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Abstract

The present paper is concerned with the desigoosfdates submitted to ship impacts. In this
article, a simplified analytical method is presente evaluate the resistance of such structures
under collision. The basic idea is to assume tiatesistance is first provided through a local
deforming mode, corresponding to a localized cnglof some impacted structural elements.
For consecutive larger deformations, the resistamdeen mostly provided through a global
deforming mode corresponding to an overall moveroéttie entire gate.

For assessing the resistance in the case of thédeforming mode, the structure is divided
into a given number of large structural entitieech“super-elements”. For each of them, a
relation between the resistance of the gate andp#reetration of the striking ship is
established. However, as some results are alreadialle in the literature, this subject is not
treated extensively in this paper. On the contrdrg,calculation of the resistance of the gate
provided through the global mode is detailed arddtnategy to switch from local to global
deformation is highlighted.

Finally, we propose to validate our developmentsarigaking a comparison between results
obtained numerically and those predicted by thegreanalytical approach.



1. Introduction

Amongst all the loads which have to be expectedHerdesign of lock gates, the collision of
a vessel is one of the most difficult to handlehwit

A collision may result in some minor damages toglaing or to the stiffening system of the
gate, producing for example a local loss of watgrthess. However, if the initial velocity of
the striking ship is large enough, the displacesy@mposed to the structure may cause a
complete collapse of the gate. This would resuthim emptying of the damaged reach, with
probably the complete sinking of the striking ship.

To deal properly with ship impact, it is of coungessible to use nonlinear finite element
methods. Nevertheless, at the pre-design staggatiea such approaches are rather restrictive
because of the time required to model and simwaliesions. Therefore, we propose here to
establish an analytical simplified method in ortieverify the resistance of gates submitted to
a ship impact.

For the moment, the development of such simplifieethods is not really reported in the
literature. Some very interesting results have bestablished for the purpose of analyzing
collisions between two ships. For example, thelangsresistance of web girders has already
been theoretically and experimentally studied byembicki and Culbertson-Driscoll [1],
Wang and Ohtsubo [2], SimonsgB], Zhang[4] and Hong and Amdalijb]. Each of them
developed analytical formulations that may be udefustudying locally the contact between
a ship and a gate.

Additional results are also available for impactshels, which have been investigated in
details by Wang6], Wang and Ohtsubfy] and Zhand8]. Some references are also useful
for evaluating the resistance of metal plates aftpture, when they are submitted to tearing
and cutting. For example, these phenomena have $tedied by Wang and Ohtsulpd],
Zhang(8], Wierzbicki[9] and Zhend10]. In the particular case of stiffened panels subpbc
to lateral loads, the developments performed by Bdi, Cho and Le¢12] or Ueda, Rashed
and Paik[13] constitute a very accurate basis for performinghdital estimation of the
resistance of such structural components.

The previous brief literature review shows that eaesults are already available to deal with
a simplified approach of collisions between shipd gates. All these developments constitute
of course an invaluable help for developing sinmgtifcollision models of lock gates, but they
are not sufficient. The principal reason is tha tiehavior of an impacted gate may not
directly be assimilated to the one of an impactedsel. Consequently, some researches in
this domain are still needed.

The aim is to develop some analysis tools, whichld/te time and cost-effective in the pre-
design stage of gates. To achieve this goal, wefallbow a similar method than the one

proposed by Le Sourne, Rodet and Cldh4it The basic idea is that the total resistance @f th
struck gate is provided by two deforming modes:

- thelocal one, which implies a local crushing of all the sofed structural elements;
- theglobal one, which supposes an overall deformation ofytite.

In the present article, we try to go further irtestphilosophy.



2. General description of the problem

In this paper, we consider the exceptional situmatd ship colliding with a lock gate. The
collision scenario is depicted on Figure 1, whéee general coordinate system is denoted by
(X,Y,Z). For avoiding confusion in the present text, well wise the terminology
“transversal”, “vertical” and “longitudinal” in acedance with the respective orientationXof

Y andZ axes.

In our scenario, the vessel is coming from upstreach consequently, the impact is located
on the downstream gate of the lock. It is cleat this case is the least desired, because the
hydrostatic pressure is acting in same directiothasimpact force. On the contrary, if the
collision was happening in the downstream reachthef lock, the resulting hydrostatic
pressure would act in opposition with the impactéoand would compensate it partially.
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Figure 1 -Plane and section views of the impact situation

In order to derive an analytic procedure for estintathe collision resistance of the gate, we
first need to describe the ship and the gate usnigus parameters. This is the purpose of the
subsequent sections.

2.1. Geometrical description of the striking vessel

The vessel is characterized through the followmgssM, and velocityV,. In other words,
we assume a certain kinetic enefdyVZ/2 for the striking ship. These two parameters are
chosen according to the waterway class, which oeter the maximal speed as well as the
allowable shipping of the vessels.



The geometric point of view, we first assume tihat $shape of the bow at the uppermost deck
may be fairly modeled by a parabdla(see Figure 1) having a transversal ragiuand a
longitudinal radiusq. Consequently, in the local ax€s,,z;,) positioned in point4, the
equation of the curvB is given by:

Fzzbzq-<1—;—§> Q)

In order to have a global description of the geoynetf the ship, it is also required to
introduce the following parameters (see also Fidgyre

- the heighth,, between the uppermost deck and the bottom ofttipe s
- the side angl® and the stem angtg, which are used to fix the inclination of the bow.

It is important to note that all the above mentwpeoperties are required input data, which
have to be provided by the user before the beginoirthe calculation process.

2.2. Description of the gate

Figure 2 —Three dimensional representation of the considéypd of gate



In this paper, we will only focus on gates withirgée plating. A three dimensional picture of
such a structure is depicted on Figure 2, wheredtationsH andL are used for representing
respectively the total vertical and the total trersal extension of the gate. In fact, these
gates are rather similar to large orthotropic @atonstituted by a plating (for retaining
water) stiffened by the following elements (seeuég2 and Figure 3):

- the transversal frames, which may be seen as bpeementing a T-shaped cross-section.
They are placed in the transversal direction éleng theX axis).

- the vertical frames, which are also beams with shdped cross-section, but are arranged
in the vertical direction (i.e. along tifeaxis).

- the stiffeners, which are optional reinforcing besadisposed transversally on the plating in
order to avoid instabilities in shells. Their cregstion may exhibit various shapes.
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Figure 3— Plan andsection views of the gate



The geometric data required for characterizing théfening system are mainly the
dimensions of the different cross-sections. As show Figure 3, the needed values are the
heighth,, and thickness,, of the web, as well as the heightand thickness; of the flange.
For the plating, it is only necessary to precisethickness,,. With all these parameters and
knowing the properties of the material constitutithg gate, it is possible to derive the
mechanical properties of all the stiffening elersent

Another point which has to be clarified concernse #ssumed support conditions of the
structure. When the gate is closed, the contadujgposed to be established against the
support denotefl;, S, andS; on Figure 3 and, consequently, we may admit that:

- the gate is simply applied against the two lockisvedupportsS; andS, on Figure 3). The
translational degree of freedom in thalirection has therefore to be blocked along the al
vertical extension of the gate $p ands,.

- the gate is simply applied against the sill locaaethe bottom of the chamber (suppfyt
on Figure 3). Therefore, it seems to be reasortabiestrain the translational displacement
in theZ direction along the all transversal extensiorhefgate irs;.

2.3. Description of the material

The present article is concerned with the resistasfca lock gate impacted by a ship. The
primary goal is not to assess the damages caudée teessel: we are much more interested
by the ability aspect of the structural resistateceollisions. As a consequence, we assume
that the material constituting of the striking vass infinitely rigid. In other words, we won't
allow any deformation in the ship’s structure, whits a conservative approach in the
evaluation of the resistance.

On the contrary, the previous hypothesis is notdvidr the gate, as it is supposed to be
deformable. Nowadays, the most common material feeduch structures is construction
steel, so we will only deal with this material etpresent paper. This kind of steel exhibits a
constructive law represented by curve (1) on Figuand may be defined by the following
parameters:

- the maximal elastic stresg, to which is associated the maximal elastic de&diome,

- the rupture stress,,, for which tearing is observed in the materialeTdorresponding
deformation is called,,.

- the Young's modulug characterizing the stiffness of the material duyitime elastic phase.
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Figure 4— Real (1) and idealized (2) constitutive law of stmdconstruction steel



In order to simplify the analytical derivation dfet collision resistance, we will suppose here
that the steel has a so called “elastic-perfedégte” behavior. This means that the relation
between stresses and strains is idealized by ¢@jven Figure 4. Consequently, we neglect
the additional resistance coming from hardeningsteel, which is in fact a conservative
assumption.

2.4. General positioning in the space

To define the collision scenario, it is still nesas/ to position the resistance element as well
as the striking ship within the area of space. ®asd, different kinds of input data are still
required:

- the impact point, i.e. the point of the gate where the first contastween the bow and
the plating will be established. This point is ltedhby its coordinatéXg, Yz), as shown on
Figure 5 and Figure 6.
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Figure 5 —Position of the resistance elements and of the atnpaint

- the transversal position§ of the vertical frames, i.e. the position of eaeltical frame
alongX axis (see Figure 5).

- the vertical positiong; of the horizontal frames, i.e. the position ofle@orizontal frame
alongY axis (see Figure 5).



- the total number of stiffeners distributed along tertical height of the gate.

When all the previous inputs are placed, the tldiegensional configuration of the gate is
completely defined.

3. Methodology for evaluating the collision resistance
3.1. General principles

When a ship collides with a gate, its action onithpacted structure may be represented by a
force P, acting in the same direction as the indentadiaf the striking vessel (see Figure 6).
By equilibrium, this force may be seen as the teste opposed by the gate to the
progression of the ship. Therefore, the goal ofwairk is to assess the valueRffor a given
indentationd of the vessel. In other words, our aim is to detive evolution oP, with § by
means of simplified analytical procedures.
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Figure 6 -Representation of the impact force

When a ship is entering into a lock, it seems nealSle to admit that its initial velocity, is
quite small. Consequently, the dynamic effectsha gjate remain moderate, and we may
assume that the initial kinetic enerbfyVZ/2 of the ship is entirely dissipated by deformation

of the impacted gatg;;, i.e.:

1
EMOVO2 =Epp; (2)

Knowing the relation betweeP, andJd, it is possible to calculatg;,,; simply by integration
(see Figure 7):
‘Smax
EiTlt = f Pt(S) ) d6 (3)

0



For a given ship of masa, and velocityV,, equations (2) and (3) give the maximal
penetrationy,,,, which has to be supported by the gate to withstarah impact with such a
vessel. According to the maximal degradation legslepted for the gate, it can be decided if
this value 0%,,,, may be applicable or not.

3.2. Theoretical basis

The theoretical basis for deriviry(§) is the so-calledupper-bound theorem”which states
that “if the work rate of a system of applied loads dahgriany kinematically admissible
collapse of a structure is equated to the corresioamy internal energy dissipation rate, then
that system of loads will cause collapse, or irempicollapse, of the structure”
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Figure 7 —Evolution of the resistance of the gate with thegpeation of the ship

In the present case, it is obvious that the extatisaimilation rate,,, is entirely produced
by the forceP, applied by the ship on the gate. Therefore, weehav

Eext =Py = PtS (4)

where (") = 4/t is the derivative with respect to time. On theeothand, if we neglect

dynamic effects in the structure, the internal igision ratek;,,, is entirely coming from the
deformation of the gate. ¥ is the total volume of the structure, using theskgin’s notation
we have:

v

whereo;; andé¢;; are respectively the stress and the strain rasote defined over the entire
volumeV of the gate. By application of the upper-boundtken, we have:

. . 1
Eext = Eint = Py = gfff GijéijdXdeZ (6)
v

Consequently, equation (6) may be useful for deg\®k;(5), provided that we are able to
establish a relation between the deformation égtand the velocitys. To do so, we need to

define the displacements over the entire voldié&or example, on Figure 8, if we suppose
that point4 is moving to poinB for a given value of, we may define the three components
Ui(X,Y,Z,8),U,(X,Y,Z,8) andU;(X,Y, Z, §) of the displacement field along aXsY orZ

9



respectively. Note that in the remaining part aé thaper, we will also use the equivalent
notations U, V, W) and(X;, X,, X3) for designatinqU,, U,, U3) and(X,Y, Z).
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Figure 8 —-Definition of the displacement field

Using the Green-Lagrange tensor, it is finally jgassto find a link between the deformation
and the penetration of the siip

_1(0U; 0U; QU U,

Eif_i(a_)(j+a_)(i+a_)(ia_)(j 0

Equation (7) may be rewritten in the following steorform:

afi; .
If we want to apply formula (6) to obtain a relatibetweenP, andé, it is also required to
evaluate the stresseg as a function o6. This may be achieved using the constitutive laws
giving a relation betweem;; ande;;. As the evolution o€;; with § is known by equation (7),

we also have:
o;j = 9ij(X,Y,Z,6) 9)

Note thatU,, U, andU; are unknown; for a given value &f we have t@ostulatea certain
displacement field. Provided that this displacenied is kinematically admissible, we may
apply the upper-bound theorem and calculate thsta@seP, with formula (6). In fact, if we
combine (8) and (9) in (6), we obtain:

of.
p, = ff gy (XY, 2, 5)%61)(611/612 (10)
v

Equation (10) is the needed relation betw@grand §. However, the crucial point in the
above-described approach is to define properlyharkatically admissible displacement field,
otherwise the upper-bound theorem may lead to aregstimation of the crushing resistance.

10



3.3. The super-elements method

The integration of equatiof10) has to be performed over the whole voluthef the struck
structure and is rather impossible to derive arally. As a consequence, we need to
simplify the procedure described here over, arglitiay be achieved by splitting the gate into
super-elements.

The basic idea is to divide the gate into differeabstructures (so called “super-elements”)
that we assume working independently. For the lypaie depicted on Figure 2, the structure
may be decomposed into two types of super-elements:

= The first super-element (SE1) is a rectangulareptanply supported on its four edges and
impacted perpendicularly to its plane, undergoimgreéfore important out-of-plane
displacements. Such elements are typically usethéateling the plating of the gate.

= The second super-element (SE2) is a beam with lzappesl cross-section, impacted in its
plane. This kind of element is therefore quite vaté for modeling transversal and
horizontal frames.

The division of the gate into super-elements isydrdsed on geometric considerations. In
order to illustrate this process, we can consideekample only a small part of the lock gate
represented on Figure 2, for which the divisiom@ple is shown on Figure 9. As it can be
seen, the two previous types of elements are seiftior analyzing the structure.

As long as there is no contact between the shipaagtven super-element, this latter will
remain inactive. This means that it will not defotmtil it has been collided by the bow,
which is a consequence of the above-mentioned hgpi that each substructure is working
independently. After being activated, the supemelet will deform and dissipate a certain
amount of energy. If the gate is divided imtsuper-elements, as each of them is decoupled
from the others, the total internal energy,, is simply obtained by summation of the
individual contributions coming from thesuper-elements, i.e.:

n n

k - ~(k
Ejpp = z EY) = By, = Z EX) k€{1,..n} (11)
k=1 k=1

whereE®) is the internal energy dissipated by super-elem#&nfor a given penetratiod of

int
the ship. Before using equation (11), it is prefiery required to knovE". To do so,
formula (5) is still valid, but it has to be re-eded for the case of super-elemknt

int*

int

£ = f f f o™ qxaydz  ke{l,..,n) (12)
Vi

where we have introduced the following notations:

(k)
O-ij
e'l.(J'."‘) strain rate tensor defined on the entire volumsupier-element
Vi volume of super-elemeht

stress tensor defined on the entire volume ofrsalegnentk

11



(@) 2 SE1 are used for modeling the plating

(b) 3 SEZ2 are used for modeling the vertical
frames

(c) 2 SE2 are used for modeling the transversal
frames

7
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Figure 9- lllustration of the subdivision of a structurdgdrsuper-elements

By following a similar reasoning as for relation8) (and (9), we get finally the
particularization of equation (10):

af
Pl = fff g - —h—-dXdydz = P, = Z M 0. U dxdydz (13)

Vk

WherePt(k) may be seen as the contribution of super-elerkdntthe total resistance of the

gate (note that Einstein’s notation has been usethé subscript$ andj). In fact, relation
(13) is of primary importance because it constgutiee fundamental basis of the present

12



method. Of course, we still need to develop adedyahe functions involved in this
expression. This will be done later for SE1 and .SE2

3.4. Global and local deforming modes

We previously assumed that each super-element wesng independently from the others.
This hypothesis remains valid as long as the pati@tré is reasonably minor. However,
when the penetratiod of the ship is increasing, deformations will ocaursuper-elements
which still have not been undertaken by the bownseguently, the internal energy rate for
super-elemenk may not be equal to zero, although it has not legivated. This may be
seen on Figure 10, where out-of-plane displacemeedsr in the entire gate, even if some
regions have not been impacted by the striking bbip.

Global
deformation
of the gate

Local
deformation
of the gate

E: impact location

Figure 10 dllustration of global and local deformations

In order to take this coupling into account, letimsoduce the concept of local and global
deforming modes.

= We say that the structure exhibits a local defogmmode (see Figure 10) when the
developments performed in section 3.3 may be agplie other words, we suppose here
that the penetration of the vessel into the gatmig allowed by the local deformations of
the activated super-elements. Only the area imgdntehe ship contributes to the energy
dissipation; the other parts of the gate remainetordhed. Of course, it may be easily
understood that the local mode is only valid fotesmall values of.

= On the contrary, we say that the structure exh@itobal deforming mode (see Figure 10)
when the displacements are not confined in a sanedl located around the impact point. In
this case, the entire gate is involved in the enealigsipation process and we may no
longer assume that it behaves like a set of inddgm@n substructures activated
progressively. Consequently, the super-elementdadets not valid anymore and the

13



resisting forceP, has to be evaluated by another way than the moeised in section 3.3.
This is precisely the topic of section 5.

In order to model the phenomena depicted on FigOreve suppose that there is a sudden
switch between the two modes. At the beginning, wtie striking ship starts moving into
the gate, the resistanfgis essentially provided by the local deforming modhis statement
remains valid as long as the penetratiomoes not exceed a transition vafijefor which the
global mode is activated. In fact, the switch betwéhe two modes occurs when the faPge
applied by the ship on the gate is sufficient taseaan overall displacement of the whole
structure. As soon as< §; two different values foP,, are computed:

- the value ofP, obtained by supposing a local deforming modes ttenoted by,,,...
- the value off, obtained by supposing a global deforming modis. denoted by,

Py

Pion

P loc

5
O

Figure 11 -Evaluation of the transition from the local to thebal mode

For a given penetratiodi, P,,. and P,,,, are then compared. As long Bg. < Pg,p, the
force exerted locally by the ship is not sufficiémtcause an overall displacement of the gate,
so the ship continues penetrating into the strechyr local indentation. However, as soon as

Pioc = Pyiop, the force becomes sufficient enough and the bwitom the local mode to the

global one is obtained. The corresponding valué i3fthe required, (see Figure 11). After
that, for the values ob greater thany,, the resistance’, is evaluated using equations
specially developed for the global mode (see se&)o

4.  Evaluation of the resistance in the local deforming mode

In the local deforming mode, the resistance ofghte is given by equation (13), where we
assume that the total resisting force is simphaibietd by adding the individual contributions
of all the activated substructures. In this segttbe laws governing the behavior of the two
types of super-elements introduced in section 3e3 detailed. However, as this topic is
already well-treated in the literature (see fotanse [18]), in order to avoid any redundancy,
we have made a quite concise presentation of qaroaph.

Note: in the two following sections, we will use the stgmipt (k) for characterizing any
property of the super-element number

4.1. Super-element type 1 (SE1)

The first super-element is used for modeling thaipd of the lock gate. Its boundaries are
defined by the surrounding transversal and vertitames, as shown on Figure 12.

14



Considering the location of the impact poltit is possible to fix the four parametergf),
al, % andp.

~ Horizontal

Vertical
/ frame
frame

Xg X
Figure 12 -Definition of the main dimensions of SE1

The thickness of the plate is equal to the thickmgf the plating. However, a correction is
needed for taking into account the horizontal etiffrs placed in the transversal direction.
During the collision, the stiffeners are mainly sutted to an axial extension; they will
deform along theX direction by exhibiting a membrane behavior. Cousatly, the plate
thickness has to be modified for taking these &ffetto account. 1, is the total area of all
the stiffeners connected to the super-elemkgsee Figure 13), then we obtain:

4%

S

(F) (k)
b;”" + b,

(k)

ty =tp+ (14)

This correction has to be applied for the calcatatf membrane effects in th& direction.
However, if we consider membrane effects in¥hdirection, the stiffeners have no influence

and they do not need to be considered. Consequemdyhavetf,k) =t, and the plate
becomes orthotropic.

Transverse frame

I o il

b; +b;

m Total section = 4,
Figure 13 -Equivalent plate thickness

In the present approach, we suppose that the iegbgdate is completely independent from
the surrounding other super-elements. Thereforés dcceptable to consider the plate as

15



simply supported on its four edges. For a givermtdtions, the super-element will undergo
mostly a membrane deformation; the effects of bespndemain negligible.

When super-element SE1 is impacted by the boweotéissel, for a given value &f we may

deduct the deformation pattern shown on Figure \Wih this displacements field, it is
possible to evaluate the internal energy rate, whas already been done by Zhang [4].

az | a; ‘

X

Figure 14 -Displacement field assumed for SE1

For the situation illustrated in Figure 14, ZhantP949) found the following crushing
resistance for super-element

(k) ()
) _ 90 ( () | () [l |, .0 tx ty
P =—=la; " +a b +b + (15)
9 = 2o ) (64 8°) (o i)

4.2. Super-element type 2 (SE2)

_ "~ Horizontal
Vertical
frame
frame
A N
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Y
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Figure 15 -Definition of the main dimensions of SE2

The second super-element that we will considersisdufor modeling the transversal and
vertical frames. The boundaries of a horizontakstglement are defined by the two adjacent
vertical frames (and inversely for a vertical suplEment).

16



The principal dimensions!” anda{® (see Figure 15) of super-elemdntre positioned in

accordance with the location of the impact poirite Tesisting cross-section has a T-shape,
whose properties are defined in the general gegroéthe gate.

When this super-element is impacted, we suppogetthdl deform like a concertina. To do
so, three plastic hinges are formed. They are datd byABF, ACF andADF on Figure 16.
These lines allow for relative rotation between thi@ngular surfacedBC, ACD, BCF and
FCD. Bending effects are therefore preponderant alloege lines.

However, the rotational movement of the triangudarfaces is not free because it must
respect the compatibility between surface®D and BFD along their common linéD.
Therefore, surfacedBD and BFD are submitted to an axial extension implying mainl
membrane effects. Consequently, for a given indiemas, the web will be folded as
represented in Figure 16, wheXH is the total height of one fold. According to hevious
hypothesis, during this motion, the energy is absdrby membrane extension of the
triangular regiongiBD andBFD, but also by bending effects in the three plasitngesABF,
ACF andADF. The phenomenon of concertina folding has alrdaeln studied by a great
number of authors. For example, it was theoreyicahd experimentally studied by
Wierzbicki and Culbertson-Driscoll [1], Wang andt&lbo [2], Simonsen [3] and Zhang [4].
Hong and Amdahl [5] compared all these various epgnes and also developed their own
model.
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Figure 16 -Displacements field assumed for SE2

According to the developments performed by Zhanf fdr a given penetratiod, the
resistance of super-elemenkrns to be taken as:

(k) *)
k) _ Ootw (L0, .0\ [tw 4 HS
P == (b +b{®) <m+3b§">b§") (16)

Wheret&,") is the web thickness of super-elemkntn this formulaH is a parameter fixed by
minimizing the mean crushing resistance over ofete By so doing, Zhang [4] found that:

3(3m
H = /Ebgmbgw @)
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4.3. Total resistance in local deforming mode

The total resistance of the gate in the local aefiog mode is simply obtained by summing
the individual contributions of the super-elements:

n

Py = z Pt(k) (18)

k=1

Of course, for a given value 6f if a super-element hasn’t been activated, it mal provide
any resistance to the total resistance, and scawe: h

R =0 (19)

5.  Evaluation of the resistance in the global deforming mode
5.1. Displacements fields

When the global mode is activated, the gate israeduo undergo a global motion involving
the entire structure. The displacements field olet@iin this case is plotted on Figure 17a. As
mentioned earlier, the first contact between the bod the plating is located in poifif with
coordinates(Xg, Yz, 0). In the vertical plan passing through this poin¢.(the plan with
equationX = X;), we suppose that the displacements are distdtaiteng the vertical’ axis

as shown on Figure 17b. The mathematical formulaticthis profile is as follow:

Y
E

Wg(Y,8) =46 if Yp<Y<H (21)
whereW; indicates that we consider the displacement irptaeX = X;.

The two previous formulae are only valid as longhese is no other contact between the ship
and the gate. However, as the vessel is movingaiawanother contact will appear between
the plating and the lowermost deck (see Figure TBg particular value o for which this
situation will occur is denotedl. and we have:

6, =Yg -cotgp (22)

where ¢ is the stem angle. Wheh> 6., the contact between the bow and the plating is
completely developed along the heidit (see Figure 18). Consequently, it is required to
adapt the previous displacements fields in ordemcimount for this phenomenon. Then, for
& = 6., we will use the following equations:

Wy (Y,8) = (6 — hy cot ) - if 0<Y<Y;—h, (23)
Yg — hy
We(Y,8) = 6 if Y,<Y<H (25)
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Figure 18 -Assumed displacements field after second contaeelkea the bow and the plating

5.2. Mechanical model of the gate

In the previous section, we have postulated a katealy admissible displacements field. In
accordance with the upper-bound method, it is noasible to use the principle of virtual
velocities in order to estimate the resistancéefstructure deformed in the global mode.
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Unfortunately, it is rather difficult to derive dgtcally the resistance of a gate submitted to
the displacements given by equations (20), (21), (24) and (25). In order to simplify the
problem, we make the assumption ttiet main contribution to the resistance is comiragnf

the bending of the gate between the two lock walis hypothesis seems to be reasonable for
a global mode, especially when the rdiigL is wide, but we have to bear in mind that it may
not remain valid in some special cases. As a caese®, the resistance in the global
deforming mode is mostly provided by transversairfes the stiffeners. Therefore, the gate
may be seen as a set of independent beams subjectedjiven displacements field. The
contribution of the vertical frames is only to appte expected displacements to these beams;
we suppose that they don’t take part mechanicallythe resistance. According to these
hypotheses, we obtain the equivalent model of #te depicted on Figure 19.

hr

Collaborating part of the & ‘
plating

Figure 19 -Mechanical model of the gate for assessing thest@ste in the global deforming mode

The previous-mentioned beams have a cross-sechtamined by taking the gross cross-
section of the transversal frames, to which théabokating part of the plating is added (see
the picture at the top of Figure 19). The valuesoft, h,, t,, t, are defined as an input of

the calculation process, but the collaborating tlerkg has to be chosen in order to account
for the following phenomena:
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- the shear lag effect occurring at the junction leetwvthe plating and webs of transversal
frames;

- the overall buckling of the stiffened panel locateztween two transversal frames. This
situation corresponds to the configuration (a)tplbion Figure 20.

- the local buckling of the plating located betwewo tstiffeners. This is illustrated by the
configuration (b) on Figure 20.

The calculation of the effective width.;, (see Figure 20) on both sides of each transversal

frame can be achieved by applying the rules pravidg Eurocode 3 for longitudinally
stiffened plates.

Z
1 | Derr (@
T Y ‘ | ﬁ,,,_/«»—/*""”:::::f::::i::::f::::::"“"*—»-\_,\ (b)\
‘ [P iF 7777 | s —
U I A
1 - Plating 2—r - ”
2 - Stiffener I

3 - Transverse frame
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Figure 20 —Calculation of the effective width

Finally, in order to achieve the mechanical modglf the gate, we still have to give some
details about the support conditions of the beaftssthey are connected to the vertical
frames, they will be mostly restrained at two lavel

- a rotational restriction along the transversaxis, which will hinder the torsional effects
in the beams;

- a translational restriction along the longitudialaxis, which will hinder out-of-plane
shearing and bending of the beams.

Of course, it is rather difficult to precisely ace for these effects in an analytical procedure.
As we are not trying to have an accurate resistahtiee gate (but a good approximation), it
is admissible to consider that each beam is simppported at both ends. By so doing, we
completely omit the additional restrains provideg the vertical frames, which is a
conservative hypothesis for evaluating globallyithpact resistance.

5.3. Elastic resistance

The mechanical model presented here over is & sebeams submitted to the displacements
fields detailed in section 5.1. In this section, uge the superscrifk) in order to refer to a
particular beam, withk € {1,2 ...n}. At the beginning of the impact, a beam locatedrat
given vertical positiory ®) is deformed according to the classical bendingrhésee Figure
21). The deflected shape is then given by a paaabol

X X2+ X2 -2LX
w® (X, 8) = — £ Ew®w) =00 -w®es if 0<X<X 26
K =3y Wi ©) = A0 W) 5 (29)

X—L X?+XE—2LXg
Xe—L 2Xp(Xg—1L)

w®(x,6) = WP = L0 -wPE) i Xg<X<L (27)
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where W, % (8) = Wy(¥®, 5) and has been defined in section 5.1. The curvatiifeand
the bending momentd *) are obtained using the two following well-knowtate®ns:

*w 2w

) = g0 28
73 M® = E109 = (28)

whereE is the elastic modulus arif is the bending inertia of beakn

Xg AANNN

L
Figure 21 -Elastic deformation of a transversal frames

If we only consider the deformation energy arisirgn the bending of bearh, the internal
power defined by (5) can be calculated by:

L aw(k) X aZf 2 LXe 62/: 2
EM) = f MUz dx = EI§W; (6) — 5~ f <_ale> dx + f ( 6X22> dx (29)
0 0 Xg

By introducing (26) and (27) into (29), the indival contribution of beank to the elastic
resistance of the gate in the global deforming medkefined by:

ow 3L
PY = E10OW (5) —E

35  X2(Xp —L)2 (30)

5.4. Plasticresistance

Of course, equation (30) remains valid as long heset is no plastic effect in beai
However, when it is bent beyond its elastic lintite transversal frame exhibits another kind
of behavior, which may be described by using the fmllowing properties:

Ml(,k): the plastic bending moment of bedm corresponding to a complete plastic cross-
section in bending (see Figure 22a);
N;"): the normal plastic force of beakn corresponding to a complete plastic cross-section
in traction or compression (see Figure 22b).

With these properties, a classical plastic analys&y be performed. As soon aq(,") is
reached, the section locatedXin= X; behaves like a plastic hinge and the structurerbnes

a mechanism. At this moment, the yield locus charaing the cross-section is reached.
However, it does not mean that the resistancetignoceasing anymore. As the deformations
are increasing, tensile stresses appear insideeth®k, and the cross-section is submitted to
both a normal forc&/ ) and a bending momeM ). As they are linked by the equation of
the yield locus, these two actions are not indepetid
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In order to evaluatd/® and N®for each of thex beams representing the gate, we need
more information about plastic interaction. Uedal &ashed [15] have elaborated a very
refined description of the yield locus for the @@®ction depicted on Figure 22. However, as
suggested by Paik [11], it is easier to adopt alpalic interaction criterion for beamm{see
Figure 23):

2

k k
—Mik; —N; =1 M® =m" - MP —N; (31)
Mp Np Np

br Oy 0o
&
—» <—tW

- > M, N,

3
S |

by
Figure 22 -Plastic properties of the cross-section

N

Ny
Figure 23 -Parabolic interaction criterion

If we noteA®) ande®) the axial extension and the rotation in bearthe required condition
of normality is verified for the present yield lecii we have (see Figure 23):

dM® dACO A 2 sz,") N® AGO

AN~ " qe® ~ g0 < N2 oW (32)
(%)

The extensional rate and rotational rai€8 andg® in beamk may be easily calculated by
geometrical considerations based on Figure 24:

(k) (k)
. 1 1 \ow ™ . . w11 1 3.
) = (— E (k) — _E<_ ) 33
0 (XE+L—XE> 6 0 A We(0) =55 XE+L—XE 0 (33)

By introducing (33) into (32), we finally get a sed relation between® andN®), We
then obtain the classical formula giving the membrtorce in an axially restrained beam:

2
N® = (N) W /2md (34)
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At this stage, it is important to note that thisuk implies that the beam is perfectly restrained
in the axial direction. This hypothesis impliesttha transversal motions (along directigh
occur at the supports wheXe= 0 andX = L. This seems quite reasonable for the gate under
consideration, because of the action of verticamis. However, it is important to keep in
mind that we have formulated such an assumptiocalus®e even small displacements may
reduce considerably the present foreseen resistance

A

o 1 92
We(6)

Xz TTRTIRIYRRIRRGY

A
Y

L

Figure 24 Plastic deformation of a transversal frame

The previous relation (34) is useful for isolatihg associated bending momeft in (31).

By so doing, we get:
(k) (0 2
M® =y — y O (—N” We ) (35)

The two previous equations are only valivif©) < Nrgk), because it is impossible to exceed

the total plastic capacity of the cross-sectionnggguently, according to (34), the two
mentioned equations may still be used as long as:

(k)
2M
Wl < —F (36)

If this limit displacement is exceeded in beknwe simply haveV®) = N;k) andM®) = 0.

Once all internal forces and displacements fielel @mpletely defined, the upper bound
theorem is applied for getting the plastic collisiesistance of beak According to Jones
[16], the internal power of a transversal frame rbaywvritten as:

L
500 f (M®GE® + NOA®) . ax (37)

int
0

By introducing (33), (34) and (35) in (37), we filyaget the individual contribution of beam
k to the plastic resistance of the gate in the dldborming mode:

()7, GO 2
L (Mo Ve
ap®

)
pto _ yoo___ L (o OV
T XeL-Xp) P 068

)
pto _ L 0 IWe
T X (L—Xg) P a5

it w <2m{9 /N0

(38)

it w >2m9 /NG
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5.5. Total resistance in global deforming mode

In sections 5.3 and 5.4, we have established thieidual contribution of each transversal
frame to the total resistance of the gate. In atare with (13), the total collision force is
simply obtained by summation:

n
Pglob = Z Pt(k) (39)
k=1

WherePt(k) is given by (30) if beark is still in the elastic regime, or by (39) if plagty has
already occurred. To simplify, the transition betweahe elastic and the plastic resistance is
supposed to happen when the elastic bending momeettionX = X, reaches its maximal

vaIueMsz) .

6. Combination of local and global deforming modes
6.1. Resistance of the beams already impacted during the local phase

The transition between local and global deformirgenhas already been discussed in section
3.4, where a sudden switch is assumed to occur whed, (the so-called transition value).
In the present section, we give more precisionhenway to combine two different modes.
For a given value of, P, is evaluated by equation (18) aAg,, by equation (39). Two
cases are then possible:

- if Poc > Pyiop, then the force applied by the ship on the gateotssufficient enough for
activating the global deforming mode. Consequently,haved < §; andP; = P,,., with
P, given by (18).

- if Pgop = Pioc, then the global bending mode is activated andyéte starts to resist by an
overall movement. So we hade= 6, ; the transition value is reached.

For 6§ > §;, we know that the global mode is valid, but theisenceP, may no longer be
evaluated by relation (39). If we examine Figure f@a6 example, we see that when the
transition occurs ab;, the third transversal frame has already beenhedu®ver a certain
length 6, — §,, where §, is the initial distance between the bow and themf. As a
consequence, for beadnwe may not assume that equations (30) and (@83tairvalid.

/7] Resisting section after crushing

---- Deformation of the remaining section in global

5~ 8 - E‘ lzsf-o"o

Figure 25 -Resistance in the global mode of a transversal éraineady crushed during the local mode
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It is too conservative to suppose that a beam whiashalready been crushed during the local
phase does not provide any resistance during thtgabbne. On the contrary, the uncrushed
part of the cross-section is still able to devedogertain resistance by acting like a membrane.
This is illustrated on Figure 25, where, for belamve see that the total area of the uncrushed
section is:

AY = (hS) + 659 = 6,) t5? + b{e (40)

where h‘(f), t&,"), b;k) andt;k) are the cross-sectional dimensions for b&am
6((,") is the initial distance between the bow and b&am

- T

L Crushed length
8 ’ 7

B+ 8,- 6,
2 4{2
Y Y
1 >Z 1 >Z

Figure 26 -Combination of local and global deforming modes

Whenés > 6, — §,, the internal power developed while producing dditonal displacement
6 + 6, — 5, of beanmk is:
Eine = 0,AYA® (41)

where A® s the axial extension of the transversal framased by the displaceme#it+

Kk 2
(5+0659-6,) 5480 -5, (42)
Xg(L — Xg) Xp(L — Xg)

L
A(k) = —:
2

Finally, by introducing (42) into (41), we obtaimet resistance of a transversal frame already
crushed during the local phase:

G
w0, . 5+0" — 8

(k)
P =45 A 43
A A ) “3)
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Of course, this formula has only to be applied; it 63"), otherwise beank is not impacted
during the local mode and the classic formulae aiftisn 5 remains valid. However, a
correction is still needed to take into accountlieginning of a new phase of motion. In fact,
in equations (30) and (38), we have to evallmgé) and aWE(k)/a6 for the actualglobal
displacement, i.ed — 6, and not for thetotal displacements, which also includes the
displacements during the local phase. This conisgfdistrated on Figure 27.

----- Deformation of the gate at
the end of the local mode

Deformation of the gate
during the global mode

Figure 27— Total displacement and global displacement- J;

6.2. Total resistance

In the previous sections, we have establishedhall required formulas for assessing the
resistance in the local and global deforming moé#es.clarity, we will now to make a short
summary of the results.

1. At the beginning, the progression of the strikiregsel into the gate is allowed by local
deformations of the structure. During this locahgd, two different forces are evaluated:

P,.(6) —  seeformula (18) Wheriég(k) is given by:
- formula (15) if super-elemeftis of type 1
- formula (16) if super-elemettis of type 2

Pyp(6) —  see formula (39), Wheﬂ@g(k) is given by:
- formula (30) if beank is still in the elastic regime
- formula (38) if beank is in the plastic regime
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During the local phase, the total resistance ofgdeP; is equal to the local one, which
means thab,(8) = P;,.(6).

We assume that deformations remain local as lor,gs(6) > Py, (). The transition

between the local and the global mode occurs apéngcular values,, for which we
havepglob (612) = Pioc(6)-

2. For the values ob greater thard,, the global mode is activated. The total resistapic
the gate is still given by :

P,(8) = Ppc(8) + » P® (44)
t l t kz=1 t

where:

- P} is obtained by formula (30) or formula (38) if be& has not been impacted
during the local phase. It should be noted thagehexjuations are evaluateddin- 6,
and not ind (see Figure 27).

- P} is obtained by formula (43) if beark has been impacted during the local
deforming mode.

- P,.(8;) is the total resistance of the gate at the erideofocal phase.

7. Numerical validation

In order to validate all the developments describetie previous sections, we compare them
to the results obtained by numerical simulationgvem different gates. For each studied lock
gate, two situations of collision have been congdein the first case, the impact poiis
located in the upper part of the gate; in the sé@ase, it is positioned in the lower part.

7.1. Numerical model of the striking vessel

As mentioned above, we are only interested by thestadamages that may be caused to the
gate during the collision. So far, we are not coned by the destruction of the striking
vessel. Therefore, we conservatively assume thatsthp is perfectly rigid and will not
deform over the total impact duration.

For the numerical simulations, it is useless td deth the entire ship. We only need to have
a quite refined model of the bow. As explainedent®n 2, the geometry of the ship is fixed
with help of the five parameters q, ¢, Y andh, (see Figure 28). Its mass is nofdgl and

its initial velocity V,. For the present example, we have chosen the mahealues listed in
Table 1. These parameters have been chosen in trdepresent a classical ship for the
inland waterways.

Table 1 Numerical data describing the striking vessel

p q @ Y hyp M, Vo
6m | 8m | 84° | 84° | 5m | 4000t | 2m/s

The numerical model of the vessel is shown on [EgR8. It is composed 06955
Belytschko-Tsai shell elements, which are describeitie LS-DYNA theoretical manual by
Hallquist [17]. As it can be seen on Figure 28, iiessh is more refined in the central zone of
the ship, where the contact with the gate is likelyoccur. In this region, the mesh size is
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aboutl cm X 1 cm. In the remaining parts of the model, as theynatesupposed to develop
any contact with the impacted structure, the mesloarser.
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The material used for modeling the bow is assuroduktrigid. It is defined with help of the
classical properties of steel recalled in TableTBese parameters are only required for
defining the contact conditions between the shig #me gate. They are not used for
calculating any deformation in the vessel, as thgenml is infinitely rigid.

Table 2 -Useful properties for defining a rigid material laf@nly required for contact simulation)

Property Notation Value
Density p 7850 kg/m3
Young's modulus Ey 210000 MPa
Poisson’s ratio v 0.33

7.2. Numerical model of gate 1

The main dimensions of the structure are plottedrignre 29. The total height and length of
the gate arél = 13.1 m andL = 13.1 m. The stiffening system of the structure is made of

- five transversal frames, which are irregularly mlgtted over the height of the gate.
Their vertical positions along the vertidalxis are shown on Figure 29b;

- six vertical frames, which are regularly placedrabe lengthl. of the gate. Their locations
along the transversal axis are plotted on Figure 29c;

- twenty stiffeners distributed over the heighof the gate with an average spacé®tm.

Other geometrical data are listed in Table 3. Theesponding notations are defined in
accordance with the symbols introduced on Figurdl@e that the transversal and vertical
frames have a T-shaped cross-section, while tfferstrs simply have a rectangular one. The
gate is modeled with help &f04226 Belytschko-Tsai shell elements. The mesh is quite
refined, with a mesh size 6fcm x 5 cm. Of course, it may appear excessive to use such a
regular mesh over the entire structure, but it regsliired because we didn’t know in advance
which part of the gate would be impacted by the.shi order to avoid contact problems, this
solution has been chosen.
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Table 3 -Geometrical data defining gate 1

Element Property Notation | Value (mm)
Plating Thickness tp 10
Web thickness tw 22
Web height h 1000
Transversal frames Flange thickness by 22
Flange width by 300
Web thickness tw 22
| Web height hw 1000
Vertical frames Flange thickness b 22
Flange width by 500
Web thickness tw 10
| Web height hu 200
Stiffeners Flange thicknes§  tf 0
Flange width by 0
Y
(b) -13.1m
-7.8m
£ [
o i
o'l
-4.8m
- 23m
i Z
S e
1m
g g g o% 5
o~ < 0 = -
i o v Y n B
| ‘ ‘ | ‘
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© 5, X

Figure 29 Numerical model of gate 1

The material used for gate 1 is defined to represene or less the behaviour of steel. The
elastic-plastic stress-strain curve may be divigketdvo distinct portions. The first part of the
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curve corresponds to the elastic phase. The sdtesig-curve is linear, with an inclination
corresponding to Young's Modulug.. When the yield stress, is reached, the plastic phase
begins. The stress-strain curve is still lineat, the slope has changed and is given by the
tangent moduluZ';. In the present low velocity impact model, theastirate effect is not
taken into account. The values of the differentpeaters are listed in Table 4.

Table 4 -Useful properties for defining the material law of g >
steel meT
Property Notation Value
Density p 7850 kg/m3
Poisson’s ratio \ 0.33
Yield stress gy 240 MPa
Young's modulus Ey 210 000 MPa
Tangent modulus Er 1018 MPa

Figure 30 -Stress-strain relation of steel

The support conditions are the one described itiogeg, i.e. displacements in directidrare
blocked inX = 0, X = L andY = 0.

7.3. Numerical model of gate 2

The second gate is wider than the first one. Ital tbeight and length ard = 15m and
L = 17.1 m. The main dimensions are plotted on Figuré Fhis time, the stiffening system
Is more compact and made of:

- five transversal frames, whose vertical positidos@theY axis are shown on Figure 31;
- six vertical frames, regularly separated by a distaof1.9 m;
- twenty-six stiffeners, regularly separated by dagise of50 cm.

Other geometrical data are listed in Table 6. Taie gs modeled b92671 Belytschko-Tsai
shell elements. The regular mesh sizé @tm x 10 cm. The material model and the support
conditions are the same as for gate 1.

7.4. Numerical simulations

Four numerical simulations have been performed $igguthe finite-elements software LS-
DYNA. Two simulations are required for each gategarding to the position of the impact
point E. The transversal and vertical positiofis andYy of pointE are listed in Table 5 for

the different collision cases considered here.

Table 5 dmpact location for the simulations

Simulation 1 | Simulation 2
Xg =6.55m Xg =6.55m
Gatel | 'y _ g Yy = 13.1m
Gate2 | 'y _75m | v,=1325m

! Please note that the origin of the akksY, Z) is correctly positioned, regarding all the prewdigures.
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Concerning the resulting crushing force curves camegh on Figure 32 and Figure 33,
simulation 1 corresponds to a ship impact happemnipe lower part of the structure and
simulation 2 to an impact in the upper one.

Table 6 — Geometrical date defining gate 2

Element Property Notation | Value (mm)
Plating Thickness ty 12
Web thickness tw 12
Web height Ry 1800
Transversal frames Flange thickness tr 12
Flange width bs 400
Web thickness tw 12
_ Web height w 1400
Vertical frames Flange thickness tr 12
Flange width bs 300
Web thickness tw 12
_ Web height 300
ff : "
Stiffeners Flange thickness tr 0
Flange width bs 0
Y
Y
\\ B —15m
e =1 || i
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Figure 31 -Numerical model of gate 2
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7.5. Comparison of numerical and analytical results

In order to validate the analytical developmentaldshed in the previous section, we will
make a comparison between the results provided®:YNA and the one predicted by our
simplified method. The curves of interest are thesewing the evolution of the crushing
force P, with the total penetratiofi. The comparisons are plotted on Figure 32 andr&iga.
The curves referenced as “numerical results” aosdahobtained by LS-DYNA, while the
“analytical results” are derived by the presentgified approach.

As it can be seen, the agreement between the cisvgsite good. In most cases, the
analytical curves provide slightly conservative utes However, for gate 2, the first
simulation (see Figure 33a) exhibits a more impdridivergence: our simplified method
tends to underestimate the crushing resistancescedly for the great values af. This
observation is due to a quite conservative approatte global mode. This may be explained
by the two following reasons:

- The resisting cross-sections are determined actptdithe recommendations of Eurocode
3. It seems that these rules are quite severeiprisent case, as the numerical simulations
show that a greater part of the plating is actuabiftaborating to the resistance of the
transversal frames.

- We don’t capture properly the deformation pattefrthe vertical frames: we suppose that
their role is limited to the application of the gl displacements field, but we neglect the
energy also dissipated through their own globdked&bn.

This last point is confirmed by the curves plottedFigure 34, where we compare the energy
dissipated by the different structural componeifithhe gate. The numerical results are those
given by LS-DYNA, while the analytical results d@hmse predicted by the theoretical model

of this paper. As it can be seen on this picture,discrepancy is satisfactory for the plating,
the stiffeners and the transverse frames, bunibiseally the case for the vertical frames. Our
method underestimates the energy that these elsmesily dissipate, but this approximation

remains conservative.

8. Conclusion

In this paper, we exposed a simplified procedune a&ssessing the resistance of a gate
submitted to a ship impact.

It is important to bear in mind the hypotheses tathave formulated for modeling the struck
gate and the striking vessel. Concerning the stgat&, our approach is devoted to:

- gates with single plating; structures with doublgtipg or caissons are not covered by the
present developments;

- gates with a classical orthogonal stiffening system. stiffeners and frames in the
transversal direction and frames in the verticedation;

- gates supported on both sides by the lock wallsogra sill at the bottom of the lock.

The three former conditions have to be fulfilled f@pplying the methodology exposed
previously. Concerning the striking vessel, it i®daled by using a certain number of
parameters. The global bow shape is assumed todaeadola, with given radp andgq,
decreasing according to given stem and side aggiesdy.
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Figure 32 -Comparison of the analytical and numerical crushioges for gate 1
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Figure 33 -Comparison of the analytical and numerical crushioges for gate 2
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1 - Energy dissipated by the plating and the stiffeners (numerical results)
2 - Energy dissipated by the plating and the stiffeners (analytical results)
3 - Energy dissipated by the transverse frames (numerical results)

4 - Energy dissipated by the transverse frames (analytical results)

5 - Energy dissipated by the vertical frames (numerical results)

6 - Energy dissipated by the vertical frames (analytical results)

Figure 34— Comparison of the analytical and numerical intereakrgy of the various components of the gate

The impacted structure is assumed to behave inpfases. At the beginning, when the
indentations of the ship is not too wide, we suppose a locdlizeishing of some impacted

structural elements. The plating and the stiffersggtem surrounding the initial contact zone
are submitted to heavy deformations, but the remgiof the gate is still unaffected. In this

case, we say that the structure withstands thraudbcal deforming mode. For such a
situation, the resistance is calculated by sumnailhthe contributions of the activated super-
elements. As some references are already avaitatie literature, we haven't reproduced all
the developments concerning these super-elements.

When the penetratio becomes wider, the gate withstands through anatverovement
implying the entire structure. In this case, we Hat the resistance is provided through a
global deforming mode. For the support conditiossuaned presently, the required theoretical
displacements fields have been exposed in deYaisalso derived an equivalent mechanical
model for evaluating the resistance in such a sima
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The transition between the local and the globabmeing modes is assumed to occur at a
given penetratiod,, for which the collision force exerted by the stiyring the local phase is
sufficient to produce an overall displacement ef glate.

Finally, our presentation ends with a comparisotwben some finite elements numerical

results and those obtained by the present simghldigporoach. In most cases, the procedure
exposed here leads to a quite satisfactory estimati the collision resistance. The predicted

results are conservative, without underestimangich the numerical values.

The main advantage of the methodology exposeddweis to provide rapidly an evaluation
of the collision resistance. The analytical curpéstted on Figure 32 and on Figure 33 are
useful for knowing if a lock gate is able to behaatisfactorily to an impact of a ship with
given initial velocityV, and massv,. With these curves, it is in fact possible to kntihe
total needed indentatiofy,,, required for dissipating the initial kinetic engrdy,VZ/2. If
this value 015,,,,, exceeds a given criteria, then we may supposeltbagtructure will not be
able to withstand satisfactorily to a collision vé vessel of magg, and velocity/,.

Of course, we have to be conscious that our siraglé&nalytical method is only applicable at

the pre-design stage of a lock. For more advantages of a project, it is still necessary to
resort to more advanced tools, like finite elemaofdvare.

9, List of notations

Lower-case Latin notations

a; Horizontal or vertical dimension of a super-elaemdefined by the impact point
location and the supports of the struck structure

a, Horizontal or vertical dimension of a super-eleindefined by the impact point
location and the supports of the struck strucfcoeplementary ta,)

b, Vertical dimension of a super-element definedH®y impact point location and the
supports of the struck structure

b, Vertical dimension of a super-element definedH®y impact point location and the
supports of the struck structure (complementaky,jo

besr Effective width for calculating the section proes of a transversal beam

by Flange width of a stiffener or a transversal frame

h,, Vertical distance between the lowermost and uppstmecks of the striking ship

h, Collaborating width of the plating in the globa&fdrming mode

h,, Web height of a stiffener or a transversal frame

k Superscript used for referencing a particular priypof super-element k°

n Total number of super-elements used for modehegehtire gate

(»,q) Parameters defining the parabolic dimensions@fthiking ship’s uppermost deck

tr Flange thickness of a stiffener or a transversahip

ty Thickness of the plating

tw Web thickness of stiffener or a transversal frame

ty Equivalent plating thickness after smearing al tftansversal stiffeners

ty Equivalent plating thickness after smearing al ¥lertical stiffeners

Upper-case Latin notations
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Young’s modulus of the steel material constituting gate
External energy

Internal energy

Tangent modulus of steel

Young’'s modulus of steel

Total vertical height of the gate

Bending inertia of a transversal beam

Total transversal length of the gate

Bending moment

Plastic bending resistance of a transversal beam
Mass of the striking ship

Axial force

Plastic axial resistance of a transversal beam

Total resistance of the gate in the global defogmode
Total resistance of the gate in the local defogmitode
Total collision resistance of the impacted gate

W(X,8) Transversal evolution of the displacement fielthia global deforming mode
W (Y, 8) Vertical evolution of the displacement field iretglobal deforming mode

(XE' YE)

Impact point location on the gate

(X,Y,Z) General coordinate system

Lower-case Greek notations

Penetration of the striking ship

Penetration of the striking ship for which a setoontact between the gate and the
bow is established

Penetration of the striking ship at the transiti@iween the local and the global
deforming modes

Maximal penetration of the striking ship requirtlt completely dissipating its
initial kinetic energy

Initial distance between the bow and a transvdrsaim

Deformation for which the ultimate stressis reached

Deformation for which the plastic limdt, is reached

Strain tensor

Cross-section rotation

Poisson’s ratio of steel

Mass density of steel

Ultimate stress of steel

Plastic limit of steel

Stress tensor

Stem angle

Curvature of a transversal beam

Side angle

Upper-case Greek notations

I
A

Designation of the parabola describing the stglship’s uppermost deck
Total axial extension of transversal frame
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