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Overall Structural Response of a Ship

Struck in a Collision

Karl A. Reckling, Technical University, Berlin, FR of Germany

I+ is shown that the vibration analysis
can be efficiently employed to predict
the elastic and eventual nonlinesTr re-
spoense - or even collapse - of the whole
ship when struck in a collisioen. Based
on the assumption of an impact force-
time law , e.g. taken from model tests,
a procedure leading to a itime-dependent
representation of bending moment, shear
force and state of stress is developed.
An illustrative example of application
to the design of a nuclear-powered con-
tainer ship, developed by GKSS For-
schungszentrum Geesthacht in the FR of
Germany, is described. It shows that
high accelerations and collapse of the
whole ship may be caused by a cellision
with a ship having a strong bow con-
struction,

NOMENCLATURE

o=
1

= ¢ross section area of the
atruck ship

B=EI_ = bending rigidity of struck
z ghip for bending in hori-
zontal plane
e = digstance between striking
forece and center of gra-
vity
E = Young's modulus
iG': radiusg of gyration of the
gtruck ship
IZ = moment of inertia
L = length of struck ship
my = mass of striking ship
mz,u=m2/L = mass of struck ship ineclu-
ding hydredynamlic mass,
mass per unit length
Mz(x,t) = bending moment in horizon-
tal plane
P(t),PO = impect force, maximum forece
g(1) = elemental impulse of impact
foree P{1)
__Q(x,t) = shear force
t,t,t%,7 = time (see fig.3)
T = half periocd of Fouriler ex-
pansion
T.(t) = j-th time function of elas-
J tic vibration
U{t) = gtrain energy
vy o= velocity of striking ship
w(x,t) = bending deflection of the

ship's axis
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XyXge Xy = distance between bow and point
of reference, center of gra-
vity, shock force resp.

X.(x} = j-th eigenfunction of elastic
J vibration in horizontal plane
y{x,t) = deflection of the ship's axis
yG(t) = deflection of center of gravity
A. = j~th eigenvalue of eigenfunc-

J tion X,

o, = yleld stress
E-(XX = reduced eigenfunction X.
i i
{see eq.(19))
¢ = angle of undeformed ship's
axis relative to x-axis
w. = j~th angular frequency of j-th
] eigenfunection Xj
1. INTRODUCTION

The existing litersature includes more
than one hundred papers on collision pro-
blems of ships, as the latest reviews

[1/ and /2/ show. Neariy all of these
papers concern the local structural re-
gponse of a striking and struck ship in
order to get force-penetration characte-
risties and to provide a basis for re-
commendations regarding designs for pro-
tection against collision penetration.
Although many of these papers use impact
dynamics for the colliding ships to de-
velop the balance of energy, there is,

to the author's knowledge, no paper which
uses vibration analysis to investigate
thoroughly the elastic and eventual non-
linear response - or even collapse - of
the whole ship as a result of a2 collisi-
on impact.

Although a strong side construecti-
on may be advantageous for protecting
holds with dangerous goods or reactor
rooms of nuclear powered ships, the re-
sulting high collision forces and rela-
tively short collision durations may in-
duce high stresses and accelerations. In
the worst case, the collision forces may
induce the collapse of the struck ghip
hull girder even though the protected
compartmants may nolt have been destroyed
by the impact force. To the author's
knowledge, this aspect has not been con-
sidered up to now. Although papers /3/
to /6/ investigate the collision dynamics
of colliding ships in more detail than




de not do so in the
Therefore, the pre-

the other papers they
gense desribed above.
sent paper intends to fill this gap.
Several publications, especially fronm

the experimental field, show that the
approximate force-time dependencies of a
collision process may be assumed as known.
These dependencles of a collision process
may be expanded Into a Fourier series

and tzken as input for a vibration ana-
lysis of the struck ship. For simplici-

ty the ship i1s modelled as an elastic
beam with constant moment of inertia.

With these assumptions, kinematics and
stress-time functions can be computed
approximately for the transient state im-
mediately after impact. This method has
been applied to the design of a nuclear-
powered container ship with a strong pro-
tective side construection, developed re-
cently in the FR of Germany by WOISIN /7/
of GKSS. It shows that high accelerations
and possibly collapse of the whole ship
may be caused by a collision with a ship
having a strong bow construction.

2. EQUATIONS OF MOTION

The eguations of motion are derived with
the following assumptions:

- The striking ship collides with a known
force P(t) and with its axis in a line
verpendicular to the axis of the strueck
ship at a distance & from its center
of gravity G {(see fig.1),

~ the hydrodynamic forces are taken into
account by additionzl masses,

- influences of rotary inertia and shear
deformation are not included in the
vibration analysis,

- the struck ship is modelled as an elas-
tic beam with constant moment of in-
ertia.

e wi x,t)>0\

elastic displacement at time t

rigid body displacement

Fig.1 {a) Displacement of the
ship's axis

(b) Bending moment M

shear force @

and
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Fig.1 shows the deflection curve at time
t in an (x,y) coordinate system coinei-
ding wiih +the position of the struck
ship at the beginning of the impact
{t=0). The dotted line indicates the
struck ship's axis at time t when its
deformation ig not considered (rigid-
body motion) and the bending deflection
is w(x,t). Then, for ¢(t)<<i

ylx,t) =y (t) + (k- xp)o(e) +ulx,t). (1)

This gives the absclute acceleration of
the struck ship's axis

BY =)+ (x-xd8(0) + 238, (2)

" meaning the second order derivative
with respect to %, Then, the general
differential equation for the lateral
elastic vibration of the struck ship in
the horizontal plane - for simplicity
reduced to a bar with constani bending
rigidity B =EIZ - is

4 y z
ANy g 20w 3%y
Braxw = Braxv = ~ugrz

R ORECEENEIIRTE =1 NE)

By the laws of linear and angular momen-
tum for the struck ship

yG(t)=;—£P(t) and $(t):%;—G§P(t}, (4)

my being the mass of the struck ship in-

cluding the added hydroedynamic mass, 1
the radius of gyretion, M the mass of
the struck ship per unit length and P(%t)
the impact force. Therefore, the motion
induced by the impact foree can be ex-
pressed by

3w

2
aw+B“ﬁﬁ:%j%t)1+(de&%?ﬁ°(ﬁ

LT

3. EIGENFUNCTIONS AND EIGENVALUES OF
THE FREE MOTION

Firstly, it is necessary to determine
the sclution of the homogeneous eqgation
{5), setting P(t)=0. By the approximate
separation process
J
wix,t)= J (6)
i=1
one obtains from eq.(5) the following
system of 2J ordinary differential
egations

Xj(x)Tj{t)

Tj(t}+mj2Tj(t):0 s 351,00 {(7)

Xy (x) - fl'l]“ X, () = 0 (8)

L

with the sguare of the angular fregency
w .

J .
SNCH

—



A, being the eigenvalue of the eigen-
and "" the 4-th order deri-

vative with respect to x. After adjust-
ing the integration of eq. (8) %o ihe
boundary conditions of vanishing moments
and shear forces at the ends of the
struck ship,

funetion X,

x.“(ey=0 , x.{L)=0
n ‘“ (10)
X5 (0)=0 , (L) =0
the normalized elgenfunctlo,s are ob-

tained
A% hL%
Xj (x) = s1n——‘]—L + s:th—J—L +

‘ Alx AL X
& Fj(kj)lcos—%—-+cosh—%— {11)

coskj— cosh?_\x.l
with Fj(xj}::sinkj+ sinhkj: -1

The transzendental equations for deter-
mination of Aj

coshj.coshA. =0 (12}
deiver the eigenvalues
- m

LEieDE L ()

4. COMPLETE SOQLUTION FOR THE FORCED

AL M

RELATIVE MOTIOR W\X 13,'

Instead of solving eg.(5) for the
total moticon it is more appropriate to
use d'Alembert's prineciple for the rela-
tive motilon w(x,t? according to which
the virtual work of inertia forces, im-
pact forces and elastic forces nust va-
nish. The inertia forces per unit length
dx = dm/pA of the relative motion wix,t
result from eq.(6)

2
- - w =
- Phiagg

Q2

- E X (x}T (t) .
i=1

(14

With the virtual displacement
Sw=6T, (L)%, {x), and taking account of

the ortheogonality relations for the ei-
genfunctions we obtain the virtual work
of the inertia forces

[l

32

~ L
gL

- oéwdx—

X=0
L.

I T,
=1

L
= -u (e)8T, (t) ] Kj(x)Xi(x)dx =

xX=0
. Lo,
= -uTi(t)éTi(t) ) X;{x)ax . (15)
X=0
With the strain energy of the ship re-
duced to a bending beam with constant
bending stiffness B
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U{t)

J
XM (x)TA(4)dx
x=0 j=1 J
the virtual work of the elastic forces
i1z given by

_ a7 -
-GU"'ngéTi =
1
,||2I

ot
=0

N om

= ~BT, (‘ &T, (t} widx . {16

I S

¥inally, the impulse forece P(%) acting
at the point X, with the virtual displa-
cement
Sy = 8T, ()X, (x
1%, i i e

)

performs the virtual work
P(t)GTi(t)Xi(xO) . (17)

By summing up the terms {15) to (17),

equating to zero, dividing by 5T and
referring to eq.{7),
m 2 =
T, (0) +w® T, () =P(t)g, (x ) (18)
is obtained with
f X"z(x)dx
ZﬁE X=0
Y10 T
[ X2 {x)ax
x=o0 ©
and
Xi(xo)
ii(xo)— T R ] (19)
u [ XD {x)dx
K i i
X=0

W, again being the angular freguency of

the i-th eigenfunction of the free mo-

tion. By integration in the denominator

of eq.(19), with X%, {x} according Lo
L(11), it followd approximately

f x3(x) =L
x=o ©
so that % (x )
Uit
gi(xo) = ]JL L (20)

For studying the transient siate
of the motlon caused by a non-pericdic
force P{t}, it is appropilate 1o use an
impulse analysis, It is necessary to
determine the effect of all elemental
momentum values qi(T)drsz(T)EidT per

gsystem at the time t
velocity increasge is

unit mass on the
(see fig.2). The
d - _ - =
a?Ti(T)-qi(T). i.e. dTi(T)-»qi(T)dT.
The displacement at the instant t cor-
responding to the initial velocity
dT. (1) imparted to the system at the




Force
per mass

rwn]

~q;(t)d1 = elemental impulse

N

% 1
0
dt Time ,1
1 N t-1

Fig.2 Impulse analysis for w(x,t)

time T is analogous to the response of
a linear undamped system for which

¥(t) +fx(t) =0 .

This holds with the sclution adjusted
to the initial conditions x(0)=0
and x(0) = v,

v
x(t) =7§-sinmt .

By ‘substituting dT; for x(t), qi(T)dT

for v_, Wy for w and t-1 for t, one ob-

o
tains as response of the system at the
ingtant t to the impulse qi(T)dT at the
time 1

qi(T)dT

Ul
1

dTi(t-T) = sinwi(t-T) . (21)

A psrticular solution of eg.(18) is ob-
tained by integrating the dT. between

0 and t. Adding the solution’of the ho-
mogeneous eqg.(18), the total sclution
results as

Ti(t) =Aicoswit +Bisinmit+
£;(x,)

w.
1 T

+

Il -t

P(T)sinwi(t—T)dt.(22)
o

The initial conditions w(x,0) =0 and
w{x,0) =0 deliver 2ll constants A. =0
and B, =0 on account of eq.(6) so that

the complete soluticon of the forced re-
lative elastic motion is

s Ay . . A oA
(t)sinw, (t-1)dT.

(23)

t
fr
Jr
=0
5. SOLUTION FOR TWO FORCE FUNCTICNS P(t)

5.1, P(t) Inereasing Linearly with t

For the first shock phase the
overall response of the struck ship is
elastic (regardless of possible large
plastic deformation of the ship's struc-
ture in the vicinity of the point of im-
pact) and it is suitable to assume a
force growing linearly with the tinme 7
{see fig. 3a

P
P(T)::ng: ¢t for the time 05+5F (24)
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Fig. 3

Shock-force time dependen-

¢y represented by

(a) a linear law

(b) a Fourier series with
N =5

gc that eq.{23) after integration yields
(x_}

I £,
wi{x,t) = ci£1—%f—£LXi(x){mit-sinwit}.(25)

It is necesgsary to add the rigid body
motion from eq. (4}

A N T N ¢ - {24
JG = o 1 arid W “ﬁ*g u L)
2 2°G

which after integration, gives
yG(t) :Bﬁét3+ gGot tyg, and

e t?

o{t) = iG2€+-$Ota—¢0 . (27)

[+
My

With the initial conditions

yGo=O' }}GC):O’ ¢O:Op ‘5)0;0
we obtain from eq.(1), with the approxi-
mation (20) feor Ei(xo) and with egs.(25)

and (27), the absolute displacement of
the ship's axis

. ¢ [t} e
y(x.t)———f[6[1 + (x —XG)EE}+
I Xi(xo)Xi\x) 3
+ £1»——5£3————-{wit—sinwit}J(28)

©=

and its absclute acceleration

2
%E¥E=ﬁ%[t{1 +{x 'XG){EZ}+
\ % X, (x )X, (%)
.=,] W,

sinwitJ . (29)
i

1

5.2. Expansion of P{t) into a Fourier
Beries

For desribing the whole shock
process, it is desirable to represent
the impact force-time dependency by the
Fourier series

el -



P o
P{t) =j§+ 21 ancosgl,;-j‘—-i-bnsin!%:(i . (30)
n:

Taking a1l terms of this series, the
force is zero when t=0 and 2T, jumping
at t=0 to a constani value P, and switeh-
ing off at t=T (dotted curve in fig.3b).
However, with the finite number N of
terms one can bether represent the real
shape of a shock force curve as obtained
by tests. Fig.3b shows an impact force
P{+) with W=5,

One can even checose the number N
so that any desired gradient of the P(t)-
curve, selected from experimental evi-
dence and corresponding to the slope of
the P(t)-curve of fig.3a, can be obtained
(greater values of N give steeper gradi-
ents of the force curve). It is assumed
that waviness of the force curve arcund
the constant force P_ 1s not esgsential
for the shock process. However, the as-
sumption of approximately constant shock
forces after a first linear phase is
rather realistic, as tests have shown,
The Fourier coefficients in eq.(30) are

- =_ 9
an—O . bn~—nn{coan-‘I} (31)

so that we have

6. BENDING MOMENTS AND SHEAR FORCES

N
_ a1 1 - cosnm _. nnt
P(t) =P, 2+nE1W“" sin'g ] . (32)

Notice that with a finite number N of
terms ths impulse begins at_t=-t%*, so
that the shock duration is T=T+2t%*. In-
serting eq.(32) into eq.{(23), the rela-
tive displacement of the ship's axis is
obtained at time t and point x,caused
by an impact force P(t) at point X s as

IE,(x) t
- S 0 1
wix,t) = iz." oy Xi(X)POT£ t*[§+
. (33}
+n:§ , l:_%%iglsinﬁ%i]Sinwi(t-T}dT'

the terms in the second series for n=2,4..
being zZerc. The total absolute displace-
ment is determined as in 5.7 by adding
the rigld body motion terms.

The Fourier analysis should be re-
stricted to the conatant shock force
phase, whereas for the first linear phase
it is better to =pply eq.(25) because
that equation does not contain distur-
bances for t<t* as the Fourier series
with finite N does {see fig.3b).

Bending momentis and shear forces {see fig.1b) for the differeni load assumptions
are derived from eg.{25) and eq.(33) as follows:

6.1. For Linearly Increasing P(t)

The bending moment is obtained from eg.(25) with w; from eq.(9), £; from eq.
{20) and with the eigenfunctions Xi(x) from eq.(11) as

I X.{x) X
3%w 3 AT i‘Yo . i .
MZ(X't) = Bax2 = CL/ﬁ-z T[SIHhT -~ s8in
i=1 "1
and the shear force is
I %.{x) A x
52 2 i‘7o
Q(X:t) = BB_X;A{: CL‘/BZiE‘]_AiT'_[GOSh_L_- coOs

L

A.x

e

L

AL A.x

+Fi(Ai){COSh'%r‘—COS*%—}(wit-Sinwit)J(SA)

A X : X
+Fi(hi){sinhr%f-+sin"%—}(wit-sinwit)]i35)

6.2. For a Force Curve Expanded Into a Fourier Series

The bending deflection is obtained by writing the first two terms (N=3) of the

sscond series in eg.(33) as

g.{x)

t
W, Xi(X)Po f

I
wix,t) = E
i=1 i T=-1t%

1,2 .
(§ + ?Sln

LA

= §E51n—TrA+..]sinwi(t-T)dT .

. 3nT

After integration of the first two terms in the bracket, one obtains

Ig;(x)

w{x,t) = } m Q
i=1 ¥y

1

1 3 3 H - * -
Xi(x)PO[EaI[14—51nwit51nmit cosmitcosmit }

_ %Sinwit[57%15;{005(%+mi)t -cos(%+mi}t*] +%7%:a;{cos(%wwi)t -cos(%-wi)t*} +,.J~

- %cosmit{?7%:5;{sin(%~wi)t-+sin(%-mi)t%}-57%¢E;{sin(%+wi)t-+sin(%+wi)t*}t ..H (36)
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and so forth. Then, with the bracket re-
lation E.J i::BiN’ the bending moment

for N terms of the Fourler series will
be

P I Ao x ALX
__o/B : 17 i 1T
%}X't)"TTf;;Z1Xi(Xo)[Slnh I sin—+
lix Aix
+Fi(ki){cosh—fr--cos-t~}}BiN {(37)

and the shear force will be

P =1 r A x A.X
Q{x,t) :Eg/g'ETXi(xo)Ai[cosh—%—- cos—%4+
i=
ALx

Asx
. i Y
+Fi(Ai){51nh—r—+—31n—E~}]BiN . {38)

With eqs.(34) 2nd {(35) or (37) and (38)
the basic equations are in hand for the
stress-time analysis below.

7. STRE3S ANALYSTS

The stress analysis can be per-
formed with the basic egations of sec-
tion 6 by application of conventional
metheds of the theory of strength of
structures. The determination of bending
stresses from Mz and shearing stresses
from Q is elementary. As Q is mainly
transferred through the double bottom
and net through the shear center, one
has to take accouni of a torsional mo-
ment with additional shear stresses and
longitudinal stresses on account of re-
strained warping; the calculations for
this purpose are also well known in en-
gineering. To these stresses one must
zdd the stresses resulting from service
conditions and determine the equivalent
uniaxial stresses in crder to be in a
poeition teo judge the danger of collapse
of the whole ship. To thig end, it is
neceggary to take intc account the in-
crease in yield stress with strain rate
and of buckling caused by normal and
shear stresses as deseribed in /8/. It
is not the purpose of this paper to
dwell on details of this stress analysis
because the procedure is self evident.
Only the results will be discussed in
the fellowing secticn.

8. THE OVERALL STRUCTURAL RESPONSE OF A
NUCLEAR POWERED CONTAINERSHIP TO A
COLLISION IWPACT

As an example for applying the fors-
going theoretical results a ship of inter-
est would be one which can endure a rath-
er high impact force without suffering
to much local failure. The design of the
nuclear-powered containership described
in /7/ seems to be well suited for this
purpese because ample results from colli-
sion tests are avallable. The tests were
made with models having scale ratios of
7.5 and 12 using several bow construc-
tions and several versions of ithe pro-
tective construetion arocund the reactor-
room, as reported in /7/.

8.%. Input Data for the Impact Caleulation

The values of input guantities for
the dynamic analysis were as in Table I.
As point x5 of the force application the
middle of the reactor-room was chosen.
This is the best protected part of the
gtruck ship where the maximum force of
400 MN can be carried without much local
permanent destruction as model tests
showed /7/.

The impact force was taken as the
maximum value caleculated from accelera-
tion measurements in the referred colli-
sion tests of /7/, multiplied by the
square of the model scale. Assuming this
force to be approximately constant during
the total impact duration,and postulating
an entirely plastic impact, it can be
concluded from the basic laws of dynamics
that the duration of the impact will be

) (39)

my being the mass of the striking ship.
Assuming m,/my = 1.1, with e =x_-L/2=40n,
the total duration of the impact is
T=0.88 sec,

8.2, Acceleration and Displacement of the
Ship's Axis in the First Impact Phase

For this anslysis, first of all,
the angular frequencies wj (1/sec) of the

Table I. General characteristics of the containership

Weight of struck ship
Mass of struck ship including
50% added hydrodynamic mass &y

Mags per unit length n

Length of struck ship L

Beam of struck ship

Radius of gyration ig

Bending rigidity B

Impact: Velocity of striking ship vq
Constant maximum force Py
Force acts at X

556 MN (55,780 tonsg)
= 85 MNsec®/m (2,600 tonssec?/ft)
= 0.297 MNsec?/m? {2.77 tonssec?/sqft)
= 286 m (938.3 £t)

32.3 m (106 ft)
71.5 m {234.6 ft)
1.236 MNm2 {1,335 tonssqft)

- 10 m/sec (19.42 knots)
= 400 MN (40,120 tons)
= 183 m (=0.64L = 600.5 ft)
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Table IT Angular frequencies w;(1/sec) of free motion
SHNE DL N | 3 1 4 | 5 | 6 7 | 8
w, 1 5.58 | 15.15 [ 30.14 | 29.82 | 74.43 | 103.96 | 138.40 | 177.77

i

free motion were determined from egs.
{9) and (13) in table II,

For the design of the nuclear
facilities, determination of the maxi-
mum possible acceleration of the reactor
is of primary interest. To calculate
this, it is appropriate to use aq.{29)
with an impact force P{t)=c7_ linear-
ly increasing from zero to 7=7%, and
acting at the point x45=0.64L of the
reactor. £q.{39) establishes the dura-
tion of the whole impact (for a certain
impact gcenario) but statements about
the duration t of the first collision
phase can be made only from experimen-
tal observations. In all German colli-
sion tests /7/, the collision force as-
cended nearly llnearlv within the time
£>0C.1*T up to its maximum value.

Before one can determine the ac-
celerations, it is necessary to evalu-
ate the relative displacement wi(x,t)
of the ship's axis, given by the series
in eq. (28), which may be of interest
for the stress aralysis. Because w; is
raised to the 32rd power in the denomina-
tor of the series elements, I=2 terns
give acceptable approximations, i.e. the
digplacemsnt is deternmined mainly by the
first two eigenfunctions., Fig.4 shows
the total displacement y(x,? , according

Displacement Xo=0.641
s wix, )
em
o rigid body displacernent

yixd)

Fig.4 Total displacement yi(x,t)
cf the ship's axis and elas-
tic response w{x,t) caused
by an impact force P growing
linearly within +t=0.1 sec
to its maximum value
= 400 MN

to eq.(28), and the relative displace-
ment wix,t}, for the special case when
the maximum force_ Po= 400 MN is reached
within the time 3+ =0,1 sec. Here it
ghould be mentioned that the stresses

12%

resulting from w(x,%) ir this first
phase are not very high. For siress ana-
lysia the results of secticn 8.3 are
more important, bul the accelerations
may have their greatest values in the
first phase.

In order to determine the accelera-
tion of the reactor,eq.(29) is evaluated

for the duration 0 <t<0.18 sec., and for
the point X=x_ 4 80 that one obtains

n2 e . I Xi(x H .

srd = T (EN T sinw._t_J (40}
ot mzl o o4s1 Yy S

with the eigenfunctions X, (x } from eq.
(11) and wy from table II% Taking I=8
terms of the meries, one obtains the max-

imum acceleration of the reacter as a
function of the duration t of the first
impact phase. This 1s plotted in Fig. 5
as a multlple of the acceleration due to
gravity. As mentioned above, in all Ger-

Acceleration
4.00g

365¢g

7\
]

T

3.00g
3y
a2
2.00g

I. 25y
1000

L g

o

—L i ]
0.04 0.08 0.12 0.16 048

Duration of first shock phase T [sec]

Fig.5 Maximum acceleraticn a2y/3t? at
Xy = 0,541 caused by an 1mpact
foree P growing L;neaxxy within
T sec to its maximum value
P,=400 MN (g = acceleration due
5 grav1ty)

-~ T2

man collision tests wlith models of the
gtruck ship according to table T the du-
ratlien of the firet coliision phase was
t>0.1.T=0,088 sec. Therefore, the max-
imum accelerations of up to 3.65 g in Fig.

5 need not be taken into serious consider-
ation. It seems that, in this case, an ac-
celeration of 1.25g is a good approximation.
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3.3. Seclution for the Entire Impact

Starting with the Fourier analysis
of section 5.2., the impact force is ex-

panded intc a seriss with N=3 terms as
in eq.(32)., In the first shock phase,

this force law can be very well approxi-

mated by a linear lgw for which the
force rises within t=0.18 sec. to its

maximum value of P, = 400 MN (sse section

8.1 and Fig.3b and 5). The entire dura-
tion of the impact is chosen from sec-
tion 8.1 as

T=T+2t%=0.676+2:0.102 =0,88 sec.

Figs.6 and 7 show the corresponding dis-

placements w(xp,t) and the relative ac-
celerations 32w/3t? at the point x, of

the impacting force, obtazined by numeri-

cal differentiation of eq.{36) with I=2.

The time t=0 (zerc-value of the Fourier-

expansior) is of interest only for the
calculation procedure. Impact begins at
the time = «4%¥=-0,102 sec. and ends

at ©=0.78 sec. In Figs.,6 and 7 the rig-

id body displacements and accelerations
are displayed by dotted lines so that
the respective total velues can be read
off &g the differences hetween the
dotted curves and the curves of w(x,,t)
and 2°w/8t? for xo,t. The total acdel-

Displacernent
30
cm elastic deflection
20T W(Xn ‘”
stquto % ¥xg, 1
1= 0z 04 06 K J '
M f..‘____.\ . 0.6 *0.8 L0 t 1.2sec
P is impact ends -
-20f reached N .
rigid body deflection -y (x,,1)
-30 AY

FPig.5 Displacement of the ship's
axis at x5=0.64L for a
maximum shock force
Po= 400 MN reached within
0.18 sec. and acting at X,

2g
bending acceteration
la raximum entire acceleration 2w /
1.35 2
g 0t b
Ha 04 .
~Jo [\ 02 L 08 10 12sec
~ t —
start —f o ———
-lg tigid body 1.25g
R is acceleration
reached =¥ {xq,1)
_Zg

Fig.7 Accelerations at x5 = 0.64L
for maximum shock force
P, =400 MN reached within
0.18 sec.(g=acceleration
of gravity

eration of 1.1gat t=0,18 sec. of the
first impact phase (t=0.08 sec.) coin-
cides with the corresponding valus of
Fig.5. During the impact, 1.35g is the
maXimum total aceceleration.

Whether the acceleration of nearly
2g after the end of the impaet will be
reached ssems to be questionable because
damping will play a role with increasing
time but this has not been considered in
the foregoing investigation.

8.4. Stress Analvsis

For calculating the bending moment,
eq.(37) is used while +he shear force is
caleulated from eq.{38) because the
equivelent values from eqs.(34) and (35)
in the first collision phase (t <¥), ac-
cording to section 6.1., are negligibly
small (see Figs.8 ard 9). Further, only
the dominating first two terms of B.N
are needed (i.e. set I=2 in the
said equations) in order te¢ obitain satis-
factory approximations. The point
Xg =0.64L of the impacting force remains
as before, but for x we use the most en-
dangered cross section (just in front of
the reactor-room), namely x = 0.59L, Then
finally, the time dependencies of bending

. Shear force
150

MN
100

S0 |
impact starts | \

’ 0.2 01.1. 086 ’107; 1.0 12
50

- impact t i
-100F ends

-1580

~200

Fig.8 Shear force Q{t) at x=0.59L
resulting from maximum shock
force Po= 400 WN acting at
X, = 0.64L

Bending moment
1.5 n
10% MNm
LOfF

0sL impact ends
impact starts _i

L i 1
f 02 04 06 08 10 12sec
<05

-1.ok
-5
-2.0

11—

Fig.9 Bending moment M {t) re-
sulting from shock force
as in Fig.8
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moment and shear force follow from Figs.
8 and 9.

Only longitudinal siresses and
bending shear stresses have been taken
inte consideration in the stress analy-
gls. These have been combined into an
equivalent uniaxial stress. Longitudinal
stresses are caused by the impact bend-
ing moment M, in the (x,y)-plane (see
£ig.9), by the still water bending mo-
ment in the (x,z)-plane, and by re-
strained warping assoclated with the
torsion moment. The warping stresses
and bending shear stresses have been
calculated by assuming an open cross
section and total warping restraint,
which are admittedly rather strong sim-
plifications. Fig.10a shows the double
hull cross section just in front of the
reactor room. The results of these gal-
culationg are plotted in Fig.10b as
curves of longitudinal stresses versus
time for the four most endangered points
of the cross section.

(a) ®

c%mpression o -
side
— 0% y

Impact

tension
side

neutral
Lo~ axes @L
1.7 ¢em
‘ A 4,6m

N2hem

TT

400
Stress
-t
300
N/mm?2
200

(bl

i 100
impact
starts

Fig.10 (a) Most endangered cross
section at x=0.59L
{b) Resultant uniaxial
stresses in some of the
mogt endangered points
to @ of the cross
section (® = collapse)
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Collapse is considered toe start
when the eguivalent uniaxial stress
reaches the dynamic yield stress
oYdyn==31O N/mm (45 ksi), or when buck-

ling occurs en the compression side
{e.g. point ytaking the influence of
the shear siresses on buckling into con-
sideration)}. Collapse of the cross sec-
tion will begin at about t=0.2 sec.,
i.e. 0.3 sec. after the impact started,
if one considers only longitudinal and
bending shear stresses. Inspection of
Fig.9 shows that the bending moment
Mz%t) at t=0,63 sec. thecretically is
twice its value at the collapse time, so
one c¢an conclude that in reality a
smailer impact force or a smaller colli-
sion veloecity will cause collapse.

Inclusion of torsional shear
dtresses, whose caleculation requires a
more exact and rather complicated stress
analysis of ihe whole ship which goes
beyond the gcope of this paper, will
make the situation sven worse,.

Finally, the Influence of the
propagation of stresses on the im-
process has been estimated, With
most unfaverable assumptions, the max-
imum time for building up the final
stress state in the whole ship is about
0.05 sec. Comparing this value with the
stress-time curves of Fig.10, one may
conclude that the time for propagation of
the stress waves is so short that it
has no essential influence on the impact
process.

wave
pact

9. CONCLUSIONS

It must be emphasized that the
preceding studies were nct intended to
predict exactly the benavior of the
whole ship when struck in a collision be-
cause the assunptions for a collision
scenario cannot be defined very accurate-
1y. The calculations give only = rough
estimation, Therefore, the simplifica-
tions (constant bending rigidity, homo-
geneous mass distribution, linearly in-
creasing shock forece up tec an approxima-
tely consbtant value and inclusion in the
stress analysis of only longitudinal
siresses and bending shear stressea)
seem to be justified in order to get =2
rather simple and quick instrument for
estimating the consequences of a colli- '
sion impact. For the special case of a
nuclear powered containership struck at
the middle of its heavily protected re-
actor room, the study shows that in
spite of - or perhaps even because of -
the resistance of the protective con-
struction, which is able to withstand
the Iintruding of the striking ship's
bow, the whole ship will collapse at a
cross section in front of the reactor
room. The study also shows that the max-
imum acceleration has go high a value
that it must be taken into serious con-
sideration in the desipn of the reactor

facilities. ;
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