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Abstract

This paper presents a simplified methodology feating collisions of ships with lock gates. Thelgoa
is to obtain a good approximation of the law relgtihe resistanc® of the gate and the penetratibn

of the striking vessel. To do so, we assume thairhial kinetic energy of the ship is dissipatey
deforming the structure. As a first step, deformagiare assumed to take place in localized regions.
However, for larger indentations, a global bendimgde is postulated on the entire gate. The firgt pa
of the article is devoted to a brief presentatibthe basic law relating andé under the hypothesis

of a local deforming mode. In the second part, @ty expose the way for dealing with the global
bending mode. Finally, the last section presergsrmaparison between numerical results obtained by
finite element analyses and those derived by oupl#fied methodology. A quite good accordance is
found between the two approaches.
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1. INTRODUCTION

This paper presents a simplified analytical metlmdestimating the structural resistance of
classical lock gates submitted to a collision védtlyiven ship. The main objective of this work is to
develop a simplified tool for a quick estimationtbé ability of a gate to resist to an impact. By s
doing, the goal is to provide engineers with area@ffe tool allowing them to perform a quick
optimization of their structure in the pre-desigage. The idea is to propose and alternative way to
classical finite element analyses, which are ratmee expensive for the first phases of a project,
especially when optimization is needed.

The methodology exposed here is quite innovatigethere are few papers in the literature
dealing with this topic. Of course, some resultsaready available, especially in the domain gf-sh
ship collisions. For example, Simonsen (1999), 9di1®91), Wierzbicki (1995) and Wang (2002),
amongst others, developed some refined analyticalets for characterizing the behavior of various
structural elements during an impact. These rekearconstitute a good basis for treating collision



against lock gates. In a similar way than Ueda 4)198 Lutzen (2000), the idea developed hereadter i
to decompose the gate into different large strattcomponents called “super-elements”. This idea
has already been successfully applied by Le Sq@20@4).

2. METHODOLOGY
2.1. General parameters of the study

In this paper, we consider a ship having a totadsiaand an initial velocity,. The shape of
the bow is assumed to be parabolic, with givenipdndg. The ship sections are defined by the
heighth,, the side angl@ and the stem anglg (see Figure 1). The gate under consideration is
composed of a plating reinforced by frames (velrtgtdfeners) and girders (horizontal stiffeners).
Some additional smaller stiffeners are also pregetie transverse direction for preventing theipta
to buckle. Its total horizontal and vertical lengtte denoted b¥ andH. The structure is assumed to
be supported by the lock walls Xh= 0 andX = L, but also it = 0, where the existence of a sill is
assumed.
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Fig. 1 —General overview of the collision parameters

When the gate is impacted by the vessel, it wilbdwa in order to dissipate the collision energy.
Consequently, the structure will be able to withdta striking ship with magg and velocity if it
is able to transform the total kinetic energy imtternal deformation energy. Of course, deformation
have to remain acceptable with respect to someciibes criteria (failure, maximal admissible
deformation, loss of stability...). For dissipatitige initial collision energy, we assume that tlageg
may deform into two different modes:

» thelocal one, corresponding to a localized crushing of stinat elements. This mode is activated
at the beginning of the collision process and iegbnly confined displacements (see Figure 2).

e the global one, associated to an overall motion of the géhés mode is activated for large
penetrations of the ship, which results in an erignding of the gate (see Figure 2).

The transition between both deformation modes ssiraed to occur abruptly, when the local
indentation of the ship is sufficient enough to iyng switch to an overall bending process.
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Fig. 2 —Global and local deforming modes
2.2. Local deforming mode

For evaluating the resistance in the local defogmmnode, the gate is divided into various
structural components callesdiper-elements. They are assembled together in order to reprebent
skeleton of the impacted gate. During the localizedentation process, the super-elements are
progressively activated as the ship is moving fedsaFor the type of gate considered in the present
paper, three different super-elements have beeglafgad for estimating the local resistance:

e Super-element 1 (SE1) is a plate impacted perpendicularly to its plarsed for modeling plating
components (see Figure 3a).

e Super-element 2 (SE2) is a T cross section plate submitted to an inglEad and is used for
modeling girders and frames components (Figures 3b)

*  Super-element 3 (SE3) is used for modeling the impact on intersectioesveen girders and
frames (see Figure 3c).

The behavior of the material constituting each s@bement is supposed to be rigid-plastic. The
corresponding flow stress is denoted dgy In order to completely define a super-elements it
required to know the law relating its crushing stmiceP and the indentatiod of the ship. This is
achieved by applying the upper-bound theorem. Toereto determine the resistar®f a super-
element, we first have to imagine a realistic qudka mechanism. For each valuedofwe then
evaluate the internal energy dissipated by the et¢rduring this deformation process. Finally, by
application of the principle of virtual velocitiet$,is possible to derive the load required forweimng

the postulated collapse pattern. 23E194D953
Fo o

Fig. 3 —Definition of the super-elements

@ (b)

As the goal of this paper is to detail a methodyplfwy rapidly estimating the collision resistance,
we will not focus on the complete mathematical pthoe leading to the analytical relation between



the forceP and the indentatiodi. Only the fundamental hypotheses and resultsharefore presented
in the following part of the text. In accordancahwthe upper-bound theorem recalled above, the firs
step for developing a super-element is to imagimefarmation mechanism which is kinematically
admissible. This is explained hereafter.

For super-dement 1, we assume that the deformation pattern is the@mesented on Figure 4a.
The collided plate is submitted to an out-of-pladisplacement fieldv(x,y), which is maximal
immediately under the impact point and decreasesily until the four supported edges. During this
process, plastic dissipation occurs principallysuse of membrane extension. The energy concerned
by bending effects in plastic hinges may be negtbédr large values of the penetratibnAccording
to Zhang (1999) and Lutzen (2001), the law relasirandP is given by:

200t,

3v3

whereag, is the flow stressy,, a,, by, b, are geometrical dimensions locating the impachtpon the
collided plate (see Figure 4a) angdis the plating thickness.
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Fig.4 —Deformation pattern for each super-el ement

For super-element 2, we suppose a local mode which causes the weblddike a concertina
during the impact. In other words, this elemerntrisshed by forming a certain number of successive
folds of heigh2H (see Figure 4b). Consequently, for being kinera#ljiacceptable, this deformation
pattern has to concentrate confined rotations iioua plastic hinges, and also membrane extengion i
the triangular surfaces submitted to rotation. Thasillustrated on Figure 4b: in the initial
configuration, three inclined plastics hinge6B, ADB and AEB are formed. They allow the
triangular surfacedBCD andABDE to rotate freely in comparison to each other. b dther side,
the two horizontal hingeED andCD allows for a relative rotation of surfac8&C and AEC .
However, the folding process may not take placectwysidering only rotation of rigid triangular
surfaces along inclined and horizontal plastic BsigFor providing compatibility between all the
rotating surfaces, it is also required to develambrane straining in all regions. This conceptédl w



illustrated by Simonsen (1999) for example. As aseguence, super-element 2 dissipates energy by
both bending and membrane effects. Without entdrinfyirther details, the resistanBdor a given
penetratiord is:

(2)
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P=(a;+ +
(@ a2)< 4H a,a, 2a,a;
whereg, is the flow stressy,, a, are geometrical parameters defined in accordaritetie impact
point location (see Figure 4b) amg is the web thickness (see Figure 3b). The parantkis

determined by minimizing the mean crushing forceerowone fold. It is found to be

H = i/ma,a,t, /12. These analytical formulae are quite close fromdevelopments performed by
Simonsen (1999), Hong (2008) and Zhang (1999).

For super-element 3, when the contact is established between theatdphe intersection of two
perpendicular members, we make the assumptiorethsiing occurs in a regidH (see Figure 4c).

In the present case, we make the hypothesis tkaintbrsection axis between horizontal and
vertical elements remains straight during crushifpis implies that the deformation pattern is
symmetric on all the four wings constituting theeuelement. We will therefore focus on describing
the situation for only one wing (see Figure 4c)eTblding mechanism is made of two triangular
surfacesACD andCDF, rotating along the plastic hingd€§, CD andCF. The two remaining triangles
ABC andCEF are simply submitted to compression along therseigtion axis. In order to maintain
compatibility with the remaining part of the intecsed elements, we also have to admit a relative
rotation alongAD and DF . Moreover, this cannot be achieved without impgsimembrane
deformations on the two rotating triangeSD andCDF. This problem has been extensively studied
by Amdahl (1983), who proposed to use the followiagnula for evaluating the average resistance
provided by such super-element:
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whereg, is the flow stresH is the height of one fold,, is the web thickness of the intersecting
members an& = 0.573 is a parameter calculated by Amdahl (1983).

With formulae (1) to (3), it is possible to detemmithe resistance in the local deforming mode.
To do so, for a given indentatiénof the vessel, we just have to detect which sepsments are
activated. This may be achieved only by geometitsierations, as we precisely know the structure
of the gate and the shape of the striking vesss &ection 2.1). Then, for each activated super-
element, we can now estimate the individual fataecting against any further penetration of the .ship
Consequently, for a given value &fif N elements are activated, the total resisting fimae local
modeP;,. is simply obtained by summation.

2.3. Global deforming mode

The developments exposed in the previous sectiadsldo the determination of the local
resistance’;,., which is physically the force opposed by the gatéy by assuming crushing in a
region located around the impacting bow. Of couitses clear that this situation is coherent at the
beginning of the collision process. But as the gkipnoving forwards, this way of deformation
becomes more and more energy-dissipating, so tte forceP,,. is increasing unrealistically. As a
consequence, when it becomes too difficult for ¢hig to progress by local indentation, the global
mode is activated. This time, we assume that fupple@etration of the vessel requires a generalized



motion of the gate. In fact, at a certain stageral bending of the gate appears to be less dissg
than local crushing. There must be therefore actviiom local to global mode.
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Fig. 5 —Structural model of the gate for the global deforming mode

In order to evaluate the global resistaRgg, when overall bending occurs, we can imagine that
the gate is only made of horizontal independentriseasubmitted to a flexural motion between the
two supports offered by the lock walls (see FigbyeThese beams are composed of the gross cross
section of the girders, to which is added a coltabog part of the girder. The extension of this
effective lengthh,, (see Figure 5) is calculated according to thesrplescribed by Eurocode 3. Of
course, by so doing, we totally neglect the orthyitr behavior of the gate. However, this hypothesis
is not excessively conservative, as vertical fradwst play an important role in the global bending

The procedure for evaluatiriy,,, is still based on the upper-bound theorem. Soirgetave to
define a kinematically admissible displacementdfi¢1(X,Y) for the entire gate. In the present case,
as the structure is supportedXin= 0, X = L andY = 0, the displacement pattern shown on Figure 5b
is kinematically admissible (note th&tis the initial contact point between the ship érelgate). Each
of the previously defined beams is then submittethé postulated displacement fii{X,Y). For
evaluating the resistance under the subsequentaations, the following formula is used:
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wherekE is the Young's modulug,is the inertia of the cross section depicted a@uid 5aM is the
bending moment andl is the normal force. The first formula gives thaséc resistance. The second
one considers a plastic behavior of the beam, uvglsome rotatio® and axial strainind in plastic
hinges. In this cas®f andN are related by an adequate interaction criteriateMletails about local
and global deforming modes are given by Buldgeri 220

3. RESULTS AND DISCUSSIONS

In order to validate our simplified analytical apach, we used the non linear finite element code
LS-DYNA for simulating a collision between the stapd the gate presented on Figuré9h5 and



92671 Belytschko-Tsai shell elements were required fadeling respectively the vessel and the
struck gate. This leads to a regular mesh size0@in x 10 cm. The material constituting the gate
obeys to a classical steel law, while the vessassaimed to be perfectly rigid. More details atimih
structures are given in Appendices 1 and 2. The mesult given by LS-DYNA is the curve showing
the evolution of the resistan®ewith respect to the indentatién This is shown on Figure 6, where
we also represented our analytical results. Aaiitloe seen, there is a quite good accordance betwee
the two approaches. Moreover, our simplified mettogly leads to quite conservative results.
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Figure 6 -Numerical results provided by LS-DYNA and simplified analytical results

4. CONCLUSIONS

The results exposed in the previous section are guomising for engineers responsible for the
design of new lock gate. At the early stage of glesthey don’t necessary have time to perform
several finite element analyses for optimizing tietiucture. It is therefore important to provitkern
with time-effective tools.

As a consequence, the graphs exposed here abovearayimportance. Indeed, for a ship with
given mass/ and velocityV,, these curves give the maximal penetrafigmnd forceP, to which the
gate will be submitted for dissipating the kinegizergyMVZ /2. According to various criteria related
to the lock project itself, these valuesdgfandP, may not be acceptable. Consequently, engineers
have to reinforce their initial structure. An itBva process is then eventually required, which loan
easily conducted through our simplified methodology

5. APPENDIX 1 — Material properties

Densityp 7850 kg/m3
Poisson’s ratio 0.33
Yield stressy, 240 MPa

Young's modulusg 210 000 MPa
Tangent modulug; 1018 MPa

Figure 7 -Material law for numerical simulations



6. APPENDIX 2 — Geometrical data
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Properties (mm) | Girders | Frames| Stiffeners| Mass of the striking ship 4000t
Web thickness 12 12 12 Initial velocity of the ship 2m/s
Web height 1800 1400 300 Horizontal position of the 8.55 m
Flange thickness 12 12 0 impact pointXy '
Flange width 400 300 0 Vertical position of the 13.25 m
Plating thickness 12 impact pointyy '

Figure 8 -Numerical information on the gate and on the collision scenario
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