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ABSTRACT: This article is directhyrelated ti the wel-known supe-elements technique, used for rapids-
timating the collision resistance of a ship strisgkanother one. This paper introduces a new typgipér-
element for considering properly the case of irediplating. The first part of the article is dewbte a short
presentation of the mathematical developments gatti the crushing resistance. The proposed formsula
then validated by numerical simulations on indidbdocomponents. In the second part of the studycamsid-
er the example of a collided ship having inclindatipg elements. A comparison is made betweendhelts
provided by numerical simulations and those givegnabsimplified analytical tool involving the above-
mentioned new super-element.

1 INTRODUCTION 2 ANALYTICAL DEVELOPMENTS
Amongst all the loads that may act on a ship, it ig'l Displacements field

important to consider the case of a collision betwe The super-element under consideration is an intline
two vessels, especially for ships transportingytell plate impacted by a ship bow (Fig. 1). This one is
ing substances or for military vessels. For chegkin characterized by the parameterandy correspond-

the resistance to collision, it is of common preeti ing respectively to the stem and side angles. Bhe |

to use finite elements software. As this approacly .o rdinate frame associated to the vesselsis (
may be time-expensive, some simplified tools were

developed for rapidly assessing the ability of sseé ¥s Zg). In this frame, the curve descrlbl_ng the shape .
to withstand a collision. Such methods are very usé®’ the uppermost deck has the following mathemati-
ful for optimization in the pre-design phase of theCal equation:
impacted ship. X2

The basic idea of these simplified proceduresistd =z, =R, - R, —- ()
divide the vessel into structural macro-components, Ry

called “super-elements”. Each of them is CharaCte\ivhere R« and R, are the two radii of the parabola

rized by a relation giving the crushing resistance;
with respect to the penetration of the strikingpshi eg?égst %j)e.c-ll-(r}g ggg:)ete%el;\;/veen the plate and the upper

As the impacting vessel is moving forward into the The plate is assumed to be simply supported on its
struck structure, these super-elements are succes

sively activated and their contribution to the tota ur edges. The initial contact point P definesrfou
24 . regions characterized by the dimensi@is ay, by
collision force is evaluated.

As a consequence, one of the most importar] ndb,. Local axesX, y, 2) are also attached to the

steps is to coherently derive the individual craghi quell?gdmga%(n?{agd are obtained by rotating th@abs

resisting force for the various components. Sorne r

sults are already available in the literature, e © As the ship is moving forwards, the plate is sub-
. y . ’ ¥ mitted to strong tensile forces implying interng-d
for horizontal or vertical members. However, the

side shell of a vessel mav also bresents some isjpation and it is our purpose to estimate theesarr
y P onding energy rate. To do so, it is necessary to

Cl'n%d dpartsd. .ts.onzﬁ ad_dltl%r_}al reseatrch IS trE‘:f,r\:fo%ostuIate the displacements field occurring on the
neede I an It |fs € alr% IS paper OI pr&e}se N structure during the impact. For a given penetradio
super-element for considering properly the case O[sgarallel to the globaf axis, we assume that the plate
inclined plating. is only submitted to a displacememw(x,y) acting



perpendicularly to its plane, i.e. along the loeal
axis.

Figure 1. Three dimensional view of the impact scin

The two previous component¥ (x) andWa(Xx) are
separated by the abscissa . Initially, for 6 = 0,
we havexy = a; but for further indentationy, tends
to 0. If we account for the tangency conditions ex-
plained here over, it can be shown tkats given
by:

(4)

The displacemen®(x) is now entirely characte-
rized by equations (2) to (4). It is worth notirtat
W(x)is strictly horizontal, i.e. parallel to the gldta
axis. However, we postulate that each pdxy) is
only submitted to a movement perpendicular to the
plate. To illustrate this assumption, the displace-
ments profile in a plane perpendicular to ¥exis
is depicted on Figure 3. It can be seen that thpesh
function W(x) is simply linearly interpolated so as to
havew(x,y)= 0 fory = 0 andy = b; + b,. If we con-
sider the plane perpendicular to thexis and pass-

deck. For a given indentatian the plate is forced to a1 p s submitted to the horizontal indentation

follow the shapga of the_ impacting_ bow, which Ieadsw(ag) = 4, but the points of the plate only suffer a
to the deformation depicted on Figure 2. In oraer t displacemen® sin « decreasing linearly witly. Si-
avoid any redundancy, we will only describe the dlsm“any, in any plane perpendicular to tHeaxis, the

placements field for the region<Ox < a;, but devel-
opments are similar fa; <x<a; + ap.
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maximal displacement is simply given ky(x,y) =
W(x) sin o and is linearly interpolated along tlye
axis. This can be written as:

- If 0 <y<hb, —W(X)cosa, then:

_ W(X)sina
Wx¥) = b,-W(x) cosa ®)
- If b, =W(X)cosa <y <b; + by, then:

_ W(X)sina B
WO Y) = 0 cosa B 2 ) (6)

Figure 2. DisplacemeriV(x) in the plane of the uppermost WhereW(x) is given by equations (2) or (3) accord-

deck.

The displacement fiel#V(x) in the plane of the

uppermost deck is composed of two parts. The first

partWi(x) is limited to the zone 8 x < xp and is de-
fined so as to be tangent to the cufvéor x = Xo.
We also assume a horizontal tangency Xor 0.
Considering equation (1) leads to:

X2

W,(x) = 2)

0

The second pakl,(x) has to perfectly fit the curve
I', because the plate is supposed to take the same

shape as the impacting bow. Consequenti(x)
may be written as:

®3)

ing to the position along theaxis.

J sin a

Figure 3. Displacements in a plane parallgv@)plane.

This assumption of having(x,y) perpendicular to
the plate means that the structure is submittea to



plastic flow, for which each material point is sijmp not directly sought, we will rather make another ap
“flowing” over the bow. Of course, this implies tha proximation to get a closed-form solutionat,;. In

no friction is likely to take place between thenste fact, the plate is supposed to be made of indeggnde
and the structure, which seems rather conservasive fibers oriented along thg andy axes. During the
the effective penetratiof tends thus to be overesti- collision, these fibers are only submitted to mem-
mated. brane deformations alongor y, without suffering
any shearing force. Consequentlyy, = 0 and the
strain energy associated &g andey, may be eva-
luated separately:

Equations (5) and (6) describe the displacements ) ]

functionw(x,y) for every point(x,y) belonging to the  Ein: = UOth-'[gxdedy+ Uotp”ffydedy (10)
surface of the plate. This function is said to beek A A

matically admissible, as it is compatible and respe  |ntroducing (9) into the previous equation and tak
all the boundary conditions. For this reaswix,y) ing account of (7) leads to the following expressio

may be used for applying the upper-bound principleof the resistance opposed by the plate:
According to Jones (1997), this theorem statesithat

. . 2 2
the work rate of a system of applied loads durimg a p- Jotp”(aw o°w  ow 0 Wjdxdy
A

2.2 Internal energy rate

kinematically admissible collapse of a structure is &6x65+6_yay65 (11)

equated to the corresponding internal energy dissip

tion rate, then that system of loads will causei{in wherew(x,y) has been defined previously by (5) or
pient) collapse of the structure. If we denoteoBy:  (6). Equation (11) may be analytically solved iR or
the internal energy rate produced by the velocitgder to derive a closed-form expressiorPoHowev-
field ow(x,y) the resistancP opposed by the super- er, the developments are quite fastidious andnail
element during the collision may be found by thebe detailed in this paper. So far, it is importamt
virtual work principle: bear in mind that the total resisting forBeis the

oOE sum of two contribution®, andPy given by:

0E, =P@J - P=—n (7) 2
00 P = Jotp”a—wa—wdxdy (12)
According to the above-mentioned upper-bound A 0x 0x00
theorem, it is clear that equation (7) may giveean ,
cessive approximation of the real plate resistahce _ ow 0°w
the collapse displacements fieldx,y)is not careful- Py = Jotpj;ja_deXdy (13)

ly chosen. Under the hypothesis of a plane stress
state, Simonsen (1997) shows that the plastic flowherePy andPy are due to the membrane elongation
theory leads to the following expression of theint of the fibers oriented along or y respectively (the
nal energy rate: detailed mathematical expressionsRyfand Py are

provided as an appendix)he assumption of a non-
”\/52 +&2 +£2 +¢ ¢ dxdy (8) shearing displacements field is a conservative ap-
FO proach because it neglects the energy that isdigso

204,

nt \/—
3

ipated th h th ey} of the strain ten-

where the dot is used for denoting the derivativeSSI(l)orae rough the componehy. of the strain ten

0l0o, Ais the area of the platg, is the thickness and '
oo is the flow stress. In this last expressio,, Oeyy _
andoeyy are the components of the strain rate tenso®.3 Failure

They may be found by taking the incremental forma)| the previous developments are valid provided

of the Green-Lagrange relations: that there is no failure in the material. Howe\as,
2 2 the indentation is growing, the plate is submitied
£, :l[a_wj :1(0_""} : _1owow (9) increased deformations that finally result in a ma-
2\ 0x 72\ ay Y 20x dy terial rupture. The membrane energy is then retbase
. ich i t f the-resi
So the internal energy rafy, may be found by which in turn causes an abrupt decrease of the-resi

) ; : X tance. However, after this sudden transition, te r
introducing equations (5) and (6) into (9), andnthe gigiance tends to stabilize at a non-zero levey. (Fi

deriving the obtained expressions with respeai.to 4y ‘1his is due to the fact that tearing is fitdted
This leads to the strain rates associated witliéhe | - -onfined area of the plate, before extending t
W(X,y) Oexx, Oeyy andoeyy are then introduced in €qua- |5 o region. Of course, as tearing developsyehe
tion (8) in order to obtain the corresponding eyergfsistance is becoming smaller. In our simplified ap-
rate. However, the mathematical formulations oproach, we will simply admit that the resistance is

w(x,y) are too complex for allowing an analytical in- so4 4 7 6rg immediately after the initiation ofrtag
tegration of equation (8). As a numerical approach (Fig. 4).

E,




A Failure Table 1. Geometrical dimensions of the striking msadefined
on Figure 1.
p(m) om) ¢ (deg) y (deg)
- Simplified model 6 8 84 84

Progressive tearing

>0

Figure 4. Resistance before/after rupture and pteseplified
model.

In order to account for this phenomenon, we as
sume that the fibers oriented along théresp.y)
axis are no more able to support tensile forces i, - o
their deformationg,y (resp.eyy) becomes Iarger than Figure 5. Finite elements models of the strikingpsiind the
a given threshold valug. This may be written as: ~ Struck plate.

ow )’ The mesh in the contact area is similar for the
= [ j >, - PR =0 (14)  plate and for the ship, with an element size of % x
cm. The plate is simply supported on its four edges
) and is collided by the vessel travelling at theiahi
_1(ow _ speed of 2 m/s. In this paper, we only presentisesu
Eyy _E(a_yj >e, - P = (15)  obtained for the following characteristica; = 2.5
m,a;=2.5mb; =2m,b,=2mand,=0.02 m.
wheree. is the threshold value of the deformation for The material law used for the plate is depicted on
which rupture is assumed to take place on the supdrigure 6. The stress-strain curve is made of two
element. According to Zhang (1999) or Litzenparts. The first one corresponds to the elasticgghas
(2001), typical values for. are between 0.06 and where a linear behavior is assumed. The stresses are
0.12. directly proportional to the strain through the
Equations (14) and (15) together with equationYoung’s modulusE, until the elastic capacityy is
(11) completely define the resistanPeoffered by reached. The second phase stands for a plastic beha
the plate for a given penetratighof the striking vior, with a linear hardening characterized by the
ship. The lawP(9) is precisely the relation sought for tangent modulusEr. If an element is deformed
characterizing the present new super-element. Bddeyond the ultimate strai, then rupture occurs and
cause of all the previous hypotheses, the method féhe element is simply removed from the numerical
deriving P may appear to be over-conservative, bumodel. For our simulations with LS-DYNA, the pa-
one has to bear in mind that the application of théameters listed in Table 2 are used. They are as-
upper-bound method always provides an excessiv&med to fit reasonably with classical steel.
approximation for the real resistance of a collagsi

structure. Table 2. Parameters defining the stress-strainecianvclassical
steel, as depicted on Figure 6.
E(MPa) & (MPa) oo (MPa) &y
3 INDIVIDUAL VALIDATION 210000 1015 240 02

In order to validate the expression Bf) for the
new inclined super-element, some comparison are ag
made with numerical solutions given by the finite
elements code LS-DYNA. To do so, the bow of the o) ~Er
striking ship is modeled with rigid shell-elemerits.
geometrical properties (as defined on Figure 1) are
listed in Table 1. '
This ship bow is used for impacting different ~E
plates having various lengtha; (+ a;) and p; + by). » &
For each of them, the inclination varies frans 45° &y
to a = 90° with a step of 15°. So intermediate SImu'Figure 6. Material law used for numerical simulato
lations are also performed for 60° and.90°
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Figure 7. Comparison between analytical and FEM,45°.
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Figure 8. Comparison between analytical and FEM,60°.
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Figure 9. Comparison between analytical and FEM,75°.

8000
7000
6000
5000
4000
3000
2000
1000

0

P (kN) P
s
P
i
A
/_/
e 5 (m)
0 0,1 0,2 0,3 0,4 0,5

——Numerical ——Analytical

Figure 10. Comparison between analytical and F&M90°.

Figures 7 to 10 show comparisons between r
sults obtained numerically and the present incline

super-element for the dimensions listed here over.
As it can be seen, the resistance is increasiniy wit
the anglea, which means that vertical panels £
90°) oppose the largest force to the indentation of
the striking vessel.

These figures show that the agreement between
the curves is quite good. In some cases howewer, th
analytical failure appears for greater penetrations
than in the numerical model. This is mainly due to
the difficulty of choosing an appropriate value for
the critical straire.. In the present paper, we choose
e = 8 %, as recommended by Zhang (1999) and
Lutzen (2001) or Buldgen (2012) who mentioned
that typical values of; are between 6 and 12 %. In
fact, we practically determined by making com-
parisons with the rupture levels predicted by é&nit
elements analyses, so that the rupture strain pre-
dicted by the super-elements method corresponds to
the one given by LS-DYNA. For the present inclined
super-element, we observed that the most adequate
value wase; = 8 % because this choice was fitting
with most of the numerical results. However, it re-
mains difficult to choose a proper value fgQrthat
satisfactorily fit with all numerical simulations.

In the numerical model, rupture is supposed to
appear when deformations overcome the valug, of
= 0.2, but they are highly dependent on the contact
conditions between the stem and the plate. For ex-
ample, if the striking bow is modeled with too ghar
edges, this may results in bad contact conditions i
volving rupture since the very beginning of the im-
pact. Moreover, as shown by Le Sourne (2001), the
numerical failure is also related to the mesh dtoe.
these reasons, we decided not to accord a too large
confidence to the precise value doassociated with
rupture. In addition to that, the discrepancy betwe
numerical and analytical failures remains acceptabl

As mentioned earlier, after failure, the resistance
is not immediately set to zero. The plate stillhwit
stands further indentations because of the progres-
sive extension of tearing. Since this phenomenon is
neglected in the present super-element, our apiproac
remains conservative as it tends to underestirhate t
total energy dissipated by the structure. Thislss a
an additional argument for not caring about rupture
occurring too late.

4 IMPACT ON A FULL SCALE SHIP

In this section, the case of a ship collided byrtbiel
bow depicted on Figure 5 is considered. This scena-
rio will be treated by using both the finite elerteen
code LS-DYNA and the super-elements method. The
latter has already been successfully applied by
(amongst others) Pedersen & Zhang (1998), Zhang
(1999), Lutzen, Simonsen & Pedersen (2000),
| Utzen (2001) and Le Sourne (2007) for treating
hip-ship collisions. Currently, the application® a



limited to vessels having an internal structure in-|
volving only horizontal and vertical components.
However, for some vessels like frigates or aircraft
carriers, the shell plating may exhibit a non rgagli
ble inclination. So far, this was not tackled byngs
the super-element approach and the presented ne
developments are therefore a first step for extendi
the method.

For the numerical simulations with LS-DYNA,
the ship is only represented by one of its sectibns
mited by two transverse bulkheads. The total lengtl
is of 11 m and the first impact point is exactly lo
cated at mid-section. Moreover, we suppose that th
ship is at rest "?‘ga'”St a quay, so that no S_W‘a}omOt Figure 12. Section of ship model 1 and correspandstair-
may occur during the collision. The material charac . cc» model.
terizing the ship is still the same than the one de

picted on Figure 6, with the values listed in Table On Figure 13, we first propose a comparison be-

In order to point out the importance of accountingyyeen the curv@®(9) given by LS-DYNA (“numeri-
for the inclination of the shell plating, we coreid g curve), and the one obtained by the super-

« Staircase »
model
/

/
/

il ?\\ —————————=
0000

two different ships. elements method including the new developments
presented in this paper (“analytical” curve). The
4.1 Ship with slight side inclination agreement is seen to be reasonably good, evea if th

- - . , resistance tends to be overestimated at the beginni
For this first collision scenario, the shell platiof 4t e impact. This is mainly due to a coupling oc-
the ship is not too deeply inclined. A three dimen‘curring between the uppermost deck (Fig. 11) and
sional view of 'ghe internal structure of the vessel ha inclined plating. In fact, as the ship is mayin
proposed on Figure 11. In order to model the pres,nyard, this deck is bent around theaxis (Fig. 11)
ence of the quay, we apply boundary conditionssso &,ecause of the tensile forces transmitted at te-bo
to prohibit any point of the plané= 0 from moving g4y with the plating. However, the inclined super-
in the Z direction. For this first model, the inclina- gjement has been developed under the assumption of
tion of the shell plating: = 80° is quite modest. The g pate simply supported on its four edges. Sihee t
first contact point between the rigid striking band — yack exhibits flexural vertical displacements, this

the struck vessel is denoted by P and depicted iy hnthesis is not completely realistic and we think

Figure 12. that further investigations are still needed ineortb
Y account for this phenomenon.
4000
3500 - <N ;
3000 RN 44“'
2500 o
2000
fE———
1000 //m &
500
0 d(m)
0 0,2 0,4 0,6 0,8 1 1,2
—Numerical =—Analytical ——"Staircase" model

Figure 13. Comparison between numerical and awcalytie-
) . ) ) . sults for ship model 1.
Figure 11. Three dimensional view of ship model 1.

In order to illustrate the new contribution of our

paper has been integrated in a calculation code thgith horizontal and vertical components, as it doul

allows the ship to be treated as a set of Supefe achieved with the super-elements developed so
elements. By so doing, it is possible to derivelyina 5, By 5o doing, we obtain the so-called “staietas

ically a rough estimation of the curve showing they,gqe| depicted on Figure 12. If we apply the super-
evolution of the forcé> opposed by the ship to the glements method to this simple case, we obtain the

penetration of the rigid bow. curve P(9) denoted by “staircase” model on Figure



13. As it can be stated, this curve shows an impotture occurs before having too large flexural dis-
tant discrepancy with results given by LS-DYNA.  placements of the decks. But if we remove the fail-
ure condition in our models, we observe that the tw
curves exhibit a discrepancy increasing with the pe
netrationo. For this reason, it seems to be important
For this second model of ship, we consider a mucto perform additional research in order to accdant
more inclined shell plating, with = 45° (Fig. 14). this phenomenon.

We choose this particular configuration in order to

show the importance of considering the side inelina

tion when developing simplified analytical tools.5 CONCLUSION

Except this new value af, the ship is identical to

the one presented in the previous section. Inquarti In this paper, we present a new super-element devel
lar, the scantling is very similar to the one deggdc oped to treat collisions on ships having an indine
on Figure 11. shell plating. For such components, a relation be-
tween the global resisting ford® and the penetra-
tion of the striking vessel is derived.

The analytical developments are then verified by
comparing the calculated crushing force with numer-
ical results obtained by simulating collisions be-
tween a rigid bow and an oblique plate. We found a
quite good agreement with the closed-form expres-
sion of P(0) derived for the new super-element.

In order to check the coherence of our develop-
ments, collisions on full scale ship models ar® als
considered. On one hand, we performed numerical
simulations with LS-DYNA for a ship impacted by a
rigid bow. On the other hand, we integrate our
present developments in a global super-elements
treatment of the ship. Comparisons between the re-
sults of the two approaches show a reasonable

Comparisons between the numerical curve giveﬁlgreement. , . . .
by LS-DYNA and the analytical ones are shown on However, S|mulat|(_)ns on entire modelfs point out
Figure 15. It is now clear that the “staircase” rlod a lack in our calculations. When developing the law

is really inappropriate for modeling ships with P.(é) for an inclined plate, we assumed that it is

strongly inclined plating. On the contrary, the dan simply supported on its four edges, where displace-

lytical” curve obtained with help of our new super-r.nents are constrained. On a real ship, this assump-
element appears to be much more suited tion has to be relaxed because the oblique plate is

supported by bulkheads and decks. As these struc-
tures are not infinitely rigid, they may exhibitrse

4.2 Ship with strong side inclination

Figure 14. Section of ship model 2 and correspandstair-
case” model.

3500 15 ) bending deformation, especially when large tensile
3000 forces occur in the plating. As a consequence, the
2500 / boundaries of the plate are likely to move, which
2000 implies a reduced internal dissipation in the super
o | . .
~ \ element. In this sense, our calculations may not be
1500 ~ . conservative.
1000 / b Mg It is quite difficult to handle with this probleof
500 coupling, because the super-elements method pre-
0 . J (m) cisely assumed that each structural component-is de
0 0.2 0.4 0.6 0.8 1 12 coupled from the others. As a consequence, some
— Numerical ——Analytical —e—"Staircase” model additional research is still needed for a bettée-in

gration of this phenomenon. Nevertheless, the de-

Figure 15. Section of ship model 2 and correspandstair-  velopments exposed in this paper already allows for
case” model. a first treatment of collisions on ships having in-
clined plating. In particular, results are much enor

However, there is still a little discrepancy betwe confident than those obtained by modeling the Vesse
the “analytical” and the “numerical” curves. As ex-only with vertical and horizontal super-elements
plained in section 4.1, this is still due to theigling  (“staircase” models). This however shows the real

between the decks and the plating. In the presemieed of establishing new laws, as it has been done
case, the divergence remains moderate because rylroughout this work.



6 APPENDIX
P,s = sabsin’a 1-/f, arcta{ \/I]
In this appendix, we provide the mathematical ex- 25coda f,
pressions required to analytically evaluate thésfes ., =l
tance of an impacted inclined plate. In this sextio _Xsinar, 1
we will in fact detail equations (12) and (13). Yo 2cosa f,
The resisting force provided by the fibers patalle
to x axis is given by:
) p - b, (b, + 25 cosa)sin? @ Tt arctanif,)
P =0, 3 P, (16) 2(b, + dcosa)’ cosa
p = -b?sin*a a, — X,
where the corresponding expressions for L< 6 y8 — 2(b1 +5cosa)2 cosa| 1- f2

are as follow:

2 with:
Pi= Zb Sin a[l \/_ arctan?E \/T H
X, COSa . a1b2 a:]_b]_

= f =—==
4, osin’a(, 1 B ' xdcosa  * x,dcosa
3

P.=
X,2 fl

b, —dcosa f5_R2b1+5cosa

f,=RZ
2 ain?2
= 4R§ b; sin” a JT, arcta 3, — X R, cosa R, cosa
3R? b, - dcosa \/f_z
, fo o EmT% L aX
P = &, sin a{ \/_arcta ﬂ 1+(a, —%,)° f,° 1+(a, =%, )" f*
’ 3X, cosa

f :al_XO f al_XO
7 \/f—z 8

] For 9<i < 16, the formulae oPy; are simply
fe

_4bJdsin’a 1 B
3a, f,

obtained by substituting; by a, in the previous ex-
pressions oPy; andf;.

2 ain2
P = 4R§ b sin“ a \/f_sarctan a — X,
®  3RZ b, +dcosa Jf
For 7<i <12, the formulae oPy; are simply ob-
tained by substitutingy by a, in the previous ex- 7 REFERENCES
pressions oPy; andf;.
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