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ABSTRACT

A new IACS (International Association of Classification Societies) standard for Polar Ship design, in the
form of a Unified Requirement is being devel oped by an international working group with representatives
from many classification societies and with the active participation of many polar nations. The new
standard bases the level of structural strength on the design ice collision loads for the particular class. This
paper describes the underlying methods for determining the ice collision loads. The methods are founded
on energy principles, which are robust and result in analytical expressions. This approach iswell suited for
developing design standards.

NOMENCLATURE Co mass reduction factor
Cwp waterplane coefficient

Ecrusn energy expended to crush theice edge

. - . Fn normal force,
o Egrgp]?o?cgfﬂ%ﬂgygﬁﬁson point H load patch height, height of ship
ex exponent in pressure/area equation Flnom nominal I.an! patch height .
fa hull shape factor KE, nqrmal kinetic energy of the ship
i,j,k Cartesian unit vectors L ship Igngth - .
ka angle factor Me effective mass at collision point
I,mn direction cosines :;/Is"ip mrzssj)rfesgrl]pan aren
P design patch pressure Po pr&ssure on 1m?
rx, ry, rz radii of gyration for ship 0 gesi A line load
w length of design load patch T i 9 draft
%Y.z Cartesian coordinates vV, norFr)naI elocity at collision point
Xor Yo Zp  Coordinates of collision point V” <hi veocity : pol
A area ship ip ve!ocny .
AMpit,  added mass factor for pitch w Ioad_he| ght of trl_angular patch
AMrol,  added mass factor for roll Whon nomlngl load height of rectangular patch
AMyaw  added mass factor for yaw a waterline angle
AMX, added mass factors for surge b true frame angle
AMy,  added mass factors for sway b frameangle
AMz added mass factors for heave d ice edge penetration
AR design patch aspect ratio (o' maximum ice edge penetration
B beam of ship f ice edge opening angle
Cb block coefficient g stem angle
CFc class factor h1 collision point moment arm for roll
CFp class factor 1 collision point moment arm for pitch
Cm midbody section coefficient mL collision point moment arm for yaw



1. INTRODUCTION

Design is the process of specifying capability to satisfy anticipated demands. When
designing ships for operation inice, it is necessary to anticipate the extent of theice
forces on the hull. This paper describes a method to calculate ice loads on the bow and
shoulders of aship asit strikes an ice edge. The ice may be the edge of atrack created by
an icebreaker, or may be the edge of alarge ice floe. This approach was developed as part
of the development of the new Unified Requirements (UR) for Polar Ships, developed by
the International Association of Classification Societies (IACS) [IACS, 2001]. Theice
load concepts for the UR are described in [Daley,2000]. The structural requirements for
the UR which make use of theice load are described in [Daley, Kendrick and Appolonov,
2001]

2.1CE COLLISION FORCE

In the following material, the force that results from a ship striking theice edge is
derived. Theice is assumed massive. Flexura failureis treated separately. The mechanics
are based on the Popov collision model [Popov et.al. 1969] but are modified to include a
wedge shaped ice edge and a pressure/area ice indentation model. Popov assumed a
round ice edge, but a wedge shaped edge is more representative of most ice features. A
general discussion of energy based collision forces, with a set of solutions for a variety of

ice and structure geometry is described in [Daley 1999].

The forceisfound by equating the normal kinetic energy with the ice crushing energy,
KE, = Equn 1)
The crushing energy isfound by integrating the normal force over the penetration depth,
E e = () Fa(dl) >cld @

The normal kinetic energy combines the normal velocity with the effective mass (see the

Annex for calculation of the effective mass) at the collision point,
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combining these two terms gives

Lvowz = 3"F (d)xdd
E e n_Q n()

where
d =normal ice penetration
Fn = normal force
M. = effective mass
= Mgip/Co
Co = mass reduction coefficient (see Annex)
n = nhormal velocity
=Veip |

| = direction cosine

3

(4)

The ice penetration geometry together with the pressure-area relationship is the basis of

finding the force. The nominal areaisfound for a penetration d (see Figure 1).
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Figure 1 Nominal contact geometry during oblique collision with an ice edge.

The nominal contact areais

A=W2xH

©)



The width (W) and height (H) of the nominal contact area can be determined by the
normal penetration depth (d) along with the normal frame angle (b’) and the ice edge

angle (f),
W= 2d tan(f /2)/cos(b’) 6)
H = d/(sin(b’) cos(b’)) (7)

Hence the areais
A= d?tan(f /2)/( co?(b’) sin(b’)) )

This simple relationship assumes that the ship side is aflat surface, which is adequate for
the limited extent of the contact zone. The average pressure is found from the pressure-
arearelationship (see [Sanderson 1988] for a general discussion of pressure-area
concepts, and [Daley 1994] for areview of ice indentation data and pressure-area
effects.);

P = Po A% (9)
The normal forceis
Fu(d) = PA= Po A (10)
Substituting the expression for area (8) gives
Fn(d) = Po (d ? tan(f /2)/( cos’(b’) sin(b’)))*** (11)
= Poka'*® g% (12)

where we define the angle factor ka as

ka = tan(f /2)/( cos’(b’) sin(b’)) (13)
We can now solve the energy balance equation ((12) into (4)) to find the maximum
penetration,
% M, 72 = Poxkal™ ()'d 22 xdd (14)

We can extract the maximum penetration,



dn= (Y2 MV, (3+2eX)/ (Po ka 1*&)) VE+2) (15)

Thisis substituted into the expression for force, (12), to give

Fn=Poka™™ (% MV, (3+2ex)/ (Po ka *®)) (2r2e9/(3+2¢9 (16)

This can be somewhat simplified to give
Fn — PO]./(3+2€X) ka(l+®()/(3+2@() ( 1 M Vn2 (3+ ZeX)) (2+2ex)/(3+2ex) (17)
Substituting for M and V,,, we get

We can collect all shape related terms (comprising ka and the termswith Coand l) into a

single term fa,
lvex 2+2%ex
% e d3+2>ex \3+2%X
fa = (3+ 2ex)arzex X ten(f /22) e el .0 (19)
)gsm(b@x:os (b4 e2xCo g
With fa, we can write the force equation as
1 4+dex 2+ 2%x
Ry = faxPo®2 X/ 3rze XM g 3r2ex (20)
Which, for ex=-0.1 (as used in the UR, see [Daley 2000]) gives,
Fn= fa Po**® Vgip™?® Mgp>® (22)

Equation (21) represents only the crushing force. The flexural failure force must also be
included in the design force, as alimit on the collision force. Refer to [Daley, 2000] and
[Daley, Kendrick and Appolonov, 2001] for material on the flexural force.

3. ICE LOAD PATCH AND PRESSURES

Theiceload patch is found from Fp. Using (20) and (10), we can solve for the nominal

contact area,
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At this point, we introduce a change in load patch shape from triangular to rectangular.
Thisis done to keep the design process manageably simple. We will assume that the load
patch is Hnom X Whom , With an area A. The aspect ratio AR (which is Whom/Hnom) iS

AR= 2 tan(f /2) sin(b’)

=746sin(b’) [assumesf = 150 deg] (23)
Therefore, we can write;

A = Hnom Hnom AR (24)

and using (22) we can describe the dimensions of the nominal load patch in terms of the

force;

1
® Fn 2+ 2ex

=C—————~+ 25
nom gPO % AR1+ex p ( )

1
e F, gre

W_=¢c—— " =
rom gPo AR 5

xAR (26)
At this point, we introduce areduction in the size of the load patch (see Figure 2). This
reduction is done to account for the concentration of force that takes place as ice edges
spall off, reducing the size of the contact patch. When the patch size is reduced, the force
is unchanged, so the design pressure rises correspondingly. The rule (or design) patch

lengthw is;

W= WnomWeX — Fn wex/(2+2ex) PO -wex/(2+2ex) ARwex/2 (27)



where, with wex = 0.7 and ex = -0.1 (values used in the IACS UR, see Daley 2000), we

have;

w=Fn 0.389 Po -0.389 Ar°'35 (28)
The design load height is;
w
b=— 29
AR (29)
or
b = En 0.389 Po -0.389 AR -0.65 (30)

The nominal and design load patches have the same aspect ratio. The load quantities used

in the scantling cal culations include the line load,;

Q= Fnlw (31)
and the pressure,
p=Q/b (32
We can solve for Q and p by using (20) and (22 — 30). The line load becomes;

wex wex

F " 2+2ex xP g 2+2ex
—_ n
- ARWEX/Z

Q (33)

The pressureis;

e we
F, e xpoiee

—_ n

- ARWEX-l

(34)

For the rule formulawe use ex = -0.1, and wex = 0.7. This gives,
Q — Fn0.611 Po .389 AR—0.35 (35)
and

p= Fn0.222 Po 778 AR03 (36)



4. CLASSFACTORS

All ice class rules specify various levels of ice strengthening according to ice classes. The
ice classis intended to reflect the severity of theice conditions. The class factors include
ice thickness and strength parameters, as well as vessel speed. The following class factors
areto befound in the IACS UR:

Crushing classfactor ~ CFc= P> Vgyp'?® (37)
Patch class factor CFp= Po~¥ (38)
With these class factors, we can express the force (egn 21) as;
Fn=fa CFc Mgip® (39)
Thelineload (egn 35) and pressure (egn 36) become;
Q — Fn0.611 CFD AR—O.SS (40)
p= Fn0.222 CFD 2 ARO3 (41)

respectively. In thisway the design load patch is expressed as a function of displacement,
a hull shape function and a set of class factors. The class factors reflect the operational

conditions; ice conditions and velocity.

Figure 2. Nominal and design rectangular load patches.



5. CONCLUSION

The derivation of the ice load equations found in the IACS Unified Requirement for Polar
Shipsis given. The solutions are presented in a general analytical form. The equations are
then ssmplified by the specification of an assumed pressure-area exponent, and further
simplified by collecting certain termsinto class factors. The UR specifies specific class
factors. The paper explains every step of the creation of the class factors and shows the
rationale of the UR. Further, by presenting all the steps, revision of the UR to account for

the results of experience and new knowledge will made easier.
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Annex: Massreduction coefficient.

This annex describes the calculation of the mass reduction coefficient Co. This approach
was developed by Popov (1969). A collision taking place at point (X,y,z) (see Figure Al),
will result in anormal force F,,. The point will accelerate, and a component of the
acceleration will be along the normal vector, with a magnitude a,. The collision can be
modeled asif point P were a single mass (1 degree of freedom system) with an equivalent
mass M of;

Me = Fn/a, (A2)

The effective mass is afunction of the inertial properties (mass, radii of gyration, hull
angles and moment arms) of the ship. The effective massis linearly proportional to the

mass (displacement) of the vessel, and can be expressed as,
Me= Mship/CO (AZ)

where Co is the mass reduction coefficient.

Figure Al. Collision point geometry

The inertial properties of the vessel are as follows,
Hull angles at point:
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a = waterline angle
b = frame angle
b' = normal frame angle

g=sheer angle

Figure A2. Hull angle definitions.

The various angles are related as follows,
tan(b) = tan(a) tan(g)
tan(b") = tan(b) tan(a)

Based on these angles, the direction cosines, I,m,n are

| = sin(a) cos(b’)
m = cos(a) cos(b")
n= sin(b’)

and the moment arms are
1=ny,—mz, (roll moment arm)
m=1z-nx (pitch moment arm)

hl1=mx,—ly, (yaw momentarm)

The added mass terms are as follows;

(A3)
(A4)

(A5)
(A6)
(A7)

(A8)

(A9)
(A10)
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AMx = added mass factor in surge= 0

AMy = added mass factor in sway = 2 T/B

AMz = added mass factor in heave = 2/3 (B Cwp?)/(T(Cb(1+Cwp))
AMrol = added mass factor inroll = 0.25

AMpit = added mass factor in pitch = B/((T(3-2Cwp)(3-Cwp))
AMyaw = added mass factor inyaw = 0.3 + 0.05 L/B

The massradii of gyration (squared) are;
rx? = Cwp B%(11.4 Cm) + H%/12 (roll)

ry? = 0.07 Cwp L? (pitch)
rZ=L%16 (yaw)

With the above quantities defined, the mass reduction coefficient is

Co = 1%/(1+AMX) + m?/(1+AMy) + n?/(1+AMz)
+ 1 1%/(ré(1+AMrol) + m?/(ry* (1+ AMpit)) + h1%/(rZ (1+ AMyaw))

(A1)
(A12)
(A13)
(A14)
(A15)
(A16)

(A17)
(A18)
(A19)

(A20)
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