at an arbitrary
angle «.

Figure 2. Ship's side crushing the ice's edge. a-ship's side;
b-ice.

As follows from Figure 2,

" Lcosa
L= cosBsin(a+ ) ' (3.8)

where B is the vertical slope of the ship's side.

Sometimes, crushing can occur throughout the entire thickness of
the ice's edge h. The maximum depth of crushing in this situation is
determined by the formula

C - h sin Sa + EZ

max cos @
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Observations show that crushing over the entire thickness of the
ice, practically never occurs. The magnitude of ange o is usually small
and in future calculations will be disregarded. Contact of a ship's side
over the entire thickness of the ice can take place when there is a glancing
impact of the midsection of a ship having vertical sides against the ice.
Hewever, such a case of impact is not computed for this area; therefore,
in the future, we shall consider crushing of the edge through only part
of the floe's thickness, not examining the condition { < { max.

Setting value c, determined by (3.8) in expression (3.7), and
assuming angle o« = O, we obtain a formula for computing the intensity of
a linear ice load

* C'c. (309)
9= umboows °,

Coefficient k, depending on thickness € and viscosity 7 of the in-
terstitial layer is entered in expression (3.6) and (3.9). The numerical
values of 1 and ¢ can be determined by actual experiment results. In doing
this, it is necessary to measure the average values of these parameters
for various ice types corresponding to the characteristic ice conditions
for the given navigation area. Until such experiments are formulated, use
of the obtained dependencies for estimating contact pressure will have
a conditional nature.

Expressions (3.6) and (3.9) are valid when the velocity of inter-
action of the ship's side with the ice is greater than the critical speed,
i.e., { 2 0 _. With lesser velocities, contact pressures equal the ulti-
mate crushi%g strength of ice. The velocity of penetration of the ship's
side into the edge of the ice cannot exceed vol , where v_ is the ship's
forward motion and . is the cosine of the anglé between the normal to
the side at the poiné ~f impact and the direction of the ship's movement.
The value o, is witbin the range 0.8 to 1.0 m/sec., and the magnitude |
usually does not exceed 0.2 to O.3. Thus, for actual velocity of ships
in ice, a simplified hypothesis, aisuming contact pressures to equal the
effective value of the ice's ultimate crushing strength, will be used in
most cases. (See 1.).

It should be noted that determination of the design magnitude of
total contact stresses depends little on the nature of the statements ac-
cepted concerning the magnitude of contact pressures. Actually, regardless
of the impact nature, the total contact stress P is determined from the
condition

M AV = Pt,

red
where Mred - is the ship's reduced mass;
"Av - is the loss of velocity in the direction of impact;
t - 1is collision time.
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Any hxpothesia which reduces to a physically probable collision time,
makes it possible to determine the total stress value P with a sufiicient
degree of accuracy.

4, Nature of Ice Cover Strains.

In the process of interaction between a ship's hull and ice, a general
strain occurs in the ice cover, determined by the magnitude and nature of
distribution of contact stresses. If the ice field fails at this time,
the maximum magnitude of contact stress acting on the hull will equal the
force fracturing the ice cover. If the ice cover does not fail, the magni-
tude of the contact stress is determined not only by local crushing of the
edge, but also by bending of the ice.

The ice cover's state of stress depends on the vertical slope of the
ship's side B. If the ship's side is vertical, contact stresses act in
the plane of the ice cover. 1n this case, the ice plate's plaune state of
stress should be considered. If the side is inclined, the vertical com-
ponent of contact stress, P = P sinf, and the horizontal component, P -
P cosf, cause unsymmetricalzbending of the ice cover (Figure 3). x

Ice cover is usually considered as & plate resting on a hydreulic-
type flexible foundation when computing Yending of an ice cover. When
doing this, the strains and stresses in the ice cover are aetermined by
applying the theory for bending of thin plates, i.e., the following equa-
tion is considered

"Dv"w+P8w=‘7+Q'_v (4.1)

where D - is the flexural stiffness of the plate;
pg - is the density of water;
w(x,y)- is deflection of the plate;
¢(x,y)- is an external load, directed along a normal to the ice surface;
9*(x,y)- is the effective load caused by axial forces T_ and T_ and
tangential forces Sxy = syx' acting on the migdle ofythe plate's

surface:
M w fﬁﬂ)
a‘:—(T“é‘;;‘*‘?‘sJy'E;é;-*_T” ayl ’ (4.2)

Mad

Figure 3. Resolution of contact stresses in vertical and
horizontal components. a-ship's side; b-ice.
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When determining flexural stiffness of an ice plate D, reduced values
of the physical and mechanical characteristics of ice, defined as integrals,
according to the thickness of the plate h [26, 30], should be assumed as
design values. For ice in which Poissén's ratio p changes little, the usual
formula is valid

zhj
12 (1 -uz)

where E - is the reduced value of the modulus of elasticity.

Equation (4.1) is only valid when there are average (moderate) veloci-
ties of interaction. If the external load action time is great, the ice
plate should be considered as a viscous-elastic plate., If the load action
time is small, for example during an impact, it is necessary to take the
inertia of the ice mass and the hydrodynamic water pressure field into
consideration.

When there is prolonged external load action, ice manifests its
plastic properties to a significant degree and deflection of the ice slab
increases with the passage of time, the velocity »~f the deflection in-
creases ,being a linear function of the magnitude ./f force P [50]. At the
same time, the magnitude of ultimate fracturing stress depends little on
time in actual cases of interaction of a ship's hull and ice. As V, I.
Kashtelyan [21] showed, the ultimate concentrated,vertical stress applied
to the edge of a semi-infinite ice plate is determined by the formula

2

P = 0.52 ¢, h", (k. 3)

where 0, - is the ice's ultimate bending strength;
- is the thickness of the ice cover.

Actually, contact stress is applied for some finite length b aloug
the edge of the ice cover. When b (5 to 7) h, the total fracturing stress
is practically independent of the length to which the load is applied.
In connection with this, ice fracturing stress can be written in the fol-
lowing form for hull areas where the length of the contact zone between
the ship and ice is relatively small (areas outside of the parallel mid-
dle body):

P = 9db.
frac ({)

When there is brief ice load action, when a ship's extremities
it the ice for example, calculation of the inertial mass forces of ship
and ice, as well as the hydrodynamic pressure of the water, become quite
significant. In this case, the equation for dynamic bending of a plate
and the Laplace equation for liquid velocity potential must be solved
concurrently. Moreover, it is necessary to satisfy consistency of conditions
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at the surface where ice and water separate and at the bottom of the
water expanse, and the boundary conditions at the edge of the plcrte.

The exact solution to this problem for concentrateJ stinas which de-
pends arbitrarily on the time, was obtained in work [49]., Elasri- deflec-
tion of a plate is determined by the formula W = uL* - w,, where the dynamic
component of deflection w,-»0 for sufficiently long actions and o .9 &
when t-$0., Thus, when there iz dynamic load action, the flexu:ai"yieihing
of a floatiung ice plate decreases.

As actual observations show, the shapes of floes broken off by a
hull are practically the same as those occurring when a semi-infinite
floating plate which is loaded with a conceatrated stress, »or a stress
on some l2ngth of its edge, fails. When a ship travels at low speed in
ice or when there is ice compression, the sizes of broken-off segments
will correspond to the sizea of segments computed hv the theory of plas-
tic bending of a plate on a flexible foundation [see equatior {&4.1)]j. (bser-
vations show that when a ship is traveling at high speed and ice loads
take on a dynamic nature, the size of these segments is ccnsiderably re-
duced. This gives evidence of a change in the general nature of ice cover
strain,

Maximum contact stresses during impact will be attained it the ice
plate does not fail, i.e., when its thickness and strength ara adequate.
At the same time, deflection of the plate will be small in cemparison with
the crushing of the edge because of the dynamic nature of the load on one
hand, and the high degree of rigidity of the plate on the other. Thus,
when determining the magnitude of design impact loads, erring on the side
of providing a margin of safety, may not take into consideration the flexural
yielding of the ice plate by assuming the plate's thickness to be extremely
great.

When there is ice compression on ships with vertical sides and a
parallel middle body, strain in an ice cover loaded with horiwontal stresses
should be considered as being distributed along the edge of the ice plate.
Obhservations bear this out. A picture of relatively thin izce failing in
this case,gives witness to the loss of the ice plate's stability.

For elastic plates lying on a flexible foundation, Euler's leoad for

a concentrated force is
4
= . (['.’
pEU L,23 '\’YDz +)

and for a load distributed along a considerable length of the ~dge,

9 =\ .P (4.5)
EU !
where Y - 1is the density of water;
D - is flexwmal stiffness of the ice plate,
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For prolonged loads, which include ice compresssion loads, the plas-
tic properties of ice should be taken into consideration. As indicated
above, the relationship between strain velocity and ice stresses is non-
linear. In this case, the relation Pc ,/ l’E depends on the effective period
of the load (51]). If it is short, the magnitude of the critical stress
pcr wquals Euler's stress. For prolonged ice load action, the ratio Pc
P_ . decreases. Subsequently, we shall allow for the decrease in the magni-
t&ge of critical stress by substituting the conditional static values for
the modulus of elasticity E << Eela presented in 1., into formulas (&.4)
and (4.5) for Euler's loads.
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CHAPTER II

CALCULATING THE MAGNITUDE OF STRESSES OCCURRING WHEN A
SHIP STRIKES ICE AND DURING ICE COMPRESSION

5. Calculating Momentum and Reduced Masses When a Ship
Strikes the Ice.

To calculate the magnitude of stresses which occur vhein @ <hip
strikes ice, it is necessary to make a preliminary calculati>i. o the
values of the reduced (to the line of impact) masses and velccities of
the ship and ice floe. These values can be determined by solvina the
problem of the collision of two,bodies [38], for which we sha'l nake
the following assumptions:

1. the ship shall be considered as a solid body, svimectric re-
lative to the longitudinal plane and transverse plane of the shij's
center of gravity. Coordinate axes le ,0l Y, and 0.z  whicl: 're rela-
tive to the ship and disposed so that tﬁeir origin coincides with the
center of gravity 0 (axis O x_ points to the bow, axis Oy points
starboard and axis 6 z, points upward), will be the principal central

axes of the ship's inertia (Figure 4);

2. the ice floe shall be assumed to be circular and its thickness
small in comparison with its expanse; coordinate axes 0,x,, 0,v, and
(V) z, are the principal central axes of inertia relative fo the iCe floe.
Tﬁe shape of the floe is taken as circular for sake of simplicity in
computing its apparent masses;

3. water resistance forces resulting from translation of the
ship and ice floe during the impact are small in comparison with contact
stresses. This is confirmed by results of theoretical research;

Figure 4. Diagram of a ship's striking an ice floec.
L, translations of the ship and ice floe during the impat pro-

cess are small and only a change in velocities of the ship "l i = floe
occur as a result of the collisiong
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5. frictional forces do not exert a substantial influence on
the magnitude of ice loads and can be disregarded. In this case, the
direction of the momentum effect coincides with the direction of the
normal N to the surface of the colliding bodies;

6. yielding of the ship's side is disregarded and the impact of
a ship against an ice floe is considered as an inelastic impact inasmsuch
as crushing of the ice occurs during impact. In consequence, the coef-
ficient of restitution ¢ = 0.

With an elastic-plastic impact which is accompanied not only by
crushing of the ice but also by bending of the floe, the coefficient of
restitution ¢ also equals zero during the first half of the impact when
the contact stress grows from zero up to its maximum value -. the initial
value for determining ice loads;

7. before striking againgt an ice floe or the edge of an ice field,
the ship moves forward at a speed of v_ in the direction of axis O _x.  and
. . 0 11
the ice floe is immobile. -

The following symbols will be used when solving the problem:

- 1length of ship;

- breadth of ship;

- draft of ship;

- height of ship's side;

- block coefficient;

- coefficient of fineness of waterline;

- coefficient of fineness of bow section of waterline;
- slope of ship’'s side at impact point;
length of bow section of parallel body;
- mass of ship;

- mass of ice floe;

- radius of ice floe;

- impact momentum;

N R R o X M W
]

xl’ yl’
zl - coordinates of impact point on ship;
xz! yZ’
z, - coordinates of impact point on ice floe;
I I
x1’ Yl’
Izl - moments of inertia of ship's mass relative to main central
axes lel, Olyl; Olzl;
Ixz’ Iyz,
'Izz - moments of inertia of ice floe’s mass relative to axes
Ozx ° 02y2’ 0222;
Vi Yy

@, - projections of velocity of ship's center of gravity along
coordinate axes 0l X °1y1’ Olz1 after impact;
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Voo @ - projections of nloci.ty of center of gravity of ice floe
along coordinate axes 0,x,1 O, 3, after impact (u2 = 0)3
pl’ pl’

rl projections of angular velocity vector of ship along coordinate
axes after impact;

9, - angular velocity of ice floe after impact (pz=r2=0);
1' .1’
n

1

‘29 :29
2

!

- cosines of angles formed by a normsl to the surface of the
ship's side and axes of coordinates lel, 1yl, 0l 1

- cosines of angles formed by a normal to the surface of the

]
ship's side and axes of coordinates Ozxz, Ozyz, zzzg

A -z ®

1”1“1 11
hp=2 1 1 *1™1 - are moment arms of impact momentum for the ship;

Vlaxlﬂl -Illl ‘

u.2 = an - is the moment arm of impact momentum for the ice floe;

A ii - are coefficients of reduced masses and moments of inertia of
J adjoining water masses.

Considering the movement of each body in the impact process to be
forward along with the center of gravity and rotating around the momentary
axis passing through the center of gravity and making use of laws of momen-
tum and angular momentum, we obtain:

for the ship .
My (1 +)y) (0 —0)) = —I,S, 1 '
M‘. (1 4 hgg) sy = —m,S..
, M1 + ), = —n,S,
L1+ ) = =S,
A, (L +Ng)ay=—»S,
. L, (1 4+ ri=—1§,

(5.1)

for the ice flow

My (1 + Wn)oy = 18, (5.2)
M, (1 +1;3)W|= nyS,
1y, (1 4 Ma) g = nyRS.
* Considering that the coefficient of restitution ¢, the characteris-
tic elastic properties of colliding bodies, equals zero, we write in

expanded form a supplementary equation from the condition of equality of
the normal (at the point of impact) veleoities of a ship and ice floe at
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the end of nn impact Vired = vzred,

hoy + myu, + nyw; + (g2, — r) b + (rx, — p.znm-i- (5.3)
+ (Pubh — 4%y 1y = 10y + nge, — gyryn,.

Solving the system of equations (5.1), (5.2), (5.3) jointly and

keeping in mind that nl = Ny, an expression for impact momentum can be
obtained
My o
=T T Gy
C -~ M,

where C' . is a coefficient allowing for the ship's reduced mass;

/ o, ™ ) :
¢ =( o TTam T T (5.5)
A} " . 3 :
5 . M;
it e s |

C" is a coefficient allowing for the ice floe's reduced mass,
| 4 " RM
c'= T 5 + 5 Mt.‘
S (.lﬁ-l".-'-;.i,]“ 'l,.(l...}.]“) ' (5.6)

From equating formula (5.4) with the expression for momentum during
a central impact

S=M '°
| §
'+ (5.7)

obviously, the reduced masses and velocities for an eccentric impact of
a ship against an ice floe of infinite dimensions are determined in the
following manner:

the reduced velocity of the ship which is a projection of the ship's
velocity in the direction of the outward normal to the surface of the hull
at the impact point

vred = votlg

" reduced mass of the ship

M rea =M i
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e

rcducgd mass of the ice floe

%

M reda = Cm °

When a ship strikes an infinitely large ice flow Ml/Ha—vO, and the
formula for impact momentum takes the form

vo'1*y
cr =

S = v

red M rea’ (5.8)

The magnitude | of the cosins of the angle between the normal at
the point of impact and the direction of the ship’s movement can be com-
puted with sufficient accuracy for practice by the formula

1, =00la(l,6cosp+0,11), (5.9)

where & - is the angle between a tangent to the waterline at the impact
point and the longitudinal plane, in degrees;

B - is the vertical slope of the frame at the impact point, in de-
grees.

By entering this into (5.5) and (5.6), expressions for moments of
inertia and adjoining masses can be computed:

Ix - according to Yu. A, Shimanskiy's formula

1 o
b= M (e )i

I - according to the generally accepted formula

1, =0,07aM,Lt; °

Iz - as an average for an ellipsoid and parallélepiped
1

L MLy
I’ =—l—-n

: H

The moment of inertia of a circular ice floe relative to axis Ozyzz

0 (RY K\ MR
I}'l= M’(.Q—' + -';:\)~ .4

where h is the ice thickness, which can be ignored in comparison with the
expanse of the floe.
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The fo}loving values for coefficients of adjoining water masses
and the floe are assumed on the basis of theoretical and experimental
data:

* As for an ellipsoid with semiaxes L/2, B/2, T.
** G, Ye. Pavlenko's formula.

*** According to experimental data.

Values of kl for various L/B (when B/T = 2.5) are presented below:

2
L L .
L. —= A
) lu . B. 18
3,5 0,45 6 0,63
4,5 . 0,63 7 , 0,65
5.5 onw 8 ! o'w

We take a coefficient of adjoining mass for an ice floe as for an
oblate ellipsoid, assuming that the thickness of the floe is small in
comparison with its erypanse. Then

x;I =.ov .
=1, .

1&"11'

As formulas (5.5) and (5.6) show, the coefficients C' and C" entered
in expression (5.4) for impact impulse will depend on the contour of the
ship's lines, the relationships of its main dimensions and the coordinates
of the impact point. However, numerous calculations have shown that co-
efficients C' and C" are practically independent of ship's parameters such
as the relationship of its main dimensions (L/B, B/T, L/H), coefficients
of fineness (o and B) and length of the parallel middle body.
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Figure 6. Values of coefficients C". a-degrees.
To simplify computating contact stresses occurring when a ship
strikes an ice floe, values of C' for various frame lines and vertical
slopes B of frames at the impact point are presented in Figure 5. Figure

6 presents values for coefficient C".
that the magnitude of this coefficient is practically independent of the

coordinates of the impact point and is only a function of the vertical
slope of the ship's side at the impact point.
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6. Contact Stresses When a Ship Strikes a Floating:Ice Floe,

Let the ship be moving prior to impact uniformly at a velocity of
v, in the direction of axis le ¢+ &t the moment of time, t = O, the side
o? the ship came into contact w{th an initially immobile ice floe of finite
dimensions. We shall assume that the impact took place at point 0, and
straight line ON is normal to the side of the ship (Figure 7). We shall
consider the ship's side at the place of contact as being flat and verti-
cally inclined at an angle Bl’ which is determined by the expression

._B,=arctg(—g;?;). (6.1)

where B - is the vertical slope of the frame;
o - is the angle between the tangent to the waterline and the
longitudinal plane.

In subsequent calculations, we shall assume that B_ = B, inasmuch
as the maximum value of angle o does not usually exceed 50 to 25°,

Let us investigate the movement of a ship and an ice floe during
the impact process, using all the assumptions taken in the preceding para-
graph. Moreover, we ‘shall disregard stresses expended on submerging
(breaching) of the ice floe as well as its rotation relative to its hori-
zontal axis. The breaching and rotation of an ice floe near its horizon-
tal axis assume significance only when a ship strikes an ice floe of re-
latively small dimensions but in this case, contact stresses are small and
are not calculated.

The relative translation of a ship and ice floe during the impact
process is the algebraic sum of the inelastic crushing strain of the ice
floe's edge and the elastic strains of the ice and the ship's side. The
nagnitude of ~lastic strains is considerably smaller than the depth of
crushing of the edge which reaches several tens of cencimeters. There-
fore, we shall subsequently disregard elastic strains, assuming the ship's
side to be absolutely rigid and not considering the elastic compression
of the ice. It should be noted that elastic strain of an ice floe and
yielding of the side structure soften the impact, decreasing the magni-
tude of contact stresses. Thus, by disregarding elastic strains, we in-
crease the magnitude of calculated stresses somewhat.

Let us consider movement of a ship and ice floe during the impact
process (Figure 8). Figure 8 depicts: ON -~ the normal to the ship's side
at the point of impact; x.  is the translation of the side in the direc-
tion of impact; x, is the translation of the ice in that same direction;
{ is the inelastic crushing strain of the ice floe's edge:

L=k (6.2)
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Figure 7. Impact of a ship against an ice floe. a-ship's side;
b-ice floe; c-along A-A.

o—

At impact, the kinetic energy of the ship, reduced toward the
line of impact ON,will be partially converted into kinetic energy of
the moving ice floe and will partially be expended in crushing the edge.
We shall designate:

M v2
1 req = red , . .
T1 red - ——-—2—-— - 1is the kinetic energy of the ship,
reduced toward the line of impact;
2

-3
u
!

is the reduced kinetic energy of the
ice floe;

¢
U-= I Pd{ - is the work of contact forces which cause crushing
0 of the ice floe,

.

where M and M are the reduced masses of the ship and ice floe,
.1 seg red
determine y formulas 5;

Veed is the reduced velocity of the ship;
Y2 red- is the reduced velocity of the ice floe;
P - 1is the combined contact crushing stress.

According to the principle of least action, the integral from the
Lagrangian function, L = T T - U of the ship-ice floe system
under consideration - must éerggnfmua.regaking equation (6.2) into considera-
tion, we obtain

t 2 2
I (g, x) =£ [Ml red X1 + "z red(xl - 0 -
1 2 2

(6.3)

¢
- f Pde] dt = min.
o
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If the functional I reaches minimum, Euler's cquations must be

satisfisad
O _do o
- 4 a % 7
oL_da o
0:, “ a‘! , *

From this we obtain a system of differential equations which describe
the movement of the ship-ice floe system during the impact process:

(6.4)

Figure 8. Translation of ship's side during impact against
an ice floe.
I -1- side at start of impact (t - 0);
II - II- side during impact;
III-1II-. ice floe at start of impact;
IV - IV- ice flow during impact.

Excluding the unknown acceleration ; from this system, we obtain
a basic differential equation for determin}ng the depth of crushing of
the ice floe's edge { and consequently, also for determining the contact
stress

C=-P(+™ red). (6.5)

M1 red M
2 red

" The initial conditions when t = O, will be
Ta=(0)y v 0=(0)2

where vol1 is the reduced velocity of the ship at the initial moment of
impact.
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Conditions at the termination of the impact, when t - tl' will be

C(f) = Caex and ‘(1) =0,

where tl - is the duration of the impact;

C - is the maxisum depth of crushing.
BAX
The magnitude of the combined contact stress P is defined as an
‘integral from the contact pressures p taken over the entire actual area
F of the contact zone,

P=‘[pdf. (6.6)

The magnitude of area F will depend on the configuration of the ice
floe's edge and the depth of penetration of the ship's side into the ice.
In an ordinary situation, it can be assumed that

F = AT, (6.7)

where A' - is a coefficient depending on the geometric parameters of
the ship and ice floe;
a - 1is an exponent depending only on the configuration of .he
ice floe's edge at the impact point.

Taking (6.7) into consideration and considering that the magnitude

of contact pressure is also a function of the depth and velocity of pene-
tration, in place of (6.6) we can write:

‘ »
P=aA gp(t.. ) lde. (6.8)

Substituting expression (6.8) into formula (6.5) and substituting
variables { = z, we obtain a first order differential equation

5
") red 292 _ _aa[p (¢ 2) (*lag. (6.9)
a¢
M . 0
1 +_1 red

M2 red

Assuming the proposition of equality of contact pressures with the
value of ultimate crushing strength of ice, i.e., p({, z) = 0 (see 3.)
and integrating the right side (6.9}, we obtain a differential eguation
with separable variables

a
M og 292 = - Aocg qac, (6.10)
MheTe Mred = M1 resz red is the reduced mass of the system of colliding
M1 red ' M2 red
bodies.
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Let us 1ntegrate both -1do- of expression (6.10):

f zdz = £ C daC .

vo'1

After integrating, we obtain

. +1

At the termination of impact, when ( = z = 0, the depth of
crushing will be maximum and will be determined by the expression
1

(a+1)M_ (vi )]t *2
me =[ m;ed 01 ] (6.12)
c
The maximum contact stresa, corresponding to { = C-ax
1+a)M_ (vi)2ql*a
P =M, red ‘01 ] (6.13)
. 2K,

From (6.11), we can obtain

a V .+l
z=—= l'—
dt (nu

Integrating this equation, we obtain an expression for impact time:

SmuVE 'r( l )
weth () (6.14)

= ——

The values of the T'-function depending on parameter a can be deter-
mined from reference book tables.

Formulas (6.12) to (6.14) give general expressions for determining
the maximum depth of crushing of the edge, the maximum contact stress
during impact and the impact time. No assumptions concerning the shape
of the ice floe and geometry of the contact zone which are allowed for
by parameters A and a are made in the conclusion of these formulas. Average
values of these parameters can be determined experimentally by measuring
the maximum contact stress Pma and the duration of impact t_ . However,
there is presently a little research data which is available until the
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values of parameters A and a can be determined experimentally. Therefore,
two practically possible cases are considered below: impact against an
ice floe with a rounded edge and impact against a projecting corner of an
ice floe.

7. Contact Stresses During Impact of a Ship Against an Ice Floe
With a Rounded and an Angular Edge.

Impact against an ice floe with a rounded edge (Figure 9). Let
.the edge of the floe in the area of contact with the ship's =ide have a
smooth outline and let it be fixed by the equation x =f(y), axis y coin-
ciding with the line of intersection of the plane of the ship's side and
the upper surface of the floe.

z-f(y)

9

Figure 9. Parameters of an Ice Floe with a Rounded Edge.

The magnitude of the radius of curvature R, within the range of the
length of the contact zone, can be assumed to be significantly changing

and is taken as a design or its average value, or the value at point O,
Then, for the length of the contact zone

bo=2V 2RM—1, (7-1)

where h. = CO =E£;-B, as follows from Figure 10.

The magnitude of the radius of the edge curvature is usually rather
large. The inequality h << _R is nearly always observed. Therefore, in
formula (7.1), the member hl can be disregarded. Thus we obtain

'b.;.zy’m;:z]/&c_, ; (7.2)
. _ cosf

from which

== (703)
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The function x =f(y) can be considered to be symmetric relative to
axis x within the limits of the length of the crushing zone and can be
presented in the form of a Fourier series. Being limited by the first
sember of the series and determining the radius of curvature at point O
(x = bl), we obsain &

(]

Reu X

Figure 10. Diagram of crushing of a rounded edge of an ice floe.
AB=bs, CE=¢, Oli=t. 00s=R, OC=f,. '

Setting function x =f (y) in the form of a quadratic parabola and
averaging the radius of curvature by formula

- 2’;{'
R= ;: Rdy,

we have

.|
i
LIRS

Thus, the average value of the radius of curvature changes within
an extremely narrow range. Therefore, formula (7.3) can subsequently be
used, assuming that the inaccuracy of the magnitude of the numerical co-
efficient will be compensated for when selecting the mean statistical
parameter R, :

The contact zone formed by the intersection of the floe's edge with
the plane of the ship's side is a parabolic segment (Figure 10), the area
of whliich can be approximately determined by formula

3,2 W,
f"a_‘c 3 sinfcosh
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Taking expression (7.2) into consideration, we obtain, for an ice
floe with a vertical edge

Fe it VR (7.4)
3 - cos™psinp

Equating function (7.4) with the general expression (6.7) for the
area of the contact zone, we have

o=,
A=L VR

cas™s £ 5in B

V2R .
hg‘-

w|a

Substituting the obtained expression for a into forimla (6.12), we

determine the maximum depth of crushing of the edge
2

’ M v
red red
C,max #5-4 . ————UA ) (7.6)
c

The maximum contact siress

2 3/5 2/5

pmax = 1.14 (Mredvred) (Aoc) ; (7.7)

impact time
t, = 1.61 (ﬁmc)‘2/5M‘?'/5v‘1/S . (7.8)

1 red red

_i75follows from expression (7.8), the impact time is proportional
tov , which qualitatively satisfies a realistic picture of an impact.
Actugify, when the ship's velocity is small v_ 30, impact time will be
greater (t ->®). With an increase in velocity, the duration of impact de-
creases.

Impact against an Ice Floe with an Angular Edge (Figpre 11). In
this case, the ship's side comes into contact with the edge of the floe
taking the form of a protruding angle. The area of crushing F is a tri-
angle and is determined by the formula

b0 2 .
F 2 Tmped O (7.9)

where ¥ is the magnitude of the angle at center of the edge projection.

Comparing (7.9) with the general expression (6.7), we find
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a=2,
¢ (7.10)

te-Y.
$72

= Sinprosp

Substituting the obtained value for a into general solution formulas,
we determine:

the maximum depth of crushing of the edge

2 \1/3
M v
Cnax o 102k .zgﬂx__ssé) ’ (7.11)
c

maximum contact stress

2 ,2/3 1/3
P = 1.31 (Mred vred) (Aoc) . (7.12)
impact time
-1/3,1/3_ -1/3
tl = 1.61 (Aoc) Mred Voed . (7.13)

Figure 11. Diagram of crushing of a protruding angle of the edge
of an ice floe.
AB=b,, CE=c, OH=C.
Comparing formulas (7.6) through (7.8) with (7.11) through (7.13),
we see that their structure is identical.

We shall attempt to estimate the magnitude of protruding angle ¥
of the edge of the ice field. An impact against the edge of a channel
in a compact ice field is the most dangerous when a ship is moving in a
canal behind an icebreaker. In this case, the magnitude of the protruding
angle will be calculated by the dimensions of the segments broken off by
the icebreaker (Figure 12). Academic calculations and data from experi-
ments in fracturing floating ice plates show that the dimensions of a
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segment broken off from a semi-infinite ice plate depend on the thickness
of the ice and the relationship of the height of the segment to its width,

fluctuates within a narrow range. These conclusions well agree with data
from actual observations.

Let the height of the segment equal nh, where h is the thickness of
the ice and n is a coefficient depending, when all other conditions are
equal, on the reduced velocity of the icebreaker. As a rule, the magnitude
of this coefficient fluctuates within the range n = 1.5 to 3.0 for floes
broken off by the bow and n = 5 to 7 for floes of the latter series of
breaking (conditions close to static). The width of the segment =quals
2knh, where k is a coefficient characterizing the relationship of the
dimensions of the broken otf zegment in a plane. It can usually be assumed
that k = 3.

The magnitude of the angle at center § of the protruding edge of
the floe is determined from the simple geometric constructious shown in
Figure 12. The unknown radius, R, will be

o M
R=nh——.
Then '
$ = 2arctg ”2:' - (7.14)

It is obvious from expression (7.14), that the magnitude of angle
¥ depends neither on the thickness of the ice h, nor on coefficient n,
which changes within a wide range. For the above-indicated value, k = 3,
angle ¥y = 106°,

[N

) B red

i L

D.
<" 1T~ ;
g, T SN :
nh 30| % nh

xnh nnh A Knh

KNawan

0
Figure 12, Geometric characteristics of a protrusion of the

channel edge in a channel opened by an icebreaker.
d-ice; b-channel.
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The maximum value of the angle at center cannot exceed 2ao (Figure
12). Thus,

Pmex = 20y = 2arctg k.

When k = 3, angle *-ax = 145°,

Another extreme value of this angle can be determined, taking in
formula (7.4), the minimum value observed under natural conditions k =
= 1l.5. Then, 'min = 45°. Consequently, possible values of the angle at
center fluctuate over a wide range from 45 to 145°. The average value of
this angle which can be used for calculations is 90 to 100°,

As an example, we shall calculate contact stress P q
depth of crushing ( and impact time t_ during impact of*a ship
displacing D, = 12, t at various spee&s against an ice floe
weighing D, = 3000 t. The impact takes place at the third frame
line which has a vertical slope of B = 29°, The cosine of the
angle between a normal to the ship's side at the impact point
and the direction of the ship's movement! - 0.219. With an im-
pact against an ice floe with a rounded e&ge, we assume R = 25m
as the radius of the curve and with an impact against a floe with
an angular edge, we consider y = 90°, as the tip anle. The
ultimate crushing strength of the ice o, = 400 t/m" .

The values of P s C , b _and t, in an impact of a
ship against a roundesagdge aﬁd against-a protruding corner of an
ice floe's edge are presented in Tables 2 and 3 respectively.
From the tables, it is obvious that the magnitude of combined
stress is considerably greater during impact against a floe with
a rounded edge. In this situation, the contact stress is dis-
tributed over a considerable length along the side of the ship.
Contact stresses during impact against a protruding corner of
the edge are of a local nature, embracing no more than two or
three frame-spacings.

Table 2

Values of Pma and tl during impact of a

x’ C‘max' bO

shig against an ice floe with a rounded edge.
Oy Y3NH Pmax: Cmax) by, M . &, cex.
: a c -

m
b
i . . -
2 162- 0,066 3,9 0,430 -
4 . 312 0.4 | 513 0,375
6 608 0,159 6,05 | 70346 |
8 856 0,200 6.78 0,327
0 124 0,239 74l 0,319

a-knots; b-t; c-sec.




Table 3

Vv i a
alues of P-ax' Cmax’ b. and t1 during impact of a

o
ship against an angular edge.

0 Y32u | Puaxe® | lomux. & L ;.| gy, cex.
4| Praxem | Cme ‘ | e

' 2 56 . | oz | o5 1,414
4 142 0,368 0,845 1,123

6 24, | 0482 1,103 0,985

8 358 0,584 1,336 0,892

10 469 0,678 1,553 0,829

a-knots; b-t; c-sec.

8. Impact of a Ship Against the Edge of an Ice Field.

when a ship strikes the edge of an ice field, the edge of the ice
crushes and the ice field bends as a result of the vertical component of
the contact stress. The effect that the crushing of the edge and bending
have on the magnitude of the contact stresses primarily depends on the
thickness of the ice and the vertical slope of the ship's side.

Le’. us consider a general case of impact, allowing for crushing of
the ice s edge and bending of the ice field., Extreme cases of this prob-
lem are the impact of a ship against an ice cover of great thickness (hum-
mock, stamukh, iceberg), when bending of the ice field can be disregarded
and impact against an ice cover of relatively small thickness, when crushing
of the ice's edge can be disregarded.

The problem of determining contact stresses occurring when a ship
strikes against the edge of an ice field is solved with the same assump-
tions and premises as those used in solving the problem of a ship's im-
pact against an ice floe of finite dimensions.

Determining Contact Stresses during Impact of a Ship against the
Edge of an Ice Field, Taking Bending into Account. The process of a
ship's impact against a non-failing ice field can be divided into two
stages. In the first stage, at the start of the impact, crushing of the
edge takes place. With this, the vertical component P_ = P sinf causes
bending of the field (Figure 13). Contact stress increases from zero to
maximum. At the end of the first stage, the velocity of the ship in the
direction of impact (reduced velocity) becomes zero. In the second stage,
the potential bending energy of the ice field, built up in the strain pro-
cess is converted into kinetic energy of the reverberating ship. Thus,
the impact of a ship against a non-failing ice field should be consideread
as an elastic-plastic impact.
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Figure 13. Diagram of impact, taking bending of the floe into
account.,

a-ship's side before impact; b-ship's side during impact;

c-ice floe before impact; d-ice floe during impact.

When a ship strikes against a failing ice field, only the first
stage takes place during which the contact stress increases from zero
to a magnitude which causes the field to fail from bending.

Thus, in the process of impact against the edge of an ice field,
the ship's kinetic energy is expended in crushing and bending the ice
field. An energy balance equation for this situation can be presented
in the form

T=U+YV,
M v2
where T = 'lred red - 18 the kinetic energy of the ship in the direc-
2 tion of impact;
U - 1is the work of crushing forces, defined as

ar integral:

Cmax ("‘:’x'
— { = A-—E‘—-'
U = ‘.S Pdv oc d+l ’
\' - is the potential bending strain energy of a

semi-infinite ice plate at the end of the
first stage:

_1 Ca o Prnsin’p
Y" 9 f?mu.smp— 41/1-—0— 0
Then '
- Gl Phgsints

v
M) req red _ o A

(8.1)

5 a+1 4}/;5' )




Keeping in mind that in the general case Pw=g,A}%, , we obtain
a formula for determining the maximum depth of crushing of the ice's
edge

2 .
1
M1 redv red rria

i 4% sin'p o ) (8.2)

a+1l 21/1_0 max

(-hx".

The magnitude { should be determined by formula (8.2}, using the
successive approximat?gga method. The value ( , computed without taking
bending into account, i.e., assuming at first That C (in a denominative
fraction) equals zero, must be taken as the first ap%?gximation.

The depth of crushing of the edge, as well as the impact time can
be determined by solving a differential equation of the ship's movement
in the direction of impact. We obtain this equation by usir.g the princi-
ple of least action as was done in 6., i.e., by assuming

A 2 - :
i M X o+l Pantp |
=0 A ——— e ————_T | df == min. .
s[ 1;ed 1 sz at i j?V'TD]fu ':mln“ (8.3)

As seen in Figure 13, translation x, of point O, on the side where
the impact occurs, will be computed from the elastic translation x, which
is caused by bending of the ice field and from the inelastic crushing
strain of the floe's edge {, i.e.,

x, =§ +x

1 b*

Translation x. and the amount of deflection of the edge of an ice
platefare related eo the function x, = fsinf. The amount of deflection
of a floating semi-infinite ice plate under the influence of vertical
stress Pv = P sinf which is applied to the edge is,

f= Psind
2V1D
Noting that P = o‘cACa, we obtain

X, = OcA Sln.é
VeV

Then the integral (8.3) will be written in the following form:

e+

4

: 5 [ ered( acad sin? B -1z +g)’~_
0 '

2 2V/1D
_ s qaer_ AT ) (8.4)
a+l 4Vp
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Euler's equation for this function takes the form
C(1 4B +Bla— NP AL =0,

he
ere _ A p_ sAun'p
17 Mipea . 2V
The gbtained equation is reduced to a linear substitution of

variable {° = T.

Finally, we have

dn =
o+ )1+ 2460 =0, (8.5)

where
ALl

f=BE=E L A
1 4.8t

1+ Be*

Equation (8.5) has an integrating factor
¢
-2 «
p=e g(.(o
Taking into account the initial conditions L=0; L =v ed}
ib = 0, when t = C, we obtain a general integral of equation (5.9)

£ [4
=i he« ' A WAGY 6
= 4y S0t R+ (8.6)

At the end of the impact, when t = t_, the ship's velocity in the
direction of impact equals zero, i.e., C =wrﬁ-= 0, and the depth of
crushing is maximum = Cma . From this, we obtain the concition for
determining the maximum depth of crushing of the ice's edge:

¢ ¢

2 ";S" £, (@) exp (2 Sf. © dC) dl =00y
0

If integration is performed, it is possible to obtain an expres-
sion for {___, coinciding with formula (8.2) which was obtained by the
energy metﬂag. We determine the value of the maximum contact stress at
the end of the impact by substituting ( into formula P = AC Ca
We shall find the impact time by integrating the right si?gxof eqﬁa@?gn
dgﬁfﬁ.= dt from O to t. and the left side, correspondingly, from O to

1
Qmax' Then o

[ d(

{ & . ¢ T\ 1 .
: ‘/exp (— 2’!‘!, (4] dt) [-— 2 g fy(©)exp (2 g £, ac) dt + o‘;’.%d
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If the impact occurs against an ice field with a rounded or angular
edge, all expressions are substantially sisplified.

Let us comsider an impact against an ice field with a rounded
edge with a radius R. In this case, the maximus depth of crushing of
the edge should be determined by formula (8.2), substituting in it the
values of coefficients a and A according to (7.5).

& b
t.l- 4 ;‘d -
TAl.*._s_AlR"D -:. (807)
where A=t V2R —
3 3/e o ?
Hlnd sin B cos B
8-'¢¢—-——£-"n < E_ (8.8)
. cos™p 1

/s indicated above, the first approximation will give the value
¢ _, computed without allowing for bending

mAX
15 2/5 " V2 2/5 2/5 3/ y2 2,5
C =( lred red 8in“’ %8 cos”’”B = | "red), (8.9)
max 16 S /5 7Y
c (2R) 1
this concurs with expression (7.6), if we set M = ® in it and take

functions (7.5), (8.8) and (6.10) into considergffgn.

Inasmuch as P = © Aca in a general situation, by using dependence
(7.5), we obtain an expression for the maximum contact stress which oc-
curs during the impact of a ship against the edge of an ice field, aliowing
for bending of the ice cover

i' °¢V§I—z‘ C.I.
3 sinBeos™s "

mat =

(8.10)
where (___ is computed by expression (8.7).

During impact of a ship against the edge of an ice field, the
greatest coutact stress P and impact time t_ , without taking bending
of the ice into conaidera??gn, can be determined by formulas (7.7) and
(7.8) if we set M /M2 = 0 into them, inasmuch as the mass of the ice
floe - =®, In %his case, P can also be computed directly by formula
(8.10), if we substitute Cmaxm?¥om expression (8.9)into it.
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Let us consider the impact of a ship against an ice field with an
angular edge. In this case, the depth of crushing is computed by formula
(8.2) which, giving consideration to (7.10), can be written in form

#ed h

2 1 1
3 l+2 15 max

(8.11)

Cax=

where .
o lg-;—

A= - 2o )
eredsxn 8 :os B

c,‘sinplg—z-

(8.12)
B=‘_=-'-
co 8V 1D

Assuming in the first approximation that ( - O in the denominator
of expression (8.11), we obtain the depth of cruggxng, computed without
considering bending of the field

2 \1/3 2 . 2\/3
gmax -_-(21 . vred) = 1.15 eredvred ainPcos BY
A Cc tQ?E //

1
(8.13)
this coincides with expression (7.11), if we set Mzred = ® and take re-
lationships (7.10) and (8.12) into consideration.
Maximum contact stress
(g-‘;‘_

P =1 o0 (8.14)

max " -sindcosdd © ™ ‘

where [ is determined by expression (8.11), if bending of the ice

field iga¥aken into consideration or by formula (8.13) without allowing
for bending of the ice field.

Example. W¥e shall determine contact stresses occurring
during impact of a ship displacing D, = 12,000 t against an:
ice field with a rounded and with an angular edge. The velocity
of the ship at the moment of impact v = 3 knots (v - 1.545 m/
sec). The impact occurs at the thirdsframe iine, the vertical
slope of which forms an angle of B = 29°, and the cosine of the
angle between a normal to the side at the point of impact and
the direction of movement ! = 0.219. Tne radius ot the rounded
ice field at the point of impact R = 25m, the angle of the point
of the edge § = 90°. The thickness of fhe ice h = 1.3 m, the
ultimate crushing strgngth CC = 400 t/m"~, the modulus of elasticity

“of the ice E = 3 . 107 +/m", the Poisson cogfficient g = 0.34 and

the specific weight of the ice ¥ = 0.85 t/m".
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Impact against an_ice floe with a rounded edge.

The flexural stiffness of the ice field

Ew | 31013 g00.100 e
120—p" 121 —0,349

The reduced mass of the ship

D=

M = D‘ -- 12000 nwt‘“l‘,‘.
lred 4 981206

The value of coefficient C' is determined according to Figure 5
for the third frame line where 8 = 29°,

The reduced velocity of the ship v = 0.338 m/sec.

= 1
red - 01
Coefficients Al and B are computedby formula (8.8):

A, = 5— cc J2R = 4.400 l"§~_2—5 2

. ',' —-—
1°3 - 3728 =161 &' cex™ ",
. .594.0,485-0,810
Hl n 8inf cos 3.5%.0

B= oesinB V2R - 400-0,485)/2.25 —64 a~'h
cos™p V1D 0,810 1/ 0.85.8,20- 100

The depth of crushing in the first approximation, determined by
formula (8.9),

) 5 Rl /5.0,338% \"
t . 2 | e—— = f— =0,I5| .
max § (4 A,)l ( 16,1 ) *

We substitute the obtained value ( 1 in the right side of formula
(8.7) and compute the depth of crushing in a second approximation

#ed e
{maxs = 4 2 - - .
s .
-{"+-§-‘18~cmnl y "
- 0,338% | s = 0,093 x.

A 16,1+ 2 16.1-6,4-0,151"
5 . 3 |

Substituting the obtained value { 2 into the right side of
formula (8.7), we find the depth of crusfing in a third approximation

0,338% " 0,103 .

Cmaxs ™=

vl 16,04+ 2 16,1-6,4.0,0963"
5 3
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We shall not make further approximations.

The maximum contact stress, taking bending into consideration, is
determined by formula (8.10)

. 5
4o VIR o, 44002250087 o0 p

Paux =~ =
L 3sinB - cos™P mex3 = 3.0,485-0,81

We obtain the maximum contact stress without considering bending
of the ice by formula (8.10), substituting the maximum depth of crushing
obtained in the first approximation, i.e., without considering bending,

into the formula,
4. VIR e o 4.400)/2.25.0,151"™
ax ] =

= 562
3 sln 3sinBeos™s 3.0.485.0,81 m

Pmax

Thus, reduction of the maximum contact stress because of bending
of the ice comprises 562-337.5 100 = 41.7%.
562

Impact acainst an ice floe with an angular edge.

We determine coefficients A. and B by formulas (8.12):

1
v
9 (g - .
2 . 400-1
- = 1,825 x—. s
A= H Sin B coscP ' 59.0.485.0875 Hee

1lred
¥

acsin f tg— .
2 o .

B = _ 400-0,485-1 : = 0,016 6.

o8 VD 0875V 0,85-8.20. 108

We compute the depth of crushing in a first approximation by

formula (8.13)
3 #ed™ /3.038
Cmu = } .
1 (2‘4[) (2]825) = 0,456 M

We substitute the obtained value ( 1 into the right side of
formula (8.11) and find the depth of crugﬁlng in a second approximation

wed b
2 1
— A, + — A;B!,
3 1+ g A15imany

' - 0,338 . ’ ‘I‘I?OAIG e

2 18954+ 182509150456 | - -
3 2 o ' ? K

Cma:u =

The depth of crushing in a third approximation



¥

V}ed " \*

lmaza ™ : 2 N ‘-' o=
—;-A;+—2- 188 mazs ) .
g 038 \4_oaa
._z_ 1,825 + -;— 1,825.0,915.0,416

We shall not wake further approximations.

The maximum contact stress, taking bending into consideration,
is determined by formula (8.14)

t.n '
185 otaurs 14000438 _
Paex = sin pcoe* B 0,485.0,875°

We obtain the maximum contact stress without taking bending of the
ice into consideration by this same formula, substituting into the formula
the value { 1, which was determined in the first approximation, i.e.,
without conggaering bending,

1.400.0,456*
== ———e =2 ”‘t 4
Poax = 5485 0,675
Decrease of the maximum contact stress because of Lending of the
ice 224 . 202 . 100 - 9.8%.
224
Determining contact stresses during an impact of a ship against the

edge of an ice field having a small thickness. We shall consider the im-
pact of a ship against the edge of a relatively thin ice field when

crushing of the edge nlays a secondary role in comparison with bending.
This can be considered as a design situation when determining external
stresses for river and sea vessels destined to sail in relatively thin
ice. We shall disregard the work of crushing forces of the edge of the
ice floe and, assuming that all of the reduced kinetic energy of the ship
is converted into potential bending strain energy of the ice plate, we
obtain 9

2
eredvred = M .
2 4V

From this, we find the maximum contact stress

\'4
red
me = 3ire \’ 2M1red\{yn. (3.15)

Assuming for fresh ice E = 6 ., 105 T/mz, Y =1 ’l‘/'m3 and the

Poisson coefficient u = 0.34, we obtain
1/2 3/4
- %eqa M rea P (8.16)

sin B

P
max
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= vbll. we find the solution to equation (8.13)

For sea ice E = 3 . 105 t/nz. therefore

1/2 3/k
- 18.hvia "; rea " 5 (8.17)
sin B

P
max

Using the principle of least action, we obtain a differential
equation for the ship's movement

X 2V (8.18)

eredxl == sin?$

and, satisfying the initial conditions where t = 0, x, = 0, X, = Vv =

X} = Vrea %7 B ered sin |t \/% c (8.19)
27Y” 1red

The maxinum value for x, will occur when

[V .o,
tVMIredSin% 2

from which, the impact time

M sinzB

- | 1lrec . (8.20)
2\yD

-
fl
e

It should be kept in mind that the vertical component of contact
stress pmax’ determined by formula (8.16) or (8.17), equal to pmax sinB,
cannot be greater than the vertical stress Pfr c which fractures ice .
covers of the specified thickness. Thus formalas (8.16) to (8.20) are
valid in a case when

Paxsin B<&rac .

where Pfrac is determined by formula {%4.3).

P =-052%hﬁ

frac

h - is the thickness of the ice;

Ob ~ 1is the ultimate bending strength of the ice.

. Determining contact stresses during an impact of a ship against a
failing ice field. When a ship impacts against an ice field which is
failing in bending, the contact stress grows from zero to the value P =
1 , With which failure of the field occurs., The failure condition of
an 1ce cover can be written in the form

PpussinB="Pe ...
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For realistic conditions of interaction between a ship's hull -and
ice, the magnitude of combined stress which causes ice failure is practically
independent of the length of the contact stress distribution. Therefore,
by replacing the distributed stress which causes ice failure with a con-
centrated load which is determined by formula (4.3), we cbtain the failure
condition of the ice cover

P ux sin = 0,52a08%.

From this, we find the magnitude of the contact streesa vhich causes
ice of a given strength and thickness to fail,

3
Pmu=w' (8.21)
sin 3
If the thickness and strength of an ice field are given, tle minimum
velocity at which a ship will crush the ice with a determined sector of
its side can be calculated by use of formula (8.21}). For thi=, 'he magni-
tude P-ax should be computed by formula (8.21). Then, substituting it in-
to expression (8.10), { should be computed and accosding to its value,

‘the reduced velocity and velocity of the ship should be found by using
formula (8.7).

9. Relationship of the Magnitude of Contact Stresses to the
Length of the Crushing Zone of the Ice.

The formulas presented in 7. and 8. for determining contact stresses
are somewhat simplified if, instead of the edge configuration of the ice
floe in the zone of contact with the ship, the length of crushing of the
edge of the ice field is taken as an initial parameter. (onsider, for
example, the impact of a ship against an ice floe with a rounded edge,
taking its bending into consideration. As follows from formula (7.2),
the length of the zone of crushing b0 corresponding to the maximum contact

stress P ¢quals
max
b°=2 2Rcmu
b cosp '
]/_2 =_b;]/ ¢°55. (9.1)
e 2 Tmax

Substituting the value‘vZR in formula (8.7), we determine the depth
of crushing

from which

2
Cmax = eredvre_d (0.2)
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The formula for maximum contact stress (8.10), after substituting
V2R and into it, which were determined by expressions (9.1) and (9.2),
can be presented in the form

P = Zed 1red’c’ (9.3)
BET i s 1 ek
5 Cleb+ Vb

An analogous expression may also be obtained for a floe with an
angular edge. As seen from Figure 11,

tg¥ . becosd (9.4)
2 Lumax .
Substituting the value tg-l'in formula (8.11), we determine the

depth of crushing s 5

‘ lred'red
- e -2 achy + % (9.5)
a

2 och 1 %
sin23 8

costp ¥V 1D

Formula (8.14) for maximum contact stress, taking expressions (9.4)
and (9.5) into account, can be reduced to form

" m eredacbo (9.6)
Pm"-_:._!ﬁ!_ 4 1 a.b
;lnﬁ ___ctgp_*..__c_._
3 . 2 VYD

When the ice thickness is relatively great, the second term in the
denominator of the radicand which takes the bending of the ice into ac-
count, can be disregarded inasmuch as the primary part of the energy in
this case is expended on crushing the ice. Then formulas (9.3) and (9.6)
take the form:

for an ice floe with a rounded edge

P = 1.29v -"eredccbo . (9.7)
sin 28

for an ice floe with an angular edge

P = 1.23v Mred®cPo . (9.8)
. V sin 28

The obtained formulas for contact stresses are practically the same
even though they were derived for essentially different forms of ice field
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edges in the zone of contact with a ship. This indicates that hoth formu-
las can be used to determine the magnitude of contact stresas when a ship
strikes against ice having an arbitrary outline. Moreover, the =olution
to the problem und=r consideration is presented in closed form, 1ot re-
quiring subsequent apprcximations to determine the magrituid-~ of contact
stress.

Formulas (9.3) and (9.€) coincide in structure with the formila ob-
tained by L. M. Nogid [33]. Such coincidence is a consequence of identi-
cal assumptions for the nature of interaction bhetween 2 ship’'s lml}l and
ice.

It must be noted that for practical calculations. it 1is rwore rational
to use formulas expressing contact stresses in relation t> the configura-
tion of the edge of the ice floe and not to the lengrh of the ciushiug
zone b.. The unknown parameters R and ¥, which character ize the configura-
tion o? the edge in the contact zone, do not depend on clements of the
ship and physical and mechanical characteristizs of the ice. Ihe average
values of these parameters which are necessary te determine ice loads can
be computed on a basis of processed materi:ls concerrine ice Jdamage to
ships' hulls and an evaluation of their construction strengths. The un-
known parameter b _essentially depends on elements of the ship and physi-
cal and mechanical characteristics; this makes it ditficult to determine
its average values which are necessary for computing ice loads. However,
in individual situations, formulas (9.3) and (9.t:)allow the magnitude of
the ice load along a given length of its distribution to be found. Rear-
ranging this expression, it is possible to obtain an equation for an im-
pact against a protruding angle of the edge of a field

2
. . 9 2 .
eredv red = P?,,“sm B I Poae $in 23
—r ’
2 4y 1D 3 bee

and for impact against a rounded edge

M
-

eredv red - P, sin? B 1 .P';',msin23
2 4y D 333 - bge

The obtained expressions are energy balance equations. In contrast
to general expression (8.1}, length b_ appears in them instead of the depth
of crushing of the edge {. Obviously, here also. the contiquration of the
ice's edge has no essential value.

Substituting in these expressions the ice fracturing stress ac-
cording to (8.21), we obtain a design equation for determining the minimum
velocity of a ship at which failure of the ice cover will occur

6 | qcb.
—'l el hey——
el s

becMred (9,9)
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With a reduction in thickness and an increase in the ice's ultimate
crushing strength oc, crushing of the edge will have little effect on the
magnitude of ice loads. In view of this, by disregarding the first mem-
ber of the numerator of the radicand in expression (9.9),which allows for

crushing, we obtain

2
. —_—1

0 ° ﬁ Rﬁy
ll ered

Solving this expression for h, we obtain

5 2 2
ﬁ(ul"’dv m’) g (9.11)
h=1.79 2. & :
b (1 - p”) op

Formula (9.11) allnws the thickness of the ice being forced to
be estimated in the first approximation for a given velocity. This prob-
lem relates to questions of the passability of ice which directly touch
upon the problem of external forces.

10. Impact of a Ship Against Ice,Accompanied by Wedging and a
Reverberated Impact.

During movement of a ship in ice, a situation is possible in which
both sides simultaneously come into contact with an ice cover and the ship,
not fracturing the cover, comes to a stop. This situation of interaction
between a ship and ice is called a wedging impact. Let us consider the
process of a wedging impact of a ship into an ice field, assuming that the
points of contact are symmetrically located, relative to the longitudinal
plane (Figure 14).

omi .
{ 3 01 ’
S Wi&
Iy 3

0 [+ 4

&L

4

y

. Figure 14. Djagram of an impact with wedging.
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During a wedging impact, a ship can have three translations:

translation in the direction of axis Ox, accompanied by crushing
of the edge of the ice;

trim, brought about by the vertical components of the contact stresses;
broaching, caused by these same components.

Using the same assumptions and specifications as were used in 5.,
we shall write the following equations for momentum and angular momentum

M, (1 + Ny (0, — ) = —2.,S, .
My (1 + )y := —2n,S, (10.1) ?
l,‘ (l + lu)q,- = 2x.n|S.

The numerical coefficient, 2, is introduced because the impact oc-
curs simultaneously on both sides. Assuming as was previously done, that
the coefficient of restitution ¢ = O, i.e., considering the impact as
being inelastic, we obtain a subsidiary condition of the ship's velocity
in the direction of the normal to the side at the end of the imnact equaling
zZero:

Lo, + mwy — gxyny = 0. (10.2)

B

Solving equations (10.1) and (10.2) jointly, we obtain an expres-
sion for impact momcntum

M
S . v M, ~
[ a} i 1 Vred 1red’

+
e T e T gy
. .Ml

(10.3)

5
3
<
]
<
]

is the reduced velocity of the ship;

red o1
= M1 = 18 the reduced mass of the ship;
lred C-T
C' = is a coefficient of the ship's reducnrd ma=ss:
2
’ a nt nixt
! = A + .
C'=2 |+1u+

I+ 1a -!l'-(l-f'ln)'
M,

It is not difficult to show that in the case of impact of a ship
against an ice floe of finite dimensions, expression (10.3) bv analogy
with formula (5.4), is written in the form

S=.M_L'__—-£!L‘__

c M, C
. 14 —L, =
IR AN
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where qz - is the mass of the ice floe;

C" . is a coefficient allowing for the reduced mass of the ice
floe:

P § . % R'n} l
=2 — M, ..
¢ [x“;.fux;,_fl,,(:“l,) .

In this case, the above-obtained equations can be used to deter-
mine the magaitude of contact stresses during a wedging impact of a ship,
substituting the coefficients of reduced masses C' and C" in them.

When a ship is moving through ice, reverberated impacts are also
observed when a ship having struck the ice with one side, is sharply de-
flected in the opposite direction and strikes the ice with its other side.
In this case, the projected velocity of the ship on the normal at the point
of the second impact,will be greater than with the first impact. Cor-
respondingly, contact stresses also grow and frequ~ntly lead to serious
damages. Specifically, such damages occurred on t... <ebr~aker Ermak
during its first Arctic cruise [31], as well as on several transport ves-
sels of various ice classes. Large dents in the plating and strains in
the side framing occurred as a result of reverberated impacts. In several
cases, leaks occurred in the ship's hull.

let us consider a case in which a ship moving at velocity v, has
struck an ice field or an ice floe of finite dimensions with its starboard
side. The impact took place at a point with coordinates xl, y.. Using
the formulas from the preceding paragraphs, it is possible to Aetermine
the magnitude of impact momentum and contact stress during this impact.
Knowing the magnitude of the impact momentum S, it is possible to deter-
mine all six velocities of the reverberating ship from the system of equa-
tions (5.1). If the time interval from the first impact on the starboard
side until the reverberated impact on the port side is small, the velocity
obtained after the first impact should be used as the initial velocity for
the second impact. If ihe time between impacts is great, then it is
necessary to consider only the iirst impact.

If, during the second (reverberated) impact, a ship strikes the edge
of the ice field, the shock impulse for this situation can be written in
the following form:

M
1 v !
S = X O red = eredvred q
where the coefficient of reduced mass C' is determined by formula (5.5),
and the reduced velocity, taking into account the conversion from the left
to the right side system of coordinates, is calculated as

Vied® Uily— thMy+ Wyl = Aiha ity — Mo (10.4)
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Subscript 1 refers to the first impact at point (x ), subscript
2, to the reverberated impact at point (x_. y, ). Velocx}u_ V.o, u

* ‘
Py 1y and r, can be calculated by expressions (5.1) (... )1 1
' g ]‘ C hym
0wty | ] = ——t : Dy il
. '[ cat ) BT T
hny My, (gany — 207y) |
—yy—— = oYy — AT L
BhET T it Pr=" C'1, (1 +1,,) (10.5)
Ml (2, — xiny) My (xymy - "ylll)
= =y == — Uy
DR cl,(+hy) ' 0T, (1))

We note that translations of the ship at velocities v, aud u,, a3
well as rotatior r, around axis Oz are nonperiodic. If the time hétween
the *irst and second irg.cts is small, these velocities do nct! have suf-
ficient time to decrease as a result of resistance of tho medium. Thus,
their values wh:ch are determined by formulas (10.5) can Le substituted.

Tran3latons with velocities w,, p. and9, correspoivt to the non-
stalionary modes of heaving, rolling and pitching of the ship. Strictly
speaking, velocity values, computed with time between impacts token into
consideration, should be substituted in formula (10.4). When doing this,
the resulting reduced velocity v will be either increised or Jdacreased,
depending on the relationship of %Ge time between impacts to the period
of tossing. As observations under ice conditions show, the corresponding
translations of the ship are small. Therefore, the velocity of ship's
broaching W. and angular velocities p, and 4., corresponding to list and

trim, can be ignored }n expression (16.4). T en: V.4 = vo‘red’ where
t = ' -'Zpl 4ymymy Myl (xymy — y1h) (xams — bys) {10.6)
red = h— ot T T C 04y

Calculations show that v= >v_ 1 _. This indicates that centact -
stresses will be greater durinaea reverberated impact than during a direct
impact. The reduced velocity v will differ from zero, even ror the
area of the parallel middle body wWhere 1 p = O

Figure 15 gives values of the coefficient of reducrion for 1 red
during a reverberated impact in the area of the first and tenth frame
lines computed for a heavy icebreaker. It can be seen from the t1gure
that the maximum value of i °~ _ is obtained in the area of the third and
fourth frame lines, regardlggs of where the impact occurs.

Figure 16 presents values for ! for various areas of the hull
during a direct impact in the area of %ge third frame line; the lower
curve corresponds to a direct impact, the upper to a reverberated impact.
If, for example, for the first frame line, 1 and consequently, also
v during a reverberated impact,ars 1.5 times greater than v and
4 during a direct impact, this difference increases to rore Qhan 2.5
times for the eighth frame line.
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It is possible to use the relationships shown in Figure 15 for ships
having lines similar to the icebreaker Moskva, scialing ! d proportionally .
to the ratio between the coefficients | for the icebreaker Moskva and .
the ship being considered. For ships having contours which substantially
differ from the hull lines of the icebreaker Moskva, it is necessary to
perform preliminary calculations in the method set forth in this para-
graph. Finding the value ! in this way, the magnitude of contact
stresses should be determinbd by formulas 6. to 8.

cly : 0 b.;‘
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Figure 15. Values of coefficient Figure 16. Values of coefficient
1 for a heavy icebreaker. lre during direct and reverberated
a-Trame lines; b-first frame impacts. a-frame lines; b-{

red’
line; c-tred'

11. Magnitude of Stresses Occurring During Ice Compression of
A _Ship,

Determining loads which act on a ship's hHull during ice compression
is part of the overall problem of contact stresses experienced by hull
structures of a ship sailing in ice.

Ice compression can be considered as a static process. It is most
dangerous when a ship is moving in a large, compact, ice field. Taking
the static nature of ice compression into consideration, an ice field can
be considered as a homogeneous plate resting on a hydraulic-type flexible
foundation. In this situation, the problem of static action of the sys-
tem of vertical and horizontal forces on this plate should be solved.

It is natural to assume the critical load which fractures ice of
the given thickness,as the design external loads acting on the ship's
hull during compression. If the ship's strength is inadequate, the sghip
can be damaged or even crushed by the ice.

" Observations of compression on icebreakers show that failure of an
‘ice field occurs primarily because of bending; this explains the con-
siderable vertical slope of icebreakers' sides. In view of this, larger
ice floes break off at the midsection where the slope of the sides is less

-57=




S

e AL, Y i 2 AT -

than at the ends and the curvature of ts waterline is relatively small,

- Smaller f;?ctnr.- of the field are observed nt the extremities.

_ If, during movement of the ice, one of the edges of the channel is
immobiia, locn! crushing of this edge ané minor huemockirg occur during
compressicn of a ship. Failure and intensive husmmocking of the ice are
vbserved .n the moving edge. Ice on this side piles up as high ne the
main deck in some cases. There have been cases when icebreakers with a
significant slope in their sides amidships (15 to 18°) have been pressed
up to a height of 1lm or more during ice compression.

Ice:failure at the extremities of ice cargo ships where =lope of
the side is great, generally occurs the same as for icebreakers, i.e.,
because of bending of the ice field. In the midsection of 2 ship having
a parallel middle body, where the side is either vertical or slightly
inclined, the nature of ice failure changes somewhat. Initially, ir-
regularities in the walls of the channel break off, then the ice field
adjoins the greatest part of .he parallel middle body. Failure of the
ice field in this area resembles the failure of a plate resulting from
loss of stability affiliated with axial compressive stresses. In this
case, loads acting on the hull will considerably exceed Lhe stresses which
fracture ice because of bending and present a great danger to the side
structures, as a whole.

Ice compression can be conditionally divided into two stages. In
the first stage (local crushing), protruding sectors which quickly crumple
or are broken off, come into contact with the side. Stresses occurring
at this time are distributed over comparatively small areas encompassing
small segments of the side structures. In the second stage, after pro-
truding sections have broken off, large segments of the side come into
contact with the ice. Contact pressures which occur in connection with
this are spread over a large part of the ship.

It should be kept in mind that it is extremely difficult to fix
boundaries between these two stages of compression, just as it is extremely
difficult to determine which of the types of compression are more dangerous
to a ship's side structures. However, there is basis to assume that the
second stage of compression, in spite of the comparatively smaller magni-
tude of linear loads, is in some cases more dangerous to a ship as a
whole because it can cause grave damages over a large hull areca.

The overall compression of a ship in an ice field can be considered
as analogous to the impression of a hard stamp (ship) into an eJastic half-
plane (ice field). Direct application of analytical dependencies of the
theory of elasticity contact problem is impossible in this case because
of the large number of undetermined factors which cause overall compres-
sion of a ship. Therefore, the magnitude of external loads which act on
a ship's hull during overall compression shall be determined by starting
from the conditional design plans presented below. We shnll consider two
situations: compression of ships having sloping sides adwnidshins and
compression of ships having vertical sides.
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Results odbtained by theoretical means will subsequently be compared
with the actual strength of icebreaikers and ice-class carge ships u:luna
in the Arctic,

RRTHLIT Wittt e S R il

Dt DYl . jes, Vhen a ship is compressed
inauleothhl, tho.do.ottho iucmhumtllthtatnlmtact-tms
reaches a magnitude which crushes ice covérs. VWhen solving the problea
of strain on a floating ice plate, it wvas shown that for the actual ratio
of the length of the crushing sone b, to the thickness of the ice (th
< 10), the magnitude of the total frgeturing stress is practically inde-
pendent of the length b_.. Therefore, we shell evaluate ths strength of
the ice field by dotorngning the magnituds of the concentrated stress P,
vhich fractures the plate. : ’

The magnitude of the ice fracturing stress for a loni-inﬁnite plate
can be determined by expression (8.21)

2 T
. h
P = 0.52 il -
e sin B

where 0, . is the ultimate bending strength of ice;

b
h . is the ice thickness;
B - is the vertical slope of the side.

'A projection of the edge of the ice field comes into contact with
the side during compression. Assuming that the side of the ship in the
contact zone is flat and that the projection is described as an arc with |
a radius R, we shall use formulas presented in 8. to determine the length
of the crushing zone and the magnitude of contact stress. The total con-
tact stress is determined by formula (8.10)

i 4 VIR
& P - -
" T sinPcoa™p »

Va4 ke w bt - -

itisnoe s i

g

Equating the right sides of expressions (8.10) and (8.21), we shall
determine the maximum depth 8f crushing from the obtained equation at
which failure of the ice field will occur.

"s;u-o.w(“)*%hl .(11.1)

Using formula (7.2), for the length of the crushing zone corresponding

to me’ we obtain
3 .
- h'
b l'?” '?Rh."' : (11.2)

o ‘ T
%‘-1.‘6‘VT—.§0
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Thus, the relative length of the crushing zone of the edge de-
creases vith an increase in ice thickness which is confirmed by natural
observations. '

. Compression of a ship with vertjcal sides. Yhen there is pressure

by an ice cover on a vertical side, contact stresses act in the plane of
the ice field. . When the slope angles are small, the side may also be
c¢nsidered as vertical. The magnitude of the ultimate slope B 1t 2t which
a >ide is considered to be vertical is evaluated, proceeding from the

foiiowing considerations.

When there is a sloping side, an ice plate fails when the normal
tenisile stresses on its external surface (in the extreme fibers of the -
section) exceed the bending strength of ice 0,. The hrrizontal component
9f the contact stress in this case, increases these stresses on one side
and on the other, decreases them (because of crushing). When the slope
of the side is greater than 5 to 10°, these factors neutralize each other
and the carrying capacity of the plate is determined primarily by the -
vertical component of the contact stress, i.e., by the bending. This pro-
vides basis for using formmla (8.21) for calculations.

) We arrive at analogous valuos for the ultimate slope angle iy con-
sidering the friction of the ice against the side of the ship during com-
pression during which, in all cases where B < arctg f, (wheref, is the
coefticient of friction of ice against steel), the siﬁe can be considered
as vertical. Considering thatf; = 0.15, we obtain B = 8° for an ultimate
slopes angle. 3

Failure of an ice cover by action of stresses applied to its plane
can occur either as a consequence of loss of stability of the -ice plate
or under the effect of shear stresses. From the theoretical solution
to the problem of stability of a floating, semi-infinite ice plate under
the affect of a concentrated force applied to its edge, it follows that
the magnitude of critical force causing loss of stability and ice failure,
considerably exceeds the magnitude of the stress causing the appearance
of radial cracks from shearing. Actual observations also show that ice
failure in case of a vertical side, begins with formation of cracks and
then losses of stability of the ice cover and breaking off of floes occur.
This gives basis to assume that cracks are formed in an ice field as a
result of shear stresses,

From the solution of the two-dimensional problem of the theory of
elasticity, it is known that maximum shear stresses for load ¥, occurring
in sections 1 and 2 (figure 17), are determined by the expression

:‘c'-.f’..-, ! (11.3)

whre .h - 1is the thickness of the plate;
9 - is the intensity of the linear load on the plate.
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Figurs 17. Pormation of cracks in an foe cover during compression.

The momsnt of crack formation corresponds to the advance of shear
stresses to the ultimate shearing streggth of ice T_. For fresh ice,
N. F. Yershgv (16),assumes T ™ 60 t/n". Experimsntal data shows that
T = 30.t/m cain be assumed as the ultimate shearing strength of sea

» Then, a uniform linsar load which causes the appearance of cracks
in sea fce is determined by the expression

- ;_“_,_w, tx. (11.4)

The segment of the plate in which the cracks are forsed loses its
stability as being flexible along its cylindrical surface (strip). The
magnitude of critical stress for the strip

Yer™ -\/VB ' (11.5)

where Y - is the specific weight of water;
D - is the flexural stiffness of the ice plate (see 4.).

4 -that with compression vhlch is a static process, E = & .
10°t/m and Y =1 t/w and p = C.34, we obtain

9. = 62hvh t/m . (11.6)

Comparing the obtained value 1" with the magnitude §determined
by formula (11.4), it is easy to be convinced that in the range of thick-
nesses up to h = 2.2m, which presents the greatest practical interest,
g > ’cr’ i.e., loss of stability occurs immediately after cracks are formed.

In the first stage of compression when relatively small irregulari-
ties of the edge of the ice are broken off, ice load distribution along
the side does not depend on the rigidity of the side structures. As a
consequence of the considerable magnitude of the inelastic crushing strain
of th» ice's edge in comparison with the elastic strain, a different
rigidity of side grillage cannot exert a substantial effect on redistri-
bution of the ice load. Otherwise, there is a situation of overall com-
pression of a ship when ice adjoins the side for a considerable length.
In this case, the ice cover strains elastically and redistribution of
the contact ice loads must take place. This redistribution can be
extremely important for ice cargo ships in which transverse bulkheads are
placed a considerable distance from each other and there are no frames.

An analysis of the functioning of the side grillage cun be made
in a first approximation by using the formulas for calculating a wall
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' bc!u‘. vhich is used in construztion work. Ia the case under consideration,
the ice field is the wall, the side grillage is the wall bear and the
transverse bulkheads are the columns.

o L k. OO ST s ey

=F .3 * “A beam which bears the load from wall pressure and is supported
on columns is called a wall beam.

‘ , C b
¢ . 8 [ |
. i §
|
\' ‘ 1
r 4 * !y
& . .l
, CEgdy .
" g/ C g

Figure 18. Diagram of the redistribution of contact stresses
during ice compression.
l-side; 2-transverse bulkheads; a-b; h-B-Is.

The load on the beam increases near the supports (bulkheads) and
_decreases toward the center of the span. Its curve takes the form de-
picted in Figure 18a. For practical purposes, a curve consisting of tri-
angles can be assumed (Figure 18b). Failure of ice cover in this case
begins with formation of cracks at the maximum load sites, i.e., princi-

! - pal.compressive stress in the area of the bulkhead reaches the ultimate
f i static compressive strength of ice. We shall assume the following expres-
; sion for stressq which fractures ice covers

-q-%'. (1.7

The total stress, experienced chiefly by the transverse bulkhead
and partially borne by the frames,

;P-%'ﬁ;"-] (11.8)

where a - is a coefficient determined according to B. N. Zhemochkin's
recommendation [18],

. VTR
0-3,3 "_"; .
. V & (11.9)

Ei - is the modulus of elasticity for ice;

E-I. - is the reduced rigidity of the side grillage.
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If a load iz directly applied.to a side stringer, -the noment of
inertia of the stringer with its attachéd flange can be taken as I_.
For a 1oad applied to the span between stringers, the magnitude £ 1
must be determined by calculating the side grillage.

~ Teking into cousideration that a sector of an ice field bounded

by cracks, loses its stability as a plate which is bending along its

; cylindrical surface, the critical losd, determined by expression (11.5)

' 1 should be taken as the critical design load for side grillage with ice

1 up to 2.2m thick. For ice of greater thickness, the reserve stability

. of an ice plate is very large and the magnitude of the design load for
) the grillage, in this case, is determined by the ultimate crushing and

shearing strength of the ice.

The formulas presented in this paragraph make it possible to com-
pute design loads for side framing in the midsection of ice ships de-
pending on ice compression conditions as well as to solve the rerverse
problem: to determine, for the known strength of the side framing, the
maximum thickness of ice in which a ship can be compressed without damage.

i
L
v
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CHAPTER III

. CALCULATING MAGNITUDES OF DESIGN ICE LOADS FOR MAIN HULL BRACINGS

12. Loads on_Sids Framing.

The first stage vhen planning and designing hull structures of
ice ships and icebreakers is to calculate the magnitude of ice loads
which act on the side framing and external plating of a ship's hull.
This chapter gives s practical wathod for calculating ice loads, based
on previgusly-cite . investigations. Contact stresses which occur during
ggpuctupf a ship against ice and during ice compression are used as initial
d‘t& .

Before moving on to the essence of the matter, it is necessary to
bring to mind that the magnitude of an ice load Basically depends on the
configuration of the edge of the ice floe in the area of its contact
with the side. Generally speaking, the shape of the edge can be most
varied. Therefore, for design ice loads, it is necessary to set the
outlines of a floe's edge in the area of contact with the ship's side in
such a way that the hull strength calculated according to these loads will
guarantee accident-free operation of ships in ice. Investigation of this
-nttgg and observations hava shown that the most acceptable of the number
of possible configurations is an edge of a floe defined as an arc of a
circle. Results of comparing the construction strength of ships in opera-
tion with design values of the ice load for some certain type and class
o ship obtained by the suggested method, are taken into consideration
when selecting a numerical value for radius R of this circle.

Calculations have shown that if the magnitude of the radius R is

set within the range of 10 to 40m, the value of the impact time and the
length of the ice load distribution computed theoretically,well agree with
data of actual observations and are confirmed by operating experience of
ships in ice. Inasmuch as the magnitude of the radius of the circular

ice edge in the contact area has a relatively small effect on the ice load
intenaity, for example, when changing the radius four times (from 10 to
4O m), the intensity of the ice load changes only by 3C%. 4 radius of 25m
was taken as a mean within the indicated range for practical calculations.

An ice load acting on a ship's bow* is determined for the case of
an impact againct an individually floating floe or an ice field,witi: and
withsut ,taking its bending into account. The design ice load should be
computed by relating the total contact strength P to the length of the
distribution area b along the ship's side. ngnigaic b is defined us the
length of the contact area bstween the hull and the ice, corresponding to
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the maximum value of contact stress. The numerical value of b is deter- B /fré
mined from the crushing conditions of the ice's edge in tits contact area. ;.3 i
{ * In the given case, Sov means that part of the huil where impact a
é loads are larger than th: comprsssive loads in the midsection. ?
3 K . R :
3 . , . =TT 5 ‘.
I T .‘I. - -
. | | ;
g I 3 | '. * ' E
E | L] 1 -
. ' n d4 ] e :
; h" . ] ‘ . .. ... p 0o -Zi
Figure 19. Finding the design lengta of load dimtribution. § :
| It is evident from Figure .10 that the area of crushing of the ice's : ; ‘J
edge has a parabolic segment's form. The length of this area is calculated ¥ 3
i by formula (7.2). The distribution curve of contact stress along the length B ]
ﬁi also has the form of a parabolic segment (Figure 19), the area of which : )
| . , i
Poux = - by,
, T max 3 .0 maxe = :
3 where @ - is the maximum ordinate of the curve. : -
: max : i
i We shall assume that the design contact stress is equally distributed g
on length b, which is defined as an arithmetical mean between b, and b Hoe i
3 ] where b is found from the condition of equality of areas K .
E' P 2, b
3 209max = Difmens
; - from which
g 6o % 3 9 b + . .5 o ; :
b=ty .”'T‘f','i%",‘g"", 1.
- In this case, taking (7.2) into account, we can write
.b-lq. y ;“'ﬂ.....
, a."-.wgﬂ (12.1) )
{
! -65-




ey 2 e - v 3 (SRR L S SR O

- e . B R . = . © e g T T L e 0

Using formulas (8.10) and (12.1), we obtain an expression for the -
intensity of the design ice ioad during an impact of a ship against an
ice floe with a rounded edge '

o Pmex, b tdmes : (12.2)

Poow >~ 5 dnpenst’

Sﬁbd;itutino the uxim-_dopth of crushing C-ai‘ calculated by forsme
1a (7.6) into this expression and taking (7.5) into consideration, we ob-

' ‘ nela

o = (O [ :
bov * T \is) | oy orth ) @R pon™p
= - My P . T

i

Substituting the reduced velocity of the ship in the form of v _ ., =
- vgl, = O.514 v,i, (vhave v is the ship's velocity in knots) and ab8¥gna-
ting Hl = Dllo, = D,/0 (wvhere D, is the ship's displacement and D,
is the weight of the ice floe. For thé case of impact of a ship against
& floe with a circular edge radius of R = 25 m, ve obtain
Dy A ’;b rl';“c" -

. (12.3)
1:'+c"-g'!- sinpeos™p

. 7”“ = o'm

For an impact of a ship against an infinite ice field when D1/°b"°'
formula (16.4) is simplified and takes the form

o oy (DaYe_Chle (12.4)
7 bow 03084(-53) sinhpcosp’ '

In formlas (12.3) and (12.4), the displacement of the ship and
weight of the ice_floe are assumed in tons and the crushing strength of
the ice 0 in t/m". The magnitude of the cosine of the angle between the
normal to the side and axis xl can be computed with adequate accuracy by
formula

l‘ == 0,0lam, v
(12.5)

where o - is the angle between a tangent to the waterline at the point
of impact and the longitudinal plane, in degrees;
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me l.6con B +0.11 - is a coefficient, calculated in dependence
on angle B in Figure 23.

il

For convenience in calculating, formula (12.3) can be presented in
its ultimate form

9 bow- 78000k - (12.6)
. ‘;ﬂr U
where kn P Dy is a coefficient, allowing for the effect
| lo-(c'+c-5.) of the reduced masses of the ship and ice
D: ) floe;
[ o \% .
‘%f‘(i;) : - is a coefficient allowing for the crushing
strength of the ice;
k= oy b - is a coefficient allowing for the reduced
° 7 \2,35

velocity of the ship;

)
k"= sint8cos 8 ;. 4 coefficient allowing for the effect of
sinpcos™ B the vertical slope of the frame.

Coefficients k_, k_, k and are determined from the graphs in
Figures 20 to 23. HRen go-pxting these coefficients, a ship displacing
Dl = 1o,ogo t striking against ice having a crushing strength of oc =
= 400 t/m” was used as a standard.

When computing.the magnitude of an ice load on the side framing of
the bow, the following order of calculations must be observed:

1. the values of angles o and B for each frame line are taken-from
the line drawing (Figure 24). For ice ships, these angles are taken at
the level of the load waterline and for icebreakers, at the level of the
designer's waterline. To check the accuracy of assumed angles o and B,
it is necessary to construct a graph of the changes of these angles (Figure
25), and if the curves are not adequately even, smooth them out and intro-
duce corrected angles into the calculations. Particular attention must
be given to accuracy in calculating angles o and B when they are small.
If, for any hull sector, angle B is less than 8°, angle B should be taken
as equal to 8° for that sector;

2, coefficients C' and C" are found on graphs presented in Figures
5 and 6, depending on angle B and the relative coordinate of the point of
impact x/L;

3. characteristic ll = 0.01 om is calculated by formula (12.5);

4, characteristic Dy is calculated, where D1 is

I §
Dy
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displacemsnt, taken for an ice ship at its load waterline and for an
icebreaker, its greatest displacemsnt; D, is the weight of the ice floe.
If an impact against ths edge of an 1u1’1n*to field occurs, instead of

chareacteristic D » characteristic D) is calculated, inasmsuch
C' + C" P.l. ¢
Dy
as in this situation D , Coefficient k‘D is determined from the graph
presented in Figure Dy 20, depending on the relationship Y or
Cr o4 " -D-l—
2
h,
c -
5
1)
o1
1 ai
' n
A
.W‘
..-

e
g
v
w P
" ]
1,
v 1
. 7 ]
puRva: T
.”l. }l B w. - G

Figure 21. Values of coefficient ko.
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L Figure 23. Values of coefficients kB and m. a- 8, deg.

5. values of coefficients kb’ kv and kB are found on graphs in
Figures 21 to 23;

6. the inteasity of the ice load is computed by formula (12.6)

and results of the calculations are presented in the form of a graph
. (Figure 26, curve I);

4oyt < s ST T £ Y

7. a final curve of an ice load on the bow is constructed. It
must be drawn on the basis of calculations of the strength of the hull
structures. For this, it is necessary to square (according to designing
considerations, considering for example, the spacing of lateral bulkheads,
etc.) the theoretical loads curve obtained in paragraph 6 for separate
i sectors so that the number of these sectors will be minimum (two to three). )
When doing this, it should be kept in mind that the ordinates of the

s
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sguared curve must be no less than the ordinates of the load curve obtained
in paragraph 6,

2y etk g s denen

TR Y TYD NIy

i B

<, 5 : X X1 ;

Figure 24. Determining angles o and 8. a-WL; b-frame; c-point
B of impact; d.LP; e-buttock.

i The ice load during impact against an ice field, taking its bending
into account, should be detmmined by formula (8.10) where the depth of
crushing { is found by means of successive approximations, as shown in
8. To accommodate practical calculations, the maximum depth of crushing
was computed for a series of ships depending on the thickness and ultimate
crushing strength of the ice oc, vertical slope of the side, velocity and
displacement. Results of these calculations were compared with the value
of the depth of crushing, computed without taking bending of the ice field
into consideration. As a result, a graph of correction factors was con-

i structed, making it possible to recalculate the intensity of an ice load

during impact of a ship against an ice field, allowing for bending of the

field from a known magnitude of a load calculated without allowing for

the bending.

) The formula for computing an ice load during impact agaiust the
. edge of an ice field, taking bending of the latter into account, has the
. form '

Foow) b = Toowky, ¥2, K3 =)
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Figure 25. Correcting Values of Angles o and B. a-deg;
b-frame lines.

I -~ obtained value o3 I1 - corrected value a';
IFI - obtained value B; IV . corrected value B'.
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Figure 26. Curve of Ice Load on Plating. a-frame lines;
b-L stern; ¢~ L mid; d- L bow.

I - theoretical load without considering bending;
I1 - theoretical load taking bending into consideration;
111 -~ square curve of the load (design).

-71-

]

v



bk

=

P

R T

%
Ve
L -he
P
N —_
2 4250 -
LT 5 \4’4@,‘_ R
N * ¥
Sl -
2254 =
‘\ o
07 ’0: e S
0# [ -
a X | 7~ —
| NEA L =
| TR
i oo
PR
s *‘sﬁg_ m=u
v #"‘\
| e 5
o L] ==un
05 W, TR
Yy LMy s
Figure 27, Values of coefficient kl' 0'a
where (ybow)b is the intensity of an ice load, taking bending of
the field into account, t/m; ]
Toow - is the intensity of an ice load calculated by formula
. without considering nding of the field, t/mj
(12.6) with idering bendi f the fi /
kl - 1is a coefficient depending on the ice thickness h and
characteristics (vgthl)"' (vo - is the velocity of the
c"g
ship, m/sec) (Figure 27);
k2 - is a coefficient, determined from Figure 28, depending
on ice thickness h and vertical slope of the frame B8 in
the impact areaj
k - 1is a coefficient calculated according to Figure 29,
3

depending on the thickness and ultimatr crushing strength
of the ice.
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The procedure for calculating an ice load, allowing for bending
of the ice field follows.

The ice load without allowi g for bending of the ice field is cal-
culated according to formula (12.6). Then, the characteristic,/ gzd‘gl"ﬁ"
is calculated. ‘ -Eg:-) y

Correction factors k_, k, and k, are determined on graphs, Figures

3

27 to 29 and the intensity of ice”Joad is computed by formula (12.7).

Ice loads are calculated for side framing in the hull midsection
on the basis of conditions of static compression on the ship by an ice
field. In doing this, cases of compression on ships having an incline

(B = 8°) or a vertical side (B<8°) in the midsection are considered separately.

For ships with a sloping side, considering expression (8.21) and (12.1),
we obtain , .
5 O 0,312q,h% cos”™ B -
mid (M)"'t"g., sinB *

Substituting expression (7.6) for the maximum depth of crushing
here, we find

. 8 p—
_ 2431/ ettt (12.8)
mid = yap ¥V TR

Thus, the design load for the hull midsection will depend on the
slope of the side P, ice thickness h, and its strength characteristics
O and 0, as well as the parameter R, characterizing the configuration
of the ice's edge. To evaluate the correspondence of design loads to
real ice loads, empirical data of ships operating in ice should be used,
selecting ship prototypes, the strength of which has been proven in the
defined compression conditions. A medium power icebreaker and a UL
(Arkt.)-Class icebreaker cargo ship active in ice navigation, were taken
as these prototypes. The structural strength of these ships in the mid-
section is 90 and 100 t/m respectively. The thickness of an ice field
in whica these ships could undergo compression without suffering notice-

able hull camage is: for a medium icebreaker h = 2.5 m and for UL (Arkt.)

cargo ships, the sides of which have considerably less slope (8° instead
of 18° on the icebreaker), h = 1.5 m. For medium icebreakers and ships
of ice-strengthened classes, the design valug for the ultimate crushing
strength of ice can be taken as 0 = 20Q t/m and the design value for
ultimate bending strength o, = 150 t/m . For heavy icebreakers, these
values should be increased to 250 and 125 t/m" respectively.
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Figure 29, Values of coefficient kj.

Assuming that the value of the parameter R is identical for the
prototype ship and the ship under consideration and using the above-
presented formula (12.8), we obtain, in a general situation

e e, SV TR

where the terms with a zero index relate to the prototype ship.
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The obtained formula can be presented in a form to accommodate practi-
cal calculations :

q-i.d =, W?M.G o (12.9)

vwhere ké =8in By - is a coefficient allowing for the effect of the
sinB vertical slope of the side (Figure 30);

- is a coefficient allowing for the effect of
ultimate crushing strength of the ice (Figure 31);

K = =\ / - is a coefficient allowing for the effect of the

3
O¢c
“200
3
%
100% ultimate bending strength of the ice (Figure 31);
3 ['n
%3

kh = o ’ - is a coefficient for the effect of the ice thick-
0 ness (Figure 32).

The design loa . for ships havigg vertical sides is calculated 4
by. formula (11.6), if we place Y gl tim in it and 4 = 0.34 and E = 4 . 10
t/m” (for salt ice) or E = 6 . 10" t/m for fresh ice.

Thus, for salt ice

9-id = 62h ‘J;- t/ll,

for fresh ice (12.10)
qmid = 73h \[; t/m,
where h is the design ice thickness during compression, m.

Ice loads which act on the stern can be determined from a condition
of an impact of a ship against the ice when moving astern or when the stern
piles up on the edge of the ice during yawing. The design diagram does
not differ in principle from the design diagram of impact loads taken for
the bow. However, it can first be said that conditions for the stern are
less severe than for the bow inasmuch as the velocity of a ship moving
astern and when piling up on the edge of the field is considerably less
than its forward velocity. Moreover, the stern lines of ships which sail
in ice are extremely well-suited for absorbing ice stresses in view of the
large slope to the side of the afterbody. Therefore, we shall designate
the magnitude of ice loads in the stern 7at as fractions of the maximum

load acting on the bow,
‘ Vet * *Zbow'max' (12.11)

where k - is a coefficient designated depending on the ship type and
class.
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Figure 30. values of the coefficient kB"

I - for icebreakers; II . for icebreakers - cargo ships.
a-degrees,

For icebreakers k = 0.7 is used but the load must be at least 30%
greater than the load amidships and for UL {Arkt.)-class ice ships k =
=0.5 but the load 9t must be at least 10% greater than the load amidships.

The magnitude of coefficient k is designated on the basis of the
condition of an impact by the stern against ice at a velocity of & to 5
knots for icebreakers and ! to 2 knots for ice ships. Experience gained
in construction of icebreakers and UL (Arkt)-class ships, the sterns of
which were strengthened by 30 and 10% respectively in comparison with
their midsections, was taken into consideration in this. The length of
the strengthened area of the stern was taken as 20% of the length of the
ship, computed from the stern perpendicular,
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Figure 31. Values of coefficients Figure 32. Values of coefficient
k and k . K, 1 - for icebreakers; II -
¢ b for ice cargo ships.

a-kb, kc'
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As angles, deg.;

b-frame line numbers.

Example., We shall calculate an ice load on the side
framing of a UL (Arkt.)-class cargo ship using the following
initial data: displacement D
of impact against ice field v

hslolt

strength of the ice in coq)reuion a

= I0,0W ts

velocity at the time

thickness of ice field

= 175 t/m;
= 90 t/

ultimate crulhing'atrength of the ice in impact o =
= 350 t/m" and in compression ¢

gltimte bending

The slopes of the side § and angles between the tangent
to the waterline and the longitudinal plane o are presented in
Table 4. The ice load for the ship's bow is computed by formula

(12.6) in Table 5.

Table 5

Determining the ice load for a ship's bow without
considering bending of the ice field.

a- parameters; b-frame line numbe'r;y;'

teristic D /C ; eav

of load 7 - 280

kDﬁ;E

v , t/m.

= |

*s

lvs;
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c-coefficient C';
f-coefficient kD; g-intensity

bHouepa TEOPETNYECKNX WURAHIOYTON
Mapanerpu ol
a 1 2 3 4 5 ] 7
b Kooqxpnuueur c’ 2,79}2,58|2,00]1,64}1,32]1,07] —
f 1,50 | 1,54 | 1,68 [ 1,64 | 1,67 | 1,68 | —
=0, 0! am '10,300]0,293|0,253|0,1640,06710,017| ©
d*apampuc‘run Dy/C’ 3580 | 3060 | 5000 | 6100 | 7580 | 9350 | -
=l 1,2011,17{1,01 10,65]0,27{0,07| O
ﬁ(ommm up f‘i%.zo) 0,65 |0,676| 074 | 0’80 | 0.88 | 0'97 | —
0,925]0,928} 0,925|0,926{0,925!0,925| —-
D e 19- ; o’w 00“ 0052 0037 0.!9 0.050 -—
» ” 2.m l. l.w l.u .l.m l.m -
guunucnuoc:t nrpyaxl . . , A
4u-780—°%’-. min | 180 | 147|185 | 140 | 99| 35 | O
(] : : ' ; )
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The ice lodd for the hmull midsection is computed by formula
(12.9) as for a ship with an inclined side:

7 bow = IMEE SN
'Uot&othonluneteootﬁcuntlké l: kband
thoguphcpmontodinllm”ton' kasl, =09lt,kh=

= 0092’ kb o. 96. mn
? bow™ $6.0,94.0,92-0,06 = 80 7/x.

The ice load in the stern calculated by formula (12.11), ¢,
0.5 « 155 = -77.5 t/m. The ice load in the stern, taken as 10%
greater than the load amidships, 1. =1l.l . 80 =88 t/m.

We take the larger of the two obtained values: 9 ut = 88 t/m.

The distribution of the ice load along the length of a ship
is presented in the form of a curve (Figure 26, curve III).

The ice load for a ship's bow is computed in Table 6 according
to formula (12.7), taking bending of the ice field into consideration,
with a given ice thickness of h = 1.4 m. The results of the calcula-
tions are presented in Figure 26, curve II.

It is obvious from Table 6 that allowing for bending permits
the design loads for the bow to be decreased by nearly 40%.

Table 6

Determining ice load for a ship's bow, taking bending
of the ice field into consideration.

b Homepa TeopeTnvecxux musxroyros
Napaverpu .
A K 123 |4]|s8 )67

' xa Ges G| - - : .
i 1
m}’;/‘a | 10| 147 | 185 | 10 99. '] o

Pl 2 i § 0,400| 0,410/ 0,306 | 0,198 10,043} 0,043} —

C’sy
A .
"M' 10,68310,700} 0,688 0,622 0,384 0,104} —
ueffi,cieni. i o 81010810 0,815 0,850 0,868 0,805

0,840,850, | 092|100/ 1,06 —
' . h. 1. 1,02 1.02 .oa 1,2]1,2]1,2] —

d (‘.;.-.m. v/ |97,8] 102 |11 | 109 | 86,6|33,5] o

—

a-parameters; b-frams line numbers; c-load without considering
bending (Table 5); d-load, taking bending into consideration
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13. on Shell Plating.

The désign intensity of an ice load on side plating is calculated
depending on the magnitude of contact pressures developing during breaking
up of the edge of the ice. The analysis of interaction between a ship's
hull and ice performed in 3.,shows that the contact pressures depend on
the mass, lines and velocity of the ship as well as on the physical and
mechanical characteristics of the ice and specifically, on the magnitude
of the coefficient of internal friction of the interstitial layer £, and
its thickness ¢ (see 3.). Adequately reliable data concerning the -
tude of characteristics . and ¢ of matural ice cover is presently not
available. DBecause of this, it is difficult to make - strict determina-
tion of the design magnitude of contact pressures. Therefore, when cal-
culating ice loads on plating, we are forced to use the method of con-
verting from a prototype.

Observations show that the distribution area of an external load on
shell plating takes the form of a patch stretching along the ship for a
distance of several frame spacings. This providos basis to assume that
on the sector of the side being considered, the design load on the plating
P is proportional to the design load on the side framing 7, i.e.,

I N

h'," '.. ' (1301)
where the symbols without an index refer to the ship under consideration
and the symbols with a zero index refer to the prototype ship.

For ships sufficiently close in size, hull lines and power plant,
operating conditions in ice can be considered to be similar. Consequently,
parameters characterizing the physical and mechanical properties of ice,
the configuration of the ice's edge and the velocity in the ice will be
identical for both ships:

’ ce ° R 9 l

"% Ry %

Moreover, we will assume that the intensity of ice stresses acting
on the plating depend on the hull shape only to the degree at which it
effects the force of impact, i.e., the rsduced mass of the ship and re-
duced velocity. The geometry of the crushing of the ice's edge which
is a function of the vertical slope of the side § and the parameter R,
does not have a noticeable effect on the magnitude of the load in the
given case. Therefore, using formulas (13.1) and (12.3), we obtain the
following expression for intensity of an ice load on plating during an
impact against an ice floe

s lon

o - 4 . (13.2)
(M.)z-(c' e %1) "oy (g
8/ A

Poow = (p
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formula (13.5) is sisplified:

ur-w-*q'-

The relationship of the displacement of ships similar in elements
be taken as proportional to the relationthip of the linear dimensions
ths third power. Then, comsidering the equality of the velocities v, =

(v.)o' ve write formula (13.3) in the following form:

can
to
o

." L‘ o. . 2
Phow * (Pm)o;' 1;. { (W;'..-‘

Poow * 5-16‘."“7'1,%# (13.4)

vhere o - is the angle between the tangent to the waterline and the
longitudinal plane, degrees;

Landlb-;nthlmth-dﬂn'-hiu, m3

IrB' « is a coefficient allowing for the ottoct of the vertical
slope of the tr.lu;

.’_gn.oma-po.u)"- il 't-
, R (2 L TR (- |2

m=l6cosB +0.11 - isa eoofticiont determined from the graph in
Figure 23;

k - 1is a coefficient calculated from data on the
prototype ship:

. 12/5
=_'l% . (Pm) (ct) 0 .
| .wo,. . [L:' “').]‘I.

Values of coefficient k for icebreakers and cargc ships of various
ice classes are presented in Table 7.
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Table 7

-Values of coafficient k for icebreaksrs and cargo
ships of various ice classes*

a Ton _ ; ykasce cyass . L )
I xasce 2.8, .
Jlexoxoass . - i 11 xasce g %
¢ . : 111 xasce 18
YA (Apxr) Y
! Tpancmoprame o - 8,5
Piar-tanll, LR A
| . .
Byxcupu rﬁn | '3*‘
f ’ .

f, Kascempuxazum cymon cu. § 17,

a-type; b-ship class; c-icebreakers; d-cargo ships; e-UL (Arkt)
UL L; f-tugboats; g- UL L; h-*see ship classifications 17;
i-I Class, 1I Class, III Class.

The procedure for determining the ice load on bow plating follows.
Angles @ and B for each frame line are taken from the line drawing (Figure
24), graphs are constructed and the corrected values for these angles are
found (Figure 25). Coefficient C' is found on graph, Figure 5, depending
on angle B and the relative coordinate of the point of impact x/L. Co-
efficient m is found on the graph in Figure 23, depending on angle B.
Then, we determine the coefficient

. . ".‘ '.’l '
SR comm—

RN (0 L

and coefficient k is selected from Table 7. The intensity of the ice
load on the plating is calculated according to formula (13.4) and the
results are presented in the form of a graph (Figure 33, curve I). Then
a square curve for the ice load on bow plating is constructed similarly
as was done for the side framing (Figure 33, curve II). .

The intensity of an ice load on the midsection of a ship is de-

termined from conditions of compression of a ship in the ice similarly
as done for the bow. Using expressions (12.8) and (13.1), we obtain

. ‘ M
P..= (p..) « b ok (13.5)
mid L °_]/ (o) . (X 4 -

where symbols with -a zero ind-x refer to the prototype ship.
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Pigure 33. Curve of ice load on plating. a-L . orn’ b-L . at

c-l.l $ d-frame lines.
I - Theoretical load; II - Square curve of load (design).

A heuvy icebreaksr and an icebreaker-cargo ship which have operated
many years in the Arctic were used as prototypes. The maximum ice thick-
nsas to which the midsection of an icebreaker-cargo ship was exposed

iring compression wvas - h s 1.5 m; for an icebreaker, it can be assumed
h= & m. The construction strength* of the side plating was calculated

the formla

EBE.-

Pag) - aoy(-;-)z . | (13.6)

i

ay - is the yield strength of the plating material, kg/c-z; ;
8 - is the plating thickness, mm;

8 - is the frame spacing, mm.

* In this case and subsequently, construction strength denotes
the magnitude of the external ice load under the influence of which
design stresses in the hull members reach their ultimate yield strength.

_For the icebreaker prototype, when 0 = 2600 kg/cnz, 8§ = 40 mm an
s = 400 we find according to formula (¥3.6) that (p id)o = 52 kg/cm
or 520 t/m . For the ship prototype, when 0_ = 3600 kg’cnz and § = 18 mm .

and s = 400 mm, we obtain (p-'id)o = 150 t/m2y
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Assuming for i » the ultimate csulhino and bending strength
of ice as (0 ), = 250 t/m" and (o )0 = 135 t/m . respegtively and ice thjck-
ness as h = § &, and for cargo ships®* (0 ). = 200 t/n°, (ab) = 100 t/m" and
h = 1.5a, ve obtain, according to (13.5)? Qor-llu for calculating the
intensity of an ice load on midship plating:

icebreakers . .-
Pgg = 082V 0@k, ¢ I (13.7)
cargo ships .
Paia ® o,aoﬁ_a‘agu'. tln_f.g (13.8)

* For cargo ships, the atrength characteristics of ice are assumed
as 25% lower than for icebreakers, which can sail in the early navigation
period when the ice is stronger.

If changes in the strength characteristics of ice are not taken in-
to consideration when converting from the prototype to the ship being
designed,—%— = b = ] should be set in formula (13.5).

(ecdy. (W) ,
Then, for icebreakers
3

] 0 ]
Poig “Puiadol/ —=50)/ £ = s

mi ia‘o |/ 7hE T h:. (13.9)

for UL (Arkt.) and Ul-class ¢':argo ships
] ' Y arr q
Pnia = Pnialo ]/ -’%=1501/ﬁf88hﬁ. (13.10)

It should be noted that on the majority of UL-class ships in opera-
tion, the correlation between carrying capacity of bow plating and midship
plating is more or less stable and on an average, equals two. According
to Regulations of the Register of Shipping of the USSR [40], the thick-
ness of the side plating ice belt for a section, 0.15 L from the stem of
UL-class ships is increased 60% above the required thickness for the mid-
section of an unstrengthened ship. The thickness of the midship hull
plating is assumed 15% greater than the thickness of the plating of a
ship not having an ice classification. In this case
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Thus, the load on the midship hull plating of Ul-class cargo shipe
should be fixed either by formula (13.10) or by Regulations of the Registry
of Shipping of the USSR, assuming the greater as the design value. L-class
cargo ships® hulls are not rated for ice. compression and midship plating
thicikness is designated in accordance with the Registry of Shipping.

The intensity of an ice load on stern plating p_ . is calculated the
same as for side framing, i.e., in relation to the d-ﬁgn value of the
load in the bow (p| ")‘x

’ﬁt ' ‘Z‘Pl)mc (13011)
where k' - is a coefficient of the same magnitude as when calculating
the load for side framing.

° For icebreakers, k' = 0.7 (the load p_, must be at least 30% greater
than the load for the midsection); for u ¢ «)=class ice ships, k' =

= 0.5 (load P, st be at least 10X greater than the load in the midsec-
ti.on).

The length of the strengthened area of plating in the stern is
assumed as 20% of the length of the ship. For L and UL-class ships, the
design load for stern plating is assumed the same as for the midsection.

. Determine the ice load on the plating of an icebreake:
from the following initial data: 1length of ship L = 98 m; ice
thickness h = 2.5 | ultimate crushing strength of the ice in
impact 0 = 450 t/m"; ujtimate crushing strength of the ice in
coq»roufon g = 220 t/m zultinto bending strength of the ice
in compression o, = 120 t/m .

The vertical slopes of the frames B and angles a between
a tangent to the waterline and the longitudinal plane are pre-
sented in Table 8. The ice load for the bow is computed ac-
cording to formula (13.4) in Table 9, with k = 24 (see Table 7).

Using formula (13.8), we find for the midsection of a ship
. . . o .
Puia = .0.&" & . =0,627/2,5¢.220. 1208 = 2ﬁlt hl'.
For the stern, we determine, according to formula (13.11):
pl.t = k! (pbw)nx = 0'7“6- “ot""
The curve for ice loads on plating is presented in Figure 33.
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Table 8.
Values of angles o and B
| ' : T
| Yram, Homepa reopernvecxoro mnawroyra
a2l sl 4l s|e]7.]8:] 9" 10
p | 45| 4e| 41| 2 | 32|28 | 242|181
« |B[a|ls|la{ws|B]o]lae]1]o
‘ : B R S
a-angles, deg.; b. frame line numbers.
Table 9.
Determining the ice load on the bow plating of an
icebreaker
. . b Howep reopernsecxoro mnasroyrs
Napaverpu — .
a 41| 2}8s|4|s]e6}| 7|8
Kosppuunewr C' 13,16 | 2,67 2,20 | 1,96 | 1,61] 1,57 | 1,10 | 0,9
C
Kosppuuuent m . | 1,24 | 2,96 | 1,31 1,40 | 1,47 1,52 1,57 | 1,61
'l - 1,08 1,20} 1,24 { 1,31 | 1,36 [ 1,40 ] 1,43 ] 1,46
| s |1.88] 1,981,381, 1,21 (1,33 1,03] 0,9
] £ ; A4 ;
| ¥ '
|- _ o'l 12,25/ 12,12{12,25111,40| 10,10} 7,85 { 5,80 | 3,04
s ' ' )
Hy=—— - |0,75| 0,81 (0,90 1,02 1,12 1,24 1,38 1,63
c’)ll .
( - B T
Rom 10~ %a'ls L', | 565 | 585 | 645 | 685 | 665 | 675 | 475 ml
a-parameters; b-frame line numbers; c-coefficient.
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1. Effect of Hu t Loads

: Basic hull paramsters which efZect the magnitude of ice loads in-
| _ clude: '

- thclonnthotthotm parallel -i.ddlobody t
- relationship of the ship's length and breadth L/B;
- fere waterplane coefficient a4

= vertical slope of frames B.

To analyse the effect of the parameters listed, we use a super-
position method and consider the effect of each parameter on the ice load
on a series of ships with various bow shapes, displacing D = 10,000 t,
and striking an ice field at a speed of two knots.

AT o) s

..

Lo - ~_ . :
J"""Bi ! cly T -JF

Figure 34. Line drawing of waterline. a-y; bLopow’  S=Lpowe

The bow line of the waterline is expressed by equation in the form

o ()] [ ()]

where B - is the breadth of the ship;
b - is a parameter characterizing the bow waterplane;

L| - is the length of the entrance, equal to L - L

: s o (Figure 34).

The forward waterplane coefficient

o e PEVTAE)T

0.5L . 0.5B

L bow +wa‘%o;l.§a_b)'.

0.5L
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The effect of the length of the fore parallel middle body on the
ice load was investigated with k = 0.3; 0.4 and 0.5; L/B = 7 and X =
= 0.804; and the effect of the fore waterplane coefficient was in-
Ypon = 0.840 (b = - 0.5), with L/B = 7 and pbow = 0.4 L/2.

The effect of the ratio L/B was investigated for L/B = 6, 7 and 8

with Lpbov = 0.4 L/2 and Yoo = 0.804.

The ice loads of the variants considered were compared for ice-
breaker bow shapes with identical vertical slopes of frames Bon all
variants. Slope angles f are presented in Table 10. For an evaluation
of the effect of vertical slope of the frame P on ice loads, the load
for a ship with an icebreaker and a non-icebreaker bow shape were con-
sidered. The results of the calculations are presented in the form of
curves of ice loads in Figures 35 to 38. From Figure 35, it is obvious
that with an increase in the lcngth of the parallel middle body and all
other conditions being equal, the curve of impact loads is displaced to
the forepart of the ship, proportionately to the length of the parallel
middle body. With this, there is a growth in the ice load in the area
of the first and second frame lines with an increase in the length of
the parallel middle body. Curves of loads on ships with various fore
waterplane coefficients presented in Figure 36, reveal the substantial
effect this parameter has on ice loads. A decrease in the waterplane co-
effecient « causes a considerable increase in loads in the area of the
third and f2?¥h frame lines (the so-called fore shoulders of the water-
line). This is explained by the iicrease in the angles between the tan-
gent to the waterline and the longitudinal plane in this area. For a
waterline with a large fore waterplane coefficient, maximum loads move
toward the stem and the curve of ice loads has no maximum. Curves of
loads for ships with various ratios L/B with L = 0,2 L and « =
= 0.804 are presented in Figure 37. From the P?Sgre, it follownbgnat
the ratio of a ship's length to its breadth has a comparatively small
effect on the magnitude of ice loads. So, with L/B = 8, loads decrease
by approximately 20%; this can be explained by the decrease in the angles
between the tangent to the waterline and the longitudinal plane with an
increase in L/B. Curves of loads of two ships having different verti-
cal slopes to their sides are presented in Figure 38, (see Table 10). A
comparison of these curves shows that the ice load substantially increases
(by an average of 50%) when the slope of the bow frames is cut in half.
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Table 10
Values for angle B,*
ua b 'lm‘ m. wesnroyrs I
.”m a8 e ’ = .
- RN
Neowmnss | 3 | 20 | o | 7w | s
f [la-mm 12 | 18 ] o1 a8 | 5| 18
a-bow hull lines; b-frame line number; c-icebreaker;
E d-non-icebreaker.

. bl.’l.”'. \
i
. |
ooy
i ! i q " ! ' § 2 s 9 Q' 5
l. ' » ' ‘:
= j"!
' | LT ~
* ’ .
iz T
[ . | o]0 '
] i N ~mlj : [7)
t 1 | [
5 1 [ L
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/. - f
LA | 5
0 s [ 7 at i
A ' Teapemuvechue mpsnzaymy

Figure 35. Effect of the length of the parallel middle body

on an impact ice load. a-frame lines; b""pbow'
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Figure 36.

e .

Figure 37.

i
. s .4 1. 8
! C Ly 020t !
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! /\a."dm NLAT nat
L/ A ™
| ™ 0.804
T T
i K oms :
4 50
1]
1
t
1
i/
) $ 3 -71a ¢ J ¢ R 2 I [ B
. Teopemuvecxue wdaneymy ‘ N

Effect of the coefficient of fineness of waterline
on an impact ice load. a-frame lines; b.y. 8
c-L ) pow

pbow
0, 9.8 . 1.
big,~0.20L '
I o
L
jﬁ'ﬁ\ L1 i 0
T |
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Effect of the ratio L/B on an impact ice load.

a-frame lines; b-L g
pbow
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Figure 38. Effect of vertical sloves of frames on an impact
' ice load. a-frame lines.

I - Non-icebreaker shape; II . Icebreaker shape.




CHAPIER IV

DATA ON OPERATIONAL EXPERIENCE OF SHIPS UNDER ICE CONDITIONS.
CLASSIFICATION OF SHIPS SAILING IN ICE.

15. _Ice Damage to Hull Structures of Icebreakers and Cargo Ships.

Study and analysis of ice damage to hull structures of icebreakers
and casgo ships, the construction strength of which is known, make it pos-
sible to compare the above recommended design ice loads with ice loads
which actually act on a ship's hull. As a result of such comparison, it
is possible to determine more accurately a design plan for calculating
ice loads for various classes of ice ships. Detailed analysis of ice
damage to hull structures with necessary calculations is an independent,
large volume task. Therefore, only several conclusions concerning ice
damage to ships are cited below. Damages resulting from violations of
navigation rules and tactics for sailing in ice are not considered here.

When examining the hulls of several icebreakers, it became clear
that they alil had ice damages, the amount and nature of which depended
considerably on the technical condition of the ship. The usual types of
ice damage to icebreakers' hulls are dents and crimps in shell plating,
permanent deflections of frames, loss of flexural stability of frames
and beams, and disturbance of the strength of riveted joints. Most of
the damage was registered in the area of the ice belt as weil as on the
bottom of the icebreaker's bow. Most oi the damage occurs in the bow which
takes impact ice loads. Damage to icebreaker midsections resulting from
ice compression is insignificant in comparison with bow damage. Most
icebreaker hull damage (dents and crimps in shell plating, permanent de-
flections of frames, etc.) is characterized by an insignificant amount
of deflection (up to 50 mm) and does not present a danger to the ship.
More severe damage to hull structures with deflections up to 200 mm are
observed on old construction icebreakers. This is explained by the con-
siderable wzar on the shell plating and framing over a long period of
operztiion.

It should be noted that the hull strength of most icebreakers
which have been corstructed is adequate and ensi.res accident-free opera-

tion in ice conditions.

Study and analysis of ice damages to various cargo ships make it
possible to make the follcwing generalizations.

1. Nearly all cargo ships sailing in ice experience ice damage.
The amount and nature of these damages depend on the technical condition
of the ships' hulls and their operating conditions.
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3. The most characteristic damages to cargo ships include: dents,
crimps and less often, cracks and fractures in the shell pleting; bending,
loss of stability and fracturing of frames, stringers and kiwes; and much
less often, damage to decks, platforms and transverse bulkheads.

3. Ice damage is usually located in the ice belt of the hull as
well as beneath it. Most damage occurs on the ship's bov, the most severe
damage being observed in the area where the entrance joins the parallel
middle body.

&. Bow ice damage is a consequence of impacts of the hull against
ice; damage in the midsection of the hull is a2 result of ice compression.
Permanent deflections and damage of hull structures in the bow are usually
of a local nature. In the midsection of the hull, damages are spread over
considerably larger sectors.

S. The hulls of soms cargo ships of various ice classes have in-
adequate strength. In a mumber of cases, this is explained by construc-
tion and engimneering defects. However, as a rule, inadequate ice strength
of cargo ships is a consequence of the ice class not actually corresponding
to operating conditions, especially in the Arctic,early.navigation period
when ice conditions are most severe.

16. Comparison of Construction Strength of Ships with Design
Ice loads.

To evaluate the correapondsence of ships' construction strength with
their actual operating conditions in ice, it is necessary to select magni-
tudes for initial paramsters determining ice loads and specifically, the
ship's speed before striking the ice and their strength and thickness.
These parameters must be such that the design ice strength of the hull
will ensure accident-free ship operation.

To determine ice loads in the bow, the impact of a ship against an
ice field at a given design velocity without allowing for bending of the
field should be considered. Loads in the midsection should be calculated
from a condition of compression of the hull in ice of a given thickness,
taking bending of the fieid into consideration. From this, it is possible
to construct a curve of theoretical loads and to designate design ice loads
by squaring curvilinear sections of the curve as indicated in 12. and 13.
The velocities obtained as design velocities are the maximum permissible
during impact against an ice massif which does not fracture but experiences
only local crushing strain in the impact area. In the case under considera-
tion, it is assumed that small.sized ice floes which are usually located
between the ship's side and the edge of the ice field and soften the im-
pact, are absent., Bending of the ice field which decreases the magnitude
of the ice load, especially during movement in relatively thin ice, is
also disregarded. Naturally, with such initial conditions, the actual
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operating speeds at wvhich a ship can move in ice without damaging its
hull will be greater than the selected conditional design velocities.

Table 11

Design velocities for impact against ice for ships of

classes,
Ship Ship Speed,
type class kts,
) 12
° cebreakers 1I 8
111 6
. UL (Arkt) 5
Cargo ships UL 2
L 0.7
UL 3
Tugboats L 1.2
Table 12

Maximum ice thickness during ice compression for ice ships.

Ship type ) Ship class Ice thickness, m

1 4

icebreakers 1I 3
I11 2

Cargo ships UL (Arkt) 1.5
UL 0.9

UL 0.7

lugboats L 0.3

- When setting design velocities and ice thicknesses for icebreakers,
the purpose and power of the icebreakers are taken into consideration.
Practice shows that for I-class, heavy icebreakers (see 17.),12 knots can
be taken as the design velocity of impact against ice. For medium ice-
breakers (II class) and harbor icebreakers (III class), these velocities
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are 8 and 6 knots respectively. Design velocities for cargo ships are
designated depending on the ice class of the ships, allowing for their
movement in a channel behind a heavy icebreaker. In doing this, atten.

tion was given to operating experience of ice ships which proved them-
selves well, while operating in ice.

Conditional design velocities of impact against ice have been taken
for ice ships in accordance with the aforesaid. (Table 11).
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Figure 41. Construction and design strength of a harbor ice-
breaker: a- plating; b-side framing. design load;

= ¢ = ¢ - +» = theoretical ice load§ - - ~ - construction strength.
A-frame lines.

When calculating ice loads, the strength characteristics of the
ice are assumed in accordance with data presented in 1. for Arctic ice.
For cargo ships and tugboats, tae ultimate crushing strength gf ice in
impact is taken as 0, = 400 t/m , in compression o, = 200 t/m and in
bending o, = 100 t/m 2. For icebreakers, the indiGated strength charac-
teristics are increased by 25% in view of their expeditionary navigation
in the early navigational periods. The Poisson goefficient is assumed
as p = 0.34; specific weight of ice Y = O.BZ t/m2 and the modulus of
normal elasticity in compression E = 4 . 10" t/m“. Values for ice thick-
ness at which the midsection does not undergo serious damages in the pro-
cess of compression are presented in Table 12,
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L-class ice cargo ships must sail during favorable ice conditions

when there is no compression.
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Figure 42, Structural and design strength of prototype:
a-shell; b-side framing. designed load; - ~ ~ -
structural strength; - . - . - theoretical ice load.
A-frame lines.

Figures 39 and 40 present graphs of the construction strength of

the side framing of a heavy and medium icebreaker, as well as values of

ice loads, obtained by calculations for the corresponding ice navigating
conditions. Analogous data for side framing and plating for a harbor ice-
breaker is presented in Figure 41. From these graphs, it is obvious that
the construction strength and design ice loads agree with each other as

a whole. At the same time, it is known from operating experience that

the icebreakers under consideration did not suffer substantial ice damages.

The construction strength of framing at the extremities of a heavy
icebreaker proved to be somewhat greater than design ice loads. For a
medium icebreaker, the construction strength and ice loads in the bow and
midsection were very close. Considering that icebreakers must quite often
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‘move astern in ice, it is necessary to increase the strength of their stern

in comparison with their midsection.

From Figure 41, it is seen that in the area of the third to seventh
frame lines, the strength of the side framing and plating is somewhat lower
than required by calculations. As operating experience shows, insignifi-
cant crimping of the shell plating occurred specifically in that area.

'R
-
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- |

W88 K 2w 2
A Tespemyucns asessopny

Figure 43. Construction and design strength of a UL (Arkt)-
class cargo ship: a - plating; b- side framing.

design load; - - - - construction strength; - . - . = , -
theoretical ice load. A -frame lines.

Further operating experience of icebreakers will permit more ac-
curacy to be introduced when designating their hull strength in the ice
belt area.

Figure 42 presents curves of the construction strength of side
framing and plating of a UL (Arkt)-class cargo ship; curves of design
ice load are also constructed there. From a comparison of these curves,
it follows that they are relatively close with the exception of the area
of the third and fifth frame lines where construction strength is less
than design strength. This situation points to the inadequate strength
of the side plating and especially of the framing of the ship in the
area under consideration, which is the juncture of the bow with the parallel
middle body. Calculations show that ice loads in the area of the third
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and fifth frames attain a significant magnitude as a result of the com-
paratively small slope to the side and sharp transition of the entrance
with the parallel widdle body. Operating experience in ice completely
confirms this conclusion, inasmuch as a large part of ice damage to plating
and especially to framing, occurs specifically in that area of the hull.

Curves of construction strength of side framing and plating of one
of the ships, also of the UL (Arkt.)-class are compared in Figure 43, As

the figure shows, the construction strength and ice loads practically coin-
cide over the entire hull length.

o .
170 >

o 4 , Vi

s T -+ § s 4 - r
. & Teopemuvacnue usarzogmy .

Figure 44. Construction strength of side framing of UL.and L.
class cargo ships.

I.U,D-=11,179 ¢; II -UL, D = 9,500 t; III - UL, D = 10,450 t;
IV.UL, D= 9,050t; V - UL, D =11,080 t; VI.L, D- 12,700 t;
VII - L, D =13,500 t. a-frame lines.

Figure 44 presents graphs of the construction strength ef side

framing of several cargo ships ot various ice classes. From the figure,

it is obvious that the construction strength of a series of ships of the
same jce class and of nearly the same displacement (dimensions) fluctuates
over a rather wide range. The excessively high hill strength of several
UL-class ships displacing 11,170 t, which practically corresponds to the
UL (Arkt.)-ice class, attracts attention. This is a consequence ot the
present practice of installing ice strengthening on ships which sail in the
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ice and cannot be assumed as norsal. It should alsc be noted that Ul-ice
class light and medium ships, as a rule have less ice strength than larger
ships of that same ice class. Therefore, during ice compression, the in.
tensity of which does not depend on a ship's dimensions, light.and msdium-
cargo ships find themselves under more difficult conditions than heavy
ships and naturally receive considerable ice damage. Construction strength
and design ice loads of a UL.class,medium,timber carrier are compared in
Figure 45. From the figure it is obvious that the strength of the ship's
plating as a whole, corresponds to the design ice loads except in the area
of the third to fifth frame lines, where it is inadequate. The strength
of midship side framing is considerably less than the strength required

for ships of the given ice class. This was reflected in this ship's opera-
tion, During ice compression, the ship received heavy ice damages in the
form of non-elastic strains in the hull framing amidships.

b)
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Figure 45. Construction and design strength of a medium,timber
carrier: a- strength of framing; b-strength of plating.
design load; - - - - construction strength. A.framm lines.

Figure 46 presents graphs of ice loads on the side framing of cargo
ships dispiacing 10,000 t, for various hull lines and ice classes in con-
formity with the classification of ice ships cited in 17.

A number of assumptions were made in the process of computing the
magnitude of ice loads when performing the comparative calculations of
the strength of icebreakers and ice class cargo ships; therefore, the
estimate of the construction strength of ships that sail in ice and the re-
commendations made should be considered as preliminary, requiring intro-
duction of corrections as additional theoretical and experimental data
is accumulated.
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Figure 46. Ice loads on side framing of cargo ships displacing
10,000 t of various ice classes and having various hull lines.

design load; - - - - theoretical ice load.
I - UL (Arkt.) icebreaker form; II - UL, non-icebreaker formj;
III- UL semi-icebreaker form; IV - L , non-icebreaker form;
V - L, semi-icebreaker form.
a- frame lines.

17. Requirements of Various Shipping Registries for Ice Strengthening
of Ships. Proposals for Classifying Ice Ships.

The hull strength of ice ships is conditioned,to a considerable
degree, by special requirements which are compiled in ship classifica-
tion and construction regulations. These cargo ship construction and
strength requirements are in the Rules of the Register of Shipping of
the USSR as well as in the rules of the majority of leading foroign shipping
registries (British Lloyd's, French Bureau Veritas, Finnish Shipping Coun-
cil, Norwegian Veritas, American Bureau of Shipping). The basic require-
ments of the listed shipping registries regarding ice strengthening of
the hull are presented in Table 13.

Icebreaker construction rules are not regulated by any of the
shipping registries with the exception of the Norwegian Veritas, which
for the first time in 1961, published rules containing icebreaker classi-
fications, recommendations concerning hull strength and construction,
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selection of lines, designation of the power plant capacity, etc.

It should be noted that in the various rules, the length of strengthened

areas is not the same. In connection with this, when making comparisons,
it is conditionally assumed that the ratio of length to breadth for ice
cargo ships is about seven on the average. It is possible to formulate
some concept of the degree of hull strengthening in comparison with the
hull of an unstrengthened ship from data in Table 13. However, it is dif-
ficult to compare strength of ships constructed according to rules of the
various shipping registries on the basis of the presented data inasmuch as
they designate ice strengthening on the basis of different operating con-
ditions and technical proposals. Moreover, the shipping registries use
different approaches to the determination of scantlings of midship framing
and plating of unreinforced ships, on the basis of which supplementary
strengthening for ice class ships is designated as a rule. Therefore,
Tables 14 and 15 present comparative data on the hull strength of a ship
displacing 10,000 t, selected from the Rules of the Registry of Shipping
of the USSR, British Lloyd's, and Norwegian Veritas.

A comparison of the requirements of the various shipping registries
(Tables 13, 14 and 15) shows thet:

1. of the foreign shipping registries, British Lloyd's sets the
highest requirements for ice strengthening of ships;

2. the hull strength of I-class ice ships of British Lloyd's cor-
responds approximately to the hull strength of UL class ships of the Re-
gistry of Shipping of the USSR. The strength of the side framing of the
fore body according to Lloyd's Regulations is approximately 35% less and
in the midsection is 25% higher than according to Regulations of the Re-
gistry of Shipping of the USSR. The plating thickness in the fore body
(for a length of 0.15 L from the stem) is 1.5 mm greater for the same frame
spacings,according to Lloyd's. The hull strength in the bow of a ship of
the highest ice class IsA of Norwegian Veritas, is less than the hull
strength of UL-class ships of the Registry of Shipping of the USSR and in
the midsection and stern, it is approximately the same;

3. the hull strength of II-ice class ships of British Lloyd's and
IsB-class of Norwegian Veritas is greater than the hull strength of L.class
ships of the Pegistry of Shipping of the USSR and III.class ships of Lloyd's
and IsC-class ships of Norwegian Veritas are close in strength to L-class
ships;

4, there is no ice class corresponding to the UL {Arkt.)of the Re-
gistry of Shipping of the USRstipulated in regulations of foreign regis.
tries. There are no specific hull strength requirements for ships of
that class in Regulations of the Registry of Shipping of the USSR;

5. a general deficiency in the regulations of shipping registries

is that when scantlings of hull strength braces are designated, basic
factors on which the magnitude of the ice load depends are not considered
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at all or are inndujiutoly considered. These include hull lines, ships®
speed in ice and ice thickness and strength;

6. requirements for ice strengthening of ships are systematically
being improved and made more severe. For example, in Regulations of the
Norwegian Veritas issued in 1958, there were instructions concerning
strengthening of only one ice ¢lass IAIIs and in the 1962 editirn, three
ice classes, IsA, IsB and IsC were stipulated. Moreover, in 196i,Nerwegian
Veritas published rules for the classification and construction of ice-
breakers for the first timse.

Considering the above-mentioned defects inherent in effective rea
gulations as well as the existing tendency in the Soviet maritirw fCleet
to extend the Arctic navigation period and to ensure year-round operation
of ports in frozen seas outside the Arctic, the authors propose a new, more
complrte classification of ice ships. The quantity and designations of
ice classes of cargo ships and tugboats adopted in effective Regujations
of the Registry of Shipping of the USSR are kept under the proposed classi-
fication system.

For the first time in Soviet practice, a classification is made of
icebreakers which are subdivided into classes according to their purpose
and abjility to pass through ice, deteramined by their basic dimensions and
power plant capacity, all other conditions beaing equal. In accordance
with the proposed classification, specific recommendations concerning designa-
tion of scantlings for hull structures which are subject to ice action
are presented in the second section of the book. Results of the la .st
theoretical research in the field of ice strength as well as experience
in design and operation of ice ships were considered when working out
these recommendations,

Acceptance of one or another classification for ice ships is doubt-
lessly the prerogative of the shipping registries. However, the authors
hope that their proposals will be of use and will be taken into considera-
tion when the Regulations of the Registry of Shipping of the USSR is cor-
rected and republished.

Classification of icebreakers. The Polyarnyy-Class icebreaker or
I-class is the designation for icebreakers with a power plant capacity
of more than 20,000 hp, which are intended for making channels; conducting,
breaking around and towing ships; and forcing heavy ice dams and hummocked
formations in Arctic Seas during the course of all Arctic navigation. These
icebreakers can also be used in the wintertime during years of severe
freezing in frozen, non-Arctic seas (Baltic, White, Okhotsk). The atomic
ship, Lenin, (N = 44,000 hp) and Moscow-class icebreakers (N=26,000 hp)
can be included in this class.

The medium icebreaker class or II.class, includes icebreakers with

a capacity of 9,000 to 20,000 hp which are intended for making channels;
conducting, breaking around and towing ships; and forcing icc dems and
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hummocked formations in Arctic seas in the susmmer to sutumn period and

in frozen, non-Arctic seas in the winter period. These icebreakers work
together with Polyarnyy icebreakers in conducting ships over difficult,

iced sectors of the route. The icebreakers Sibir' and Krasin can be counted
in this class.

The harbor icebreaker class or IlI.class, includes icebreakers in-
tended to operate in ports, bays and roads of Arctic seas in the summer
to autumn period and in frozen, non-Arctic seas in the winter period, as
well as for conducting ships together with icebreakers of heavier classes.
The power plant capacity of icebreakers of this class carn fluctuate over
a wide range; however, it is usually not greater than 5,000 to 6,000 hp.
The icebreakers Il'ya Muromets (N = 3,700 hp) and Ledokol-1 (N = 5,400 hp)
can be included in ships of this class.

Classification of ice cargo ships. UL (Arkt.)-class includes ships
intended for systematic navigation in Arctic and Antarctic seas throughout
the entire navigation period under icebreaker conduct, as well as for in-
dependent navigation in compact ice fields up to 0.5 m thick and in very
compact ,coarsely-broken ice. Ships of this class should be given ice-
breaker form hull lines, at least in the fore part. The strength of UL
(Arkt. )-class ships must allow them to endure ice compression and roughly
corresponds to the strength of Lena and_Amguema.class ships. The power
plant capacity must be chosen to allow independent navigation in ice.

The UL-class includes ships intended for navigation in Arctic and
frozen non-Arctic seas throughout the navigation period conducted by ice-
breakers and in open pack ice independently. Ships of this class can be
subjected to ice compression. The UL-class includes the largest numerical
group of caryo ships intended for navigation in ice.

In view of the increased demands on modern ice ships occasioned by
the commissioning of new,heavy,icebreakers and the extension of the naviga-
tion period in Arctic and non-Arctic frozen seas, the strength of ships
of the class under consideration must be somewhat higher than the strength
of constructed UL-class ships of the Registry of Shipping of the USSR (in
accordance with regulations issued in 1956). 1t is advisable to give UL-class
.ships a semi-icebreaker form bow to improve their ice qualities.

The L-class includes ships destined to sail in frozen non-Arctic
seas and in the summertime of years of moderate and light freezing in
Arctic Seas, l.-class ships conducted by icebreakers must not be subjected
to ice compression. The hull strength of these ships roughly corresponds
to the strength of ships constructed in accordance with the requirements
for L-class of the Registry of Shipping of the USSR (in accordance with
regulations issued in 1956),

Classification of tugboats. The UL-class tugboat includes tugboats
destined to conduct and tow ships in frozen, non-Arctic seas and in Arctic
seas in the summertime. The L-class tugboat includes tugboats destined
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to conduct and tow ships in ice 1n the Black and Caspian Seas, as well
as in the southern part of the Baltic Sea and Sea of Azov.

UL-class tugboats should be given icebreaker lines and L--lass
tugboats, semi-icebreaker lines. The hull strength of these tughboats,
according to the new classification,must be somevhat increased over the
requirements of effective regulations.

For example, Figure 46 presents design ice loads on side framing

for cargo . hips displacing 10,000 t in conformance with the classifica-
tion proposed by the authors (see page 99).

=110-




§ ot

T b

SECTION TWO

CAiLUIATION OF THE RESISTANCE OF HULL STRUCTURES TO THE

EFFECT OF ICE LOADS

CHAPTER V

STRENGTH OF SIDE PLATING AND FRAMING*

——— -

* Materiats which Engineer, A. A. Bubyakin, helped develop were used
when writing tuis chapter,

18. Desiynating Scantlings and Determining Ice Belt Plating Thickness.

The side plating of ice ships is constantly subjected to hydro-
static loaas whea sailing in clear water and to the effect of contact
stresses from ice cover. Under normal operating conditions, plating must
withstand external loads without receiving non-elastic strains. Stresses
caused by ico considerably exceed in intensity,hydrostatic pressures;
therefore, .1 7 stiuctures in the area of interaction between the ship's
hull and i.e sinould be calculated exclusively for ice loads. A test of
the plating's uvdrostatic head strength and its part in overall bending
can be requireid citly in rare cases,

Ice icad upplications are usually local in nature, acting on a re-
latively unwil scctor along the ship's side (mainly in the area of the
effective varerline). The area of ice load application increases signi-
ficantly or'y Juring ice compression of a ship.

An i~ beft of increased strength to absorb ice loads is installed
on all ice ships and icebreakers in the area of the side which is directly
subjected to i.- action. Side plating in the area of the ice belt is

strengthencd . means of increasing its thickness and decreasing the dis-
tance betwoii y,AmeS ¢ High tensile steel with a yield stress up to O =
=45 to 50 k. wit~ and more,often is used for the ice belt of the she11”

plating. 1n:- ailows the weight of the ice strengthening to be reduced.
The ivc¢ heit length is designated depending on the operating con-

ditions au¢ typw ot ship and is regulated by regulations of the shipping
registries :o¢ .- wh ice class individually. Changes in the ship's draft
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when sailing with cargo amd in ballast, and possible trim and !ist angles,
as well as pressing up of the hull and hummocking of ice at th: ship's side
during ice compression are considered.

The largest part of floating ice is below the water, i.c., haiow
the effective waterline., Moreover, a substantial number of ice ‘!1e3 are
submerged by the hull as a consequence of the flare, Th> nure i+ i:iracts
against ice experienced by the underwater part of the hull te:t iy to this.
The underwvater part of the h:iil can be encompassed by ice for = sihstantial
distance froam the stem to the midsection and from the waterlinun Jc 1. There-
fore, the width of the ice belt bulow the effoective waterline ruv-+ Ln zon.
siderably greater than its width above the water.

Figure 47 presents diagrams of the location of the ice L«it an sea
cargo ships according to requirements of various shipping regisiries and
indicates the increase in thickness of the ice belt plating (by percent)
in comparison with the thickness of the plating in the midse~ti - o' 2hips
which are not ice strengthened,

Recommendations of the authors for designating scantlings for the
ice belt of ice ships and icebreakers, based on an analysis of experience
in the design and operation of Soviet ships, are presented below. In making
the recommendations, the above-cited considerations of the nature of the
interaction between a ship's hull and the ice were taken into considera-
tion and attention was given to lengthening the nav: .yation periods in the
Arctic and frozen, non-Arctic seas, extending areas of ice navigation, etc.

For I-and II-class icebreakers, displacement of which varies little,
the lower edge of the ice beit amidships must extend at least 3,500 mm
below the waterline corresponding to its load displacement. This lowering
of the bottom edge of the ice belt corresponds to the thickness of compact
ice in which these icebreakers can operate. At the same time, this lowering
will be adequate when the icebreaker is required to operate at the ainimum
possible draft because of shallow water. The upper edge of the ice belt
must remain at least 800 mm from the waterline corresponding to the ice-
breaker's maximum draft. Possible listing of the icebreaker and impacts
against hummocks protruding above the water's surface were taken into
consideration when designating these scantlings. For IIl-class icebreakers
which sail under less severe conditions, the ice belt width cen - taken
as nearly 500 mm above water and on the order of 1000 mm underwater {€rom
the waterline corresponding to full displacement). Considering that dam-
ages in the fore part of hulls of all classes of icebreakers are observed
much lower than the ice belt, the authors suggest that the ice "21t in that
area be extended completely to the keel for a distance of 0.2 ~<tern from
the forward perpendicular. The lessening of the height of tha ico belt
in the transition from the bow area to the midsection must be g .acual.
Through strakes must also be installed above and below the ice ‘. 1", :ha
entire length of the ship.

On UL (Arkt.) and UL-class cargo ships, the ice belt n: fad

650 mm above the summer load waterline and 1,200 mm below the oo -t
waterline amidships. On UL-class tugboats, the ice belt mugt tv o
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above the waterline corresponding to the maximum draft and 800 sa below !
the waterline correspending to the minimmm operating draft. On Laclass

tugboats, these msasuremsnts are 300 and 600 mm respectively. Considering

the possibility of impacts by ice floes against the undurwvater part of the

bull, the ice belt on UL (Arkt.)-class ships and UL.class tugboats should

go completely down to the lwel for a distance of 0.2L astern from the for-

ward perpendicular. 7This distance can bes reduced to 0.1 L on Ul-class

shipe and L-class tugboats. The requiremsnts for transitional arecas here

are the sams as those maintained for icebreskers.

On L-class ships, the ice belt is installed only in the bow for a
distance of at least 0.2 L from the forward perpendicular® and extends
400 mm above the winter load waterline and 900 am below the ballast water- :
line.

* It is advisable to extend the ice belt to the tramsiticn area between
the fore part and the paralle]l middle body.

As indicated above, local sirength of side plating in the area of
the ice belt should be calculated for ice loads only. The side framing,
decks and platforms serve as a rigid,index contour for the plating and
divide it into a series of rectangular plates. Distance betveen the short
sides of the index contour c is usually several times greater than the
frame spacing s. The design ice load should be applied to the center of
the plate span. In this case, with c¢/s > 2.0, the rectangular plate can
be considered as an infinite band with a width of s. When ¢/s < 2.0, the
effect of the short sides of the index contour should be considered. Such
calculations can be required when there are frequently placed; bearer
stringers installed to support the frames and increase the carrying capacity
of the side plating.

The procedure for calculating bending of rectangular plates, in both
the elastic and elasto-plastic areas, is sufficiently completely developed,
Therefore, it is theoretically possible to calculate the shell plating for
an ice load of a given intensity. The basic difficulty consists of a lack
of a substantiated procedure for designating the magnitude of the design
load on plating, as well as inadequate knowledge of the nature of load
distribution. There have been various calculation methods. A. K.
Osmolovskiy [35] and Yu. I. Voskresenskiy considered the work of plating
in elasto-plastic and plastic zones, deducing all dependencies for plates
bending a‘ong a cylindrical surface (for a strip). Along with this, an
attempt was made to determine the ice loads acting on a hull by means of
} analyzing measured strains and to establish corresponding norms of strength.
4 However, the procedure of calculating external loads by non-elastic strains
remained practically unexploited. Therefore, at the present time, until
it becomes possible to use the results of these works, direct calculation
of actual external loads on plating by means of strain is extremely desirable.
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A. A. Kardyvsov [23] propeses that the shell plating be calculated
as a otrip, rigidly constrained ou. frames. The intensity of external loads,
in thia case, utahonuoqmltoth-t.onrymhtmott”mto
breaking up (cmunu).vhichrorlmllubquuo = 600 t/m. In the
fore part (0.27L), in connection with the dynamic actiSn of the load, its
magnituds grows by 50 to 100%. The admissible stress in a plate is assumed
&8 oqual to the yield stress of the material. Thus, the design load on
Plating turns out to be independent of the ship's velocity, lmll lines
and displacemsent. For most ships, calculation by this msthod leads to an
increase in the thickness of the plating.

In N. F. Yershov's work [17], a calculation of the critical load on
a ship's plating is made,allowing for inherent thrust. The plate is con-
sidered as being a simply supported strip and the critical load corresponds
to the appearance of a plastic hinge in the center of the span. As should
be expected, allowing for membrane tensions has an influence on the magni-

tude of the critical load,only for small thicknesses and large frame spacings

which are not characteristic of ice ships.

A general defect of the above-cited calculating systems is the absence
of a link between calculation of design externa) stresses for the framing
and the plating. This cannot be considered correct inasmuch as the same
external load is acting on the ship's hull. Moreover, no sharp delinea-
tion wvas made between ships by classes and the cited calculation systems
were not analyzed from the point of view of actual ice navigating condi-
tions from which,in the final analysis, requirements for framing and
plating strength sust originate.

In his work [53], Yu. A. Shimanskiy notes that the strengths of side
framing and plating must be found in relation to each other. In order to
establish the degree of this relationship, Yu. A. Shimanskiy introduces
a conditional gauge -- the modulus of resistance of the hull side plating
depending on plating thickness, frame spacing, critical load on framing
and critical stress of the plating material. This coefficient makes .it
possible to judge only the relative strength of the framing and plating
of various ships. The true dependence between these magnitudes actually
remains unestablished.

Thus, the above-cited methods allowed the strength of a ship to be
calculated according to the known strength of a corresponding ship-proto-
type. In other cases, they yielded satisfactory results for only a de-
termined group of ships. Use of the design formilas for ships of other
dimensions and classes led to either an overestimate or an unbased reduc-
tion in plating thickness. In essence, the external ice load actually
acting on the plating was not determined. Whereas it is perfectly clear
that ice belt plating is subjected to action of pressure developing in
the zone of contact between the ship's side and ice, the zone of ice load
application to plating takes the form of a patch stretching along the ship
for sever..i frame spacings. Therefore, when calculating strength, ice
belt plating should be considered as a plate supported on a rigid contour
and rigidly fixed on the frames. Shell plates must be considered as rigid

-115-

AU ! B PR SR




plates, disregarding membrane tensions as being negligible in comparison
with flexural stresses.

Flexural elemsnts of plating under the effect of a local load equally
distributed over the area of the crushing sone (Figure 48), can be computed
as the corresponding cylindrical bending elements of plates multiplied by
correction factors k, as minor units {48). The values of coefficient k, as
a function of the relationship c/s are presented in Table 16. s the table
shows, when c¢/s > 1.k, a rectangular plate can be comsidered 1~ infinite
and calculated by the formula for a strip.

Table 19

Value of crrrection factor kz.

efs |02]04]06]08]1.0]1,2]1.4]016]18]20]22

& |0,338|0.578 0.744 o.'tu 0.923]0,965]0,990]0.996 | —

'l
-
=

We shall assupe that the strength of side plating is assured if the
maximum,normal,stresses in the extreme fiber acting on the center of the
loaded edge of the index contour do not exceed the yield stress ¢ of the
material. The design bending moment in the indicated section of The plate
is calculated according to formla

M..ﬂ"l';kt' (18.1)
[ 4

g (6 2

Ty

Figure 48, Design diagram of the load for ice belt platina.

Assuming bending to be cylindrical, for extreme fiber stic«zes of
the plate we obtain

o . Nl _
o':s—:- ‘_'_), 11k, 2)
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- is the intensity of the ice load on the platings
= is the frame spacing;
~ {8 the plating thickmess.

vhere

ot ©

FipS A e

Assuming that fiber yield occurs, we obtain a final formula for cal- .
culating shell thickness

4= 22501/ L s, (18.3)

where yield stress is assumed in -kg/c.z, pressure p in 1:/-2 and frame
spacing s,in meters.

When stipulating plating thickness, its intensive wear in the pro-
cess of the ship's operating under ice conditions,should be taken into
consideration. It is especially important to consider the wear for small
ships with relatively thin plating. Designating the period of the ship's
service (in years) by i, and the annual wear of the plating (in =m) by A8,
we write the condition of the plating strength at the end of an operating
period

”gﬁ'(’ﬁ).' : . (18.4)

where k - is a coefficient equal to the ratio of the section moduli in
the elastic and plastic zones;
6. - is the plating thickness designated, taking its wear into con-
sideration.

In accordance with data from operating experience of ships sailing
in ice, A5 = 0.2 mm can be assumed as average. The thickness of the side
plating, taking its wear into consideration, should be calculated on the
basis of attainment of a plastic hinge in the abutment sections of the
plate (k = 1.5),at the end of its service period which can be assumed as -
twenty years.

Then, substituting values k and t in fo:mula (18.4), we obtain an
expression for calculating plating thickness, taking wear into considera-

tion . o0§ 8 90 om
61=1848|/ -%-'*4”. (18.5)

As the calculations showed, formula (18.5) should be used when
6 <22 mm, i.e, when s -‘,9_ < 0.1; in all other cases, formula
g

(18.3) should be used since the condition of plate strength at the end
of the service period is also observed without correcting for wear.
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For ships vith a longitudinal framing system, the ratio !/a (where
a is the distance between longitudinal strengthening ribs, { is the dis- o
tance between the short sides of the index contour), usually exceeds 2.0. ‘ !
Therefore, formulas (18.3) and (18.5) can also be used,in this case,for :
E designing the plates of ice belt plating.

Example. We shall calculte the thickness of side plating
of a UL-<lass ship. Length of ship L = 120.6 m. Frame spicing”
in the ends and amidships s = 363 Plating material is stcel
with a yield stress 0_ = 3,500 kg/cm . Design load on the how
plating is calculated” by formula (13.4); & calculation of the
thickness of plating for this area of the hull is present~1 in .
Table 170

Intensity of the ice load on the ship's midship apd stern
plating are assumed to be the same and equal p = 76 t/m . ihen,
according to formula (18.5)

. = -
6li.d = 184.0,202 |/ Wﬂ-‘-“,“ ta.

Thus, finally, for the midship and stern section, it should

- 6 . .
be assumed that 6-“ G.ts 14 mm, and for the bow, § ~ - 20 mm
Table 17
i Calculating bow plat thi s for a UL.class ship.
T o o “|Theoretical frame numbers
] Parameters
: ! 2 3 .4 5
‘s, frame numbers| 16 | 16" M 11,6 8
M, 0.2 |92)-83 . 715 |53
o . f,dege- - 17 || s 8 |35
ky Josos]1,08] 107 | 1,20 | 130
. ) " .|es|65) 68 | 65 |65
L. ' 306 | %06 | 06 306 | 306
I . 179,6|192,4| 176,56 '| 183,56 1146,5
. L 0,08210,085| 0,0812 { 0,081 |0,0/4
Oy ]
~ specified 19,1]19,6]| 19,0 18,9 17,81
b, ual__SCtUA1 o | 18| 18 | 16 | |
" no Mpassuaan Perucrpa- . a
& ocdp (moa. 1956 r.). 2,2119.8| 19.8 - ! o

8=  in accordance with regulations of the Registry of : . . of

the USSR ( 1956 ed.).
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19. Iypes of Side Grillges.

As a rule, a transverse system of framing is used for side grillages
of icedbreakers and ice cargo ships. Along with this, a truss framing sys-
tem is used in American,shipbuilding practice. On Soviet,L-class tankers -
which have ice strengthening in the bow only, a longitudinal freming sys-
tem is used amidships. Various types of ice ship side grillages have a --
number of common characteristic features, specifically including: reduced
frame spacings, increased thickness of shell plating in the ice belt area
and intermediate frames and side stringers, as well as single-cant framing
in the extremities which provides stability to the frames.

.-;;;:E:{;gtﬁr!!"’"

The magnitude of the frame spacing along the side of icebreakers
and ice-strengthened classes of cargo ships is 300 to 450 sm. This is a
result of the facts that with frame spacing of less than 300 mm, it is
difficult to perform high-quality welding of the shell plating to the side
framing, and vith frame spacing greater than 450 mm, plating thickness and
weight of the side grillage noticeably Increases.

»

:“‘\ ’ ‘\lﬁ . ! ‘ » j--_.‘ ._:;.1.'5.4 '
Tounder ' tween-deck -

""\ s . .

T 812 89 -

| /[

14, ) ' _' .
ke Tpou bilge

*400 -
L7610

e g6 810
: | \

(@) (@) {eo)] Ko=)
| . 1P Af.

Figure 49. Cross section of the hull of an icebreaker-cargo
ship used for active, ice navigation, )
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Selectidn of a certain framing system and type of grillage depends
on the purpose and class of ship. The class of a ship,regulates either
obviously or indirectly, the magnitude of the design 1co loads and, to a
certain degree, the form of hull lines.

Various side orillm structures of ships which sail in ice are
considered below.

Side grillage with transverse framing system (Figure 49). In this
case, the side framing consists of main and intermediate frames. Moreover,
bearer stringers the same height as the main frames, can be installed.
These transfer part of the load fros frames under load to adjacent frames.
Scantlings of intermediate frames are lass than or the same as those of
main frames. It was previously considered that the role of intermediate
frames consisted only of strengthening the shell plating. Therefore, their
section modulus usually did not exceed 50% of the ‘section modulus of the
main frames. Experience has shown that such frames are often damaged and
strained along with the shell plating,when it is damaged. A framing sys-
tem with different frame profiles provides no advantage in respect to
weight characteristics or construction technology. Therefore, since the
1950's, a system of main and intermediate frames of the same profile has
been used with increasing frequency. This tendency is reflected in the
regulations of shipping registries (Lloyd's, Finnish Shipping Council).
This type of grillage is widely used in the hold area of ice class, dry,
cargo ships since it makes possible a gain in usable cargo spaces and has
several technological advantages.

The side grillage of the Polish construction,Bobruyskles-class lumber
carrier can be considered as a variant of a type of grillage with a trans-
verse framing system. The framing consists of main frames, bearer stringers
and intermediate frames of a smaller profile than the main frames. In ad-
dition, web frames (more precisely, reinforced) of the same height as the
main frames but with a substantially increased free flange are installed
through three or four frame spacings. However, even in this case, it is
advisable to use intermediate framea with a reduced profile.

Another variant of side grillages with a transverse framing system
is grillage with web frames and side stringers. This type of grillage,
used wvhen it is necessary to absorb large ice loads is a system of inter-
secting transverse (main, intermediate and web frames) and longitudinal
(stringers) beams (Figure 50).

Intermediate frames installed the whole length of the ice belt often
have the same profile as the main frames. When doing this, it is attempted
to provide the same coefficient of constraint of the ends of the main and
intermediate frames. This type of grillage has found wide use on ice-
breakers and icebreaker-cargo ships of the UL-and UL (Arkt.)-classes, as
well as in the fore and after parts and engine room of many sh1p° of other

.......

class icebreaker cargo ships].
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Figure 50. Diagram of main frame of a heavy icebreaker.
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Side grillage with truss framing system (Figure 51). A truss framing
system was used on American icebreakers of the'Wind"and"Glacier"class.The
framing forms a single space truss consisting of side frames of the same
profile and longitudinal bulkhead, vertical struts joined together by dia-
gonal strut beams. A defect in the system is that the compartments are
greatly encumbered and its technological design is difficult. In view of
this, the truss framing system on "Wind-class" icebreakers is only used
in the hull midsection which is nearly a true semicircle in profile. The
framing is installed in a transverse system in the extremities.
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Figure $1. Hull framing system on "Wind-class" icebreakers.
a-cross section at 25% frame (looking forward); b-cross section
at 68t frame (looking forward).

20. Side framing without intersecting braces.

In this situation, the frames should be considered as isolated beams
supported on non-sagging support-decks or platforms and undergoing an ice
load Q =¢s (Figure 52). The load intensity is calculated as shown in 12.,
depending on displacement, shape of hull lines and ship's velocit;, as
well as on the physical and mechanical characteristics of the ice. The
load can also be directly set as a technical task for design of a ship.
Since the width of the zone of contact between the side and the ice is
usually small, in comparison with the frame span, the external load can
be considered as being concentrated.

When determining side framing scantlings or checking the assumed

dimensions of braces for ships which sail in ice loaded,as well as in
ballast, the load should be applied to the center of the frame span in
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the waterline area. For example, for a three-decker (see Figure 53), it

is necessary to check the frame strength both in the bilge and in the 'tween

deck, applying the load in each design situation to the center of the ap-
propriate span.

Figure 52. Design diagram for a frame with side grillage without
intersecting braces.

The coefficients of yielding of the elastic constraint of the frame

ends should be determined, calculating the entire frame web., However, they

can be computed,approximately,by using the method of successive equilibra-
tion of connection points.

The method of constraining the ends of unloaded units of the web
has small effect on the unknown magnitude of the coefficient of yielding
and even a smaller effect on the magnitude of the bending moment at the
joint. Therefore, for unloaded web units, it is possible to limit one-
self to two forms of fastening (rigid fixing or simple support), selectingy
the form depending on the structural design of the joint.

The coefficient of yielding of the constraintﬂ‘ , is equal to the
s . : . n m
joint rotation o with the action of a single moment:
g | . .
SII N l T et —
m Mm-l ’
S} kim (20.1)
J=1

where kjm - 1is the stiffness factor of bar j which adjoins joint m;

n - is the number of bars converging at the joint.

For a bar, rigidly fixed on the opposite (not adjoining joint m)

end,
4Ei
klrr.= ._.E_.;

!

for a bar simply supported on the opposite end, kﬁn==‘7rﬂ




where i - is the moment of inertia of a cross section of the bar;
! - is the length of the bar.

gt
. 1 ~ 1
1 LWL ) n,
ren by
ﬁ; \n
"7,' . 2 l:.lg

L,
L

Figure 53). Areas of ice load appli- Figure 54, Symbols for calculating
cation when ship is underway, loaded coefficients of constraint for side
and in ballast. frame,

E- We shall discuss a method for calculating coefficients of constraint

for a frame of a three decker (Figure 54), as an example. Sections II and
III will be calculated.

We shall calculate the coefficient of yielding of joint I for sec-
tion II according to the diagram presented in Figure 55a,

e 3’5('%"*%)' (20.2)

We shall calculate the coefficient of yielding of joint 2 of section
II according to Figure 55b:

1
QI’ = 7

%__. b r’->
low 3 3

.(20.3)

A e



Figure 55. Diagram for calculating coefficients of yielding:
a-in joint 1 for section II; b-in joint 2 for section II.

We shall determine the coefficient of yielding of joint 2 for
section III_ by formula

1
Q‘z I - - - ‘ (20.4)
3E (‘2 M llov)

2 M llm‘r

Coefficients of yielding for other structures can be calculated
similarly.

It is advisable to reduce expressions for coefficients of yielding
of elastic constraint to a dimension

= S/
= (20.5)
where i, | - are the moment of inertia of a cross section and the
length of the section being calculated respectively.
2
. - F—3 o
For section II (Figure 54) P _l.l_..l_'_+ﬁ._'!_.
h h & &
2
Po = (20.6)
ijow b2 LAk
2 Tiow 3

Taking the aforesaid into account, a frame is calculated according
to the diagram depicted in Figure 56.
M L= @ =1 @+ e =+ 9] py, ]
! @ +p) @+ p)—1

m._='l(l—n)l(l +'l)(2+‘r—x)—(2—’l)l Pl." (20.7)
: @+ ) 2+ py—1

where T} = ¢/t.
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Curves of bending moments which act on a {rame are most wasily con-
structed graphically by superposition procedure (Figure 57).

t %)

a.‘;;)" < !

4
f 7
P N {
i ] o

Figure 56. Design diagram for ‘a frame.

.

Then, the maximum bending moment in the frame span is calculated by formula

=1?;--[g,+.?@,—m]: | (20.8)

Expression (20.8) can be writte‘n in the form
M = kgsl 100 (cocm)y

where k - it'a numeral coefficient depending on the number of decks,
area of load application, anc method of fastening the {rame
ends;

s - is the frame spacing, m;

{ - is the frame span, measured along a chord between decks
or platforms, m.
The condition of frame strength is expressed by formula
e K.
Wmin

where °y - is the yield stress of the frame material, kg/cmz.

<4 (20.9)

The minimum section modulus of the frame with an attached flange
of plating in the ice belt area: o

.M {
Waia > =k% 10 cn‘

(20.10)

When calculating the magnitude of coefficient k, various cases of
loading a frame with a concentrated tension P = ¢s for a single-deck, two-
deck, and three-deck ship are considered. The lower frames are considered
to be rigidly fastned in the inner bottom and the upper frames,elastically
fastened at the upper deck (calculations have shown that for actual struce-
tures p _ = 3) can be assumed as an average. The decks and platforms are
considergd to be rigid supports for the frame. The external load was applied
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to the center of the frame span.

We cite values of coefficients k to be entered into formula (30.10):
for bilge frames of single deck ships, k = 15; for bilge fr“. of
having two or more decks, k = l4; for frames between decks and ‘platforws,
k = 16.5 (if the ice belt covers no wore than 1/3 of the frame span) and
k = 19.0 (if the ice belt covers more than % of the fraws span).

£

Figure 57. Bending moment diagram for a frame.

For intermediate positions on the edge of the ice belt, the values’
of coefficient k can be computed by linear interpolation.. Formula (20.10)
is used for calculating side framing consisting of identical frames with
their ends constrained in the same manner, .

In a situation when main and intermediate frames have the same pro-
file but their ends are constrained differently, the frames should be
calculated,taking into account their actual constraint and then, for a
design moment, taking the mean arithmetical value from the moments cal-
culated in the span for the main and intermediate frames.

If the intermediate frame profile is substantially smaller than
the main frame profile (W of intermediate less than 0.5 of main), only
the main frames are calculated. In this situation, the design load is
assumed as equaling P = ¢@s 5, where s, is the main frame spacing. Inter-
mediate frames are included as part of the attached flange when calculating
the elements of the main frame profile.

Another case of practical interest is one in which the intermediate

frames do not reach the deck and buttom, but terminate at horizontal shelves

or bearer stringers (Figure 58). With this structural arrangement of side
framing, an intermediate frame should be considered as a beam on elastic
supports and the main frame as being additionally loaded with reactions
from the shelves. '

" In addition to checking the bending strength of frames, it is
necessary to check the resistance of abutment sections to action of
shearing forces

e Ns — ; ~ )& — | 20.
= —;-E-dg = 0,5?ay~ O.ba’,. (20.11)
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mul‘h-uaminntogu; ;

am.-umm,muauﬂmumrmmm;
~ for an I-bsam profile, its méan value ®Bod * 0.85e [28];

€ - is the area of a normal section of the frame wall together
vith knees (if imees are imetailed);

- is tha slear yield -tiuo of the material,

. | 2 , Deck:

Necwas dades 10DST bottom plating

Figure 58. Diagram of side framing with intermediate frames terminating
on -holvu a-intermediate frame; b.main frame.

Ssveral examples of calculating scantlings of side framing, taken
from the practice of designing ice ships, are considered below,

First example. Check the scantlings of the midship side framing of
a two-deck ship with a load capacity of 10,000 t (Figure 59). The
design Joad on the framing §= 100 t/m. We assume the load to be
applied a distance of ¢ = 1.5 m below the deck. When calculating,
we shall allow for a different degree of constraint on the ends of
the main and intermediate frames.

Dosignosondgtionl. {t =7.0m, ‘1 a
i = 17.0 ') cm [} i = 1, = 4.73 ') 1 = 775 c-.,
H2=268c-; s li-,c-IS-,'c-S.Sn; P-ql-l:Ot.

l.o-‘ '.1.9-;

l. Main frame calculation. We shall determine coefficients
for @:
Pl_- . - -!0.73;

A R

170 1,9

Poes - e - e — - e 0 - - - . . . o . E - 1
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Figure 59, Design diagram for Figure 60. Design diagram
checking the strength of side for calculating bending moments
framing of a ship with a load in a 'tween deck beam and frame.
capacity of 10,000 t; a- main ' .

frame; b-intermediate frame.

We calculate supp-rt moments:

,,--:_='_;5.-o.zu. 1—y = 0,76;

_0214.0786(1,786-2—1.214) , o _ o0 £.,

) 27321
Ry LU OT6(L242.72— 1.786) ;00 161
2,72.2—1
Moment in the span

.. 40-15.55 5.5 o5 16,1)] = 24,1 ta.
e B EE s L]

Bending moments in 'tween deck beam and frame (Figure 60).

Wl e 1 - 12,36 ta,
”h==ll hely ® l¥;i£§-..1£L“' »
T 170 1,9

my -m‘—m -'lzpﬁt Mo o

.. ".‘.' .
A curve of bending moments is presented in Figure 61.

2. Intermediate frame calculation. We determine coefficients
for p:

h= - 1,143,
T

4 "

Py = oo,
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knee (Figure 62) o

Figure 61. Curve of -bending momer ¢s for main frame.

Support moments
’.-og . -M“,-’Jt’&
‘Moment in span |

Mr;t_a_e-z [n+ 85 o7 o)]-a.lt-n-

As a design moment for the tra-u, wo take its mean value
from the values dotouimd for the main nml intermédiate frames:

M _-—i!—-”"t‘o
The maximum tcnoim in’ tho tult nnn
. '- c-.&!—-"‘w

m<*-m&u‘.
We check the miltanco of a half-beam to the action of end
moment. The length ¢f the beam knee ‘k = 0.65 mj lz = 1.90 m,

-Mpef2 35T

a

Figure 62. Curve of bending moments for a beam.

The design bending moment in a section at the end of the
Mc 12.86 l.ﬂ . Wi& LMy

Maximum bending stress in the beam

o %‘: ‘°'2";:°' aoalo.kww <o= @kgui.
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of an icebreaker tugboat. A design diagram is preseanted in Figure
63. moimlm,-wt/-mlmmmmmotqutl -

..‘

el
Pl

Figure 63. Diagram for calculating side framing ef an
icebreaker tugboat: a-grillage diagram; b-main frees;
c-intermediate frame.

ta: £ =hOm, }. =2.2m c.=1.9m 85 = 0.3 m
O-BMa,i 351100;'.1' .h}'ha’(bulb;llthrﬂh).

= 293 o’ (buafhtbaram)); c,=0.8m, c,=30m Pa=
s,l = 12 t. Material is steel with Qy = 3,‘@ ’

*

Maximum bending méemens in the side frame corresponds to
Rigure 63, c

Maximum bending stresses

6.6 108 .
b %(kg[u' <g= mﬂla‘

Bending moments in the main frame span are dotorninod in

accordance with Fioun 63, b

6.0,8.3,2
;Mf-m"'_ =38t (i the span from P/2 = 6 m at °1)’
oo o 6.3.1,0

ba?n_T""'“ t% ( in the span from P/2 = 6 m at cq)

“ 12 109 2. "'“ t“ (10 the span from P = 12 m).
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Figure 64. Curve of bending moments for main frame.

We shall determine the maximum bending moment in the span,
of the main frams graphically, constructing a curve of bondinq
moments (Figure 74): M = 10.3 tm.

mAX
Bending stress

10,3:108 ‘ o
-t = 37 kdfx' <ty= qu'.
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31. Grillage with One Cress Drpcimg,

: Aaup'-muunmmmetanﬁorotorum.-sm,
bottom, decks and platforms and loaoltudiul and tri
Joined togéther. wmxcmmnlmmuumﬁ-
dimensional, In most cases, known methods for.calculating two.
coverings can be used for calculating ships® grillages. Basic design
premises are generally accepted and consist of the following:

1. the grillage is corneidered as a system of beams i.mructin.

. . at right angles. When expanding the statistical indeterminate fors of
this system, it is assumed thet there is only one.bracing in the joints

- - (points where besams intersect), causing a vertical reactiom, mormal to
3 ] the plane of the grillage;

2. the plates of the shell fulfill two functione: first, they
° absort the external load and transmit it to the grillage beams. Secondly,
they take part in the bending of these beams as attached flanges.

1 Ve shall consider an ice load applied alonig a line on a sector be-
tween transverse bulkheads or between wedb frames. When.necsssary, the
grillage can be calculated, teking the actual length of load distribution

. into consideration. We shall take as a design case, a umtha in wvhich
the web frames can be considered as rigid supports for a
design diagram of the grillage is preésented in Pigure 35, whers s u the
frame -ming, L is the stringer span, | is th-.fnu-tpn. n is the
number of frase spacings between web frames, i is th.mt of inertia
of the frame and I is tho moment of inertia of the stringer. =

.
i R AR L DR e SRR R

I

When there is an adequately large number of frames (more than five
or six), a stringer should be considered as a beam on an elastic founda-
tion with inflexibility EI

= (21.1) -

iy

vwhere Y - is the coefficient for tho otfoct of the reaction of the
‘ stringer to the frame deflection in the joint determined for unit force
' according to the design diagram in Figure 66 (Y = v r} )e

: Coefficients of yielding of the elastic comstraint of the frame
P endlu are determined according to the procedure described in 30.

—

The given load for which the stringer is being calculated will have
a.varying form, depending on the typs of load acting on the grillage.
With load p equally distributed over the entire grillage surface, the
stringer should be considered as a beam on an elastic foundation under
the effect of an equally dhtrihutod load

; q"JLFL

(21.3)
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s = bt oo+ 4 A E =

| ma’-u.mm-nttnmoumo:mmumaontn-
trape deflection in tiv J.ht, detoruined fix" design diagram {rigure 67).

o Bl #

Pigure 65. Schematic diagram of side span with one x-shaped
tie. .

Yy Z

Figure 66. Diagram for determining coefficient Y.

With load §, equally dutributod nlong 1ine y = b (Figure 68).

X "‘L"' (21.3)

Coefficient B is datermined’ .ccording to the design diagram pre-
sented in Figure 69. If a load is applied directly to the stringer, b =
=cy,Y =P and §=9¢.

A5 : ; " Qepsiet

V,a l I ' l'gn
. ‘-.-_ ,-_'f y
s e 1 ¢ I

{

_Pigure 67. Diagram for calculating coefficient B in the case
of an equally distributed external load.
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With a concentrated 1oad P applied to a frams at &tuu z« (L
(Pigure 70), the stringer should be calculated for sction of the glven
coucentrated focce PuB/Y P, applied to it at point x = (L. CosfFicien
B for this situation will bs determined according to the design disgram

in r%gun 69. When b = c, (force acts directly on the stringer),$ = Y
w = Po .

Flexural elements of the rrillage for an equally distrfibuted load
are exprogmed in Bubriov functions: x0 (u), x1 (u), x3 (u), p (u) and v (u).

The bending moment in the centey of a crossbeam span

M—-'—-{“-*ﬂ-@-&—%(«)] | (81.4)
Bending moment in abutment uct'i'on | .
M5 Y-(ﬂ) ' s.5) |
Shearing force in abuteent section S
’M’:‘,‘“._.',’F‘F*‘(u)l- o (31.6)

| lllllllllll 73

///'/"/// 7.

®s
¢t
o

Figure 68, Dhgn- of grillage loaded along a line by an equally
distributed external load.

For a concentrated load applied at point x = (L, flexural crul.m
elements are expressed in functions M, (ug), M, (uC, v (uC). " (uC) and
L (uC), cited in [42].

i AT AT ST e ¥

I
e

The bending moment at the center of the lpan
Man PLI0 ) (0 0+ My (v, m (31.7)

Bending moment in abutment section
Mg PLM, (4, 0). . - (21.8)
.Sburing force in abutment section

o P =990 0 +
4+ n,(u, Ol ' ' (21.9)

-
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Figure 69. Diagram for determining cosfficient B when there is
an equally diltrihgnd load along a line,

For a load distributed over part of the length of the grillage, ve

7 can write
. I{,.g L [(1 —')IM“- ‘)dﬁ + ‘Z“““’ Q"’] (21.10)

- Analogous omiou can be obt&inod for au other flexural ele-
. mants. Integrals appearing in _expression (21.10) are computed by any
-Ithnd of mi-rml im:enration m tubtahr form,

lihtn cnlcuhtina grillage for ice load action, it is necessary to
, M 1ihe strongth of stringers by applying a load directly to them and
-Mth«d the frw.h} npylyine a load in the frame span between
a :triae:r and:deck or in the span b.tum strinpeu. Bending stresses
in tu span center.and in the ahnt-tnt sections of the stringer are cal-
- ited., They must not exceed the yield stress of the material

=.A'_<?, (21.11)

- 1
where W - is the minimum section modulus of the stringer with the at-
tachod"i‘a‘me of the plating.

Figure 70. Diagram of grillage loaded with a concentrated force.

Moreover, stringer abutment sections should be checked for action
of shearing forces

o Mehear . _ oo 21.12
* o.w-g'y 0,64/, (21.12)

where W - is the total cross.sectional area of the stringer wall and knee.

-136-




F_‘,....- ———
4

The strength is calculated for an sxtrems frams, if the stringer is
considered as a rigid support and for a middle frame as for a beam vwith
a displaced support (Figure 71, vhere Q = P vith action of a concentrated
force and Q = @s with action of a load equally distributed along a 1ine).

The linear reaction of a stringer on a middle frame
'..--'.“ —a —')h—‘h ) (21.13)
Deflection of the stringer in the span center
'b-'-i-_['!:f.(l';fl)vg-fm@)L’ - (31.18)
The values of functions q’g eo}.m cited in ["6, volume 1]. Cosfficients

of yielding of the elasti. traint of the frame endsd, anddf; (or ¢,
and @, respectively) are calculated by formulas in 20, ’

7 i ner. Coefficient
x for -trinooru thmld bo calcuhtod by eouidori.no tlu ntr;ao.r as a
multi-span,continuous,beam resting on an elastic foundation. However,
for practical purposes, we can confine ocurselves to approximation methods.

Figure 71. Design drawing for middle frams (along the length
of the span).

Web frame yielding can be disregarded in most cases. Therefore,
for a homogeneous side structure and load which is symmetric relative to
the stringer, we shall calculate the coefficient of the reference couple
according to the design diagram presented in Figure 72:

u) 4 ()
u-w: (21.15)

vhere § (u) and Y, (u) are Bubnov functions.

B o VS @

Figure 72. Design diagram for determining the coefficient of
support for the stringer couple.
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The elastic founfation argumsnt u

TN W W X |
AR WS y ru T X (31.16)
In practice, values of the reference couple coefficient for a
stringer lie within the riange 0.5 to 0.6 (Table 18).

5 Table 18

ts x for a str ) o

s | o | os 19 | us | 20

L 4
4

A oo |. ome 0.574 o | om

WEWEW
Web frams yielding is computed by loading the cross bracing with a supple-
mentary ,concentrated force

AP=(T)® .
1| and introducing a supplemsntary support with rigidity
) . ll .~- i"
.‘,“'(M"';“ l) L (21.18)

! at the intersection of the stringer and web frame.

In formulas (21.17) and (21.18),it is specified:
=1,

I“ - is the moment of inertia of the web frame;

i - is the woment of inertia of a standard frame;

Y,Y wt " are influence coefficients of unit resistance to deflection
of standard and web frames in the joint of intersection with
the stringer;

B, B ¢~ are influence coefficients of the external load.

v

Influence coefficients, wvhen there is a stringer located at the
center of the span, are computed by formula
1 3 34ptpe

When constraint of standard and web frames is the same, the latter
can be split in two with moments of inertia i and (no - 1) i respectively.

-138-
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The beam with moment of inertia i becomes part of the elastic foundation,
the other forms, an elastic support. When there is different constraint
of web, main and intermediate frames, rigidity of the elastic foundation
is calculated by formula

Kolas = Kur

~ is the stiffness factor of the web frams;

= k' (aIOM)

i
whese k et ™ v
- is the deflection of the web frame under the

effect of unit resistance R.

Vet

Stiffness factor k is determined by formula (31.22).

The stringer is considered as a beam resting on an elastic founda-
tion and supported at. the ends on elastic supports, the web frames. Flexiiral
elements of the stringeéer are expressed in Bubnov functions. For exasple,
bending moment in the center of the span

T _gere—=ep®_ = u@]
Mo =5 [Tk 13 !1—&]". \a1-ap)
where R = AkL 4 (u),
2
R = AkL Y (u),
2
Aa._l_ .
kelu

Tables of functions xo, x1, 4 and v are presented in [45, volume 1].

Calculating grillage including main and intermediate frames of un-
like profiles with different constraint on their ends. A case in which

intermediate frames have a span of the same length as the main frames is
of great interest. We will assume that deflections of adjacent main and
intermediate frames in the joint of intersection with the stringer are
equal., Then, the stiffness factor of the elastic foundation will be

Yuin ii.nt

1 + ——
K = Yint i'lni.n Eiu

2 Y

(31.22)

n
-ni.n'l3

where .Y and Y - are influence coefficients of stringer resistance
main int
. to deflection of the main and intermediate frames
in the joint;

1-ain o1 int ~ are moments of inertia of a cross section of the
main and intermediate frames.
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The given load on the atringer

§ =9 (..E.El. -&.) L » (21.23)
Ymain Yint 2

where ﬁ-m. B int T® influence coefficients of the external load on de-
flection of the main and intermsdiate frames respectively, in the joint.

The paramcter of the elastic foundation

\/62\(-,1 “)’(1 + Ymain iint} . (21.24)

main

Strength of extreme frames should be calculated by assuming the
stringer as a rigid support and the strength of middle frames is calculated
as the strength of a beam with a displaced suppori, taking the actual con-
ltui.nt of the ends into consideration. The magnitude of the displaced
support for middle (main and intermediate) frames is calculated as deflec-
tion of a stringer in the center of a span (allowing for yielding of web
frames)

om -ty me )

1+R 14+R, (21.25)
4
—~bapznes narpls
& 12s L o .
. , I, L l’ e .
.lkmmnuyh
<l 'dt'mmp
o ] L dopre 1
flepedopro Panwwe unaneoymy  Negedopro

Figure 73. Diagram of side grillage with ons cross bracing.
a-bulkhead; b-web frames; c-inner bottom; d-stringer; e-lower
deck; f-upper deck.

Example. It is required to calculate the strength of grillage with
one cross bracing (Figure 73) with the following initial data:

= 9.6 Ill, Ll = 3.2 II, 2. = 0.8 q, ‘ = 4.0 II, ‘T = 2.5 Ill, iT =imin’
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We shall perform calculations for two classes of application
of external load 9= 50 t/m. Specifically, when it is applied
directly to a stringer or to the center of a frame span between
a stringer and the lower deck.

vt

We shall determine the influence coefficient Y. This stage
of calculation will apply to both cases of external load applica-
tion.

Assuming the intermsdiate frame to be simply supported at
both ends (Figure 74), we obtain Yint = J1_ = 0.,0208. When de-
48

termining influence coefficients for the main frame, we shall con-
sider its constraint at its upper and lower ends. We find dimsnsion-
less coefficients of yielding of elsstic comstraints for the -m
frame. At the lower deck [formula 20.6]

2 ..
— 0 . te -o ‘
S S N

L .
.25 " 6”0 2

At the inner bottom, we consider the main frame as being
rigidly constrained to the plate frame: p,. = O.

We determine the <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>