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SUMMARY

This paper presents a research study performedabnglates. It concerns the downstream lock
gate of the one of the four new locks planned witiie framework of the “Seine-Escaut Est
(SEE)” project in the Walloon Region of Belgium. #hie stage of the basic preliminary design,
it was decided to use four identical gates, alpeused and moved transversally to the lock. On
this basis, the present work tackles different etspef the lock gate study. The aim is double:
on the one hand, to advance in the study of the $&E project downstream lock gates, and on
the other hand, to focus more particularly on Igeke structural analysis, notably the design,
optimization and structural behavior in the casshop impact.

First, the design and optimization of the gate pesformed, using the LBR5 lock gate
optimization software and a linear elastic analys#é optimized solution is obtained
considering the best compromise between the costvaight aspects of the structure. Then, this
optimized gate is modeled with the nonlinear fiitements software FINELG. This program is
used to conduct non linear numerical analysis ef @éffect of boat impact on the previously
optimized downstream gate. Several analyses aferped, which allow for a discussion on the
influence of the stiffener dimensions and the ini@@mne on the structural behavior of the gate
submitted to the impact. Two different behaviors larought to light, a ductile one and a fragile
one. The results of the numerical analysis undertire importance of the development of a
global plastic mechanism with the purpose of dessiyg a large amount of energy. Finally, an
analytical model presented in literature allows tbe simplified calculation of the gate
theoretical strength in case of ship impact, angl ¢hlculated value is compared with the
computed results.

KEY WORDS lock gate, structure optimization, ship impacgshiworthiness analysis

1. INTRODUCTION
1.1The “Seine-Escaut Est” project

“Seine-Escaut Est (SEE)” is an ambitious projed¢hwiihe purpose to connect the river basin of
the Seine to the European waterway network towsiathern Europe and Central and Eastern
Europe, to the Black Sea (Fig. 1). This connecéffects a zone of first importance for Europe:
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this zone represents less than 4% of the surfadéuodpe-25, but it includes 12.6% of its
population and concentrates 17% of its GDP (Fig.B&sides, the project connects the large
seaports from the Havre, Antwerp and Rotterdamclwvboncentrate 60% of the maritime flows
of Western Europe [Eurostat Base Regio, 2002].
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Fig. 2 : GDP by region [Eurostat, 2003]

Within the framework of the SEE project, the WatloBegion plans several works to enlarge
some hydraulic structures of its network. The diyecof the Walloon Region is to be able to
receive the new traffic generated by the “Seined\iBurope” project, and to keep this way its
strategic position within the European waterwaywoek. This paper deals with the construction
of four new locks (class Mn Europe) on the section connecting the Schdtdedut) river basin
and the Meuse river basin, as part of these denedafs. The concerned sites are the sites of
Obourg, Viesville, Marchienne-au-Pont and Gosselidse study concerns the downstream
gates of these locks, as significantly larger ttienupstream gates.

1.2 Characteristics of the gate

At the stage of the basic preliminary design, eealicollectively by the University of Liege, the
Hydroconsult office and the Service Public of Waib(SPW), it was decided to use suspended
gates moved transversally to the lock (Fig. 3)slplanned to use four identical downstream
gates to take advantage of the standardizationug¢estl costs of study, facilitated
maintenance...). The gates dimensions are summarniZeable 1. The gate width remains to be
determined.



Length Height Width
13.70 m 13.60 m 1.00m<1<1.80m

Table 1 : Dimensions of the downstream gates

A lock gate is onstituted by one or several plate elements cédpadels”, which provide th
function ofwatertightness, as well as a series of “beam” linear elements, which supp the
waterproof panel and providee gate withstrength. Assembling these two types of elem
give what is called a stiffened panThe first objective of thetudy is to design and to optimi
the gate, whiclmplies to determie certain number of parameters:

» The thicknesses of the different pal
* The positionsand dimensions of the «beam» elements: stiffeframmes and girdel

In addition, some desigrhoice: have to be madé) particular the question of ttgate width as
well as the possibility of using \terproof compartments (ballast tanks) to ligl the gate. A
S235 steel grade was considered (235 MPA as ytedds9leading to a allowable stress of
175 MPa in elastic design.
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Fig. 3 : Downstream lock gate (elevation sight)

2. DESIGN AND OPTIMIZATION OF THE GATI
2.1Design and optimization proce

Four different modelsf downstream gates were perforr: two models wittadditional ballast
tanks and two different gateidths (Fig. 4a), and two models withdogllast tank and also tw
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different gate widths (Fig. 4bThe aim wado optimize each model and ther compare the
optimized solutions in ordeo keep the most interesting desiThe optimization cthe models
is realized byperforming a multicriteria optimization; t criteriabeing thc weight and the cost
of the gate structurd.o make it possiblethe Pareto curves derived for each moc using five
optimized solutions of the same model but changiegatio between theriteria. The solutions
are optimized according tobjective: varying from (100% minimm weight- 0% minimum
cost) to (0% minimum weight100% minimum cost) with intermediate objecti (Fig. 5). That
allows for obtaining th&aretocurve for each gate modélhe Pareto curve is the curve givi
the zone of the design spade terms ofadimensional cost versus adimensional weight) w
the feasible solutions are locat¢ig. 6).

Fig. 4 : a. Gate with lower ballast tanks - b. without lower ballast tank
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Fig. 5 : Optimization process for one model of lock gate

The considered load case the exceptional hydrostatic load case for whiuh downstrear
section of the canal is emptso that the maximum hydrostatic psere is applied « the
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upstream side. The optimization is based on aniekstsuctural analysis. The risks of instability
(buckling) of the stiffened elements (stiffenersniies and girders) are taken into account by the
definition of adequate slenderness ratio and teesssnent of the ultimate capacity of the beam-
column components. The risks of plate buckling @mesidered using the PLTBEN algorithm
integrated into the LBR5 software [Hugues, 1983]e Dptimization of the downstream gate is
realized using the LBR5 software developed by RRjigo, 2002]. Each model is optimized
according to the same process which leads to amiged feasible solution after several
successive stages, as schematized in Fig. 5.

From the gate model Pareto curve, the optimum isoitbr this model can be determined in
agreement with the criteria of selection of theisiea-makers. The same process applied to the
four models gives four optimum solutions differibyg their initial choices of design variables
(gate width, ballast tanks). The comparison oféhesir solutions based on the cost and weight
of their structure is a key element to make the blesice of design. Nevertheless, to guarantee
the best decision, a more extensive study takitggancount all the impacts of the initial design
choices, simultaneously on the gate structure anthe other elements of the lock, is required.
Such analysis is out of the scope of this study.

1.120
1.100 g 0!t
= n \
g 1.080 sol 1%
2 sol 2
g 1.060 0 sol 3 —m— Pareto curve at the
£ sol 2 \ sol 4 ;
S 1.040 first stage
©
- |3 % sol 5
8 1020 s01.> 78 ¢ —o—Pareto curve -
o sol 4 .
1.000 - constructible
sol 5 solutions
0.980 T T T ]
0.950 1.000 1.050 1.100 1.150
Weight (adimensional)

Fig. 6: Pareto model 1 - 1st optimization and optimization of constructible solutions

As shown in Fig. 6, the feasible solutions arehdligmore expensive and heavier than the
solutions obtained after the first optimization rumdeed, the first dimensions supplied by the
software are rounded off and standardized to ob#dinhe end a feasible solution, easily
constructible.

2.2 Optimum solution

At the end of the design and optimization studypptimum solution of the downstream gate is
obtained. It appears better to select a gate ofmlWidth (minimal value in order to place a
footbridge) without ballast tanks. Indeed the lsdllanks generate a significant additional cost
for a rather small benefit (Fig. 7). Indeed, thba#last tanks allow for lightening the structure
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thanks to the additional buoyancy, what is advaetag for the manoeuvre system (decreases of
the effects on fatigue). But this system has #dilbe capable of supporting the total weight of
the structure in case of defect of the tanks omdumaintenance of the lock (empty lock). This
limits the savings on cables and frames, and miaaksst tanks too expensive with regard to the
expected profits.

The optimum solution is presented in Fig. 8. Thalgsis of this solution was realized under all
the hydrostatic load cases susceptible to actuatsdn of service or exceptional. These analyses
were made in both directions of loading (takingpiatcount the two possible orientations of the
gate) to consider successively the risks of inBtalaf the plate and the reinforcement elements.
The results are summarized in Table 2. The totaiwef the gate is 51.4 t and the production
cost of the primary structure is estimated to 58,20

100,000
80,000

@ 60,000 ®Cost 1.0 m

@ gate width
S 40,000

HCostl2m

20,000 gate width

0 T 1
With ballast tanithout ballast tank

Fig. 7 : Solution costs in relation to their width Fig. 8 : Optimum solution
LBR5 analysis Service case Water flood Dov.vnstream
section empty
Orientation of thegate | Direction1 | Dir.2 Dir. 1 Dir.2 | Dir.1 | Dir.2
Omax 9irders 151 MPa 168 MPa 159 MPa
Omax Stiffeners 156 MPa 168 MPa 171 MPa
Omax frames 157 MPa 169 MPa 174 MPa
Plate
(ratio thickness/min thick. 1.16 1.08 L1l 1.04 1.13 1.06
Deflection 18.3 mm 20.4 mm 19.4 mm

Table 2 : Analysis results of the optimum solution for different load cases

3. FINITE ELEMENTS MODEL
A finite elements model of the optimum solution waalized using FINELG [de Ville, 1994], a
non linear finite elements modeling software. Tim &vas to realize a non linear numerical

analysis of the gate submitted to ship impacts.ifplkadvantage of the symmetry of the
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structure, half a gate was modeled using 4,187| sflements, 850 beam elements and
222 elements for linear constraints (Fig. 9). Thesimsize is of 300 mm x 300 mm in the zones
of low stress and 150 mm x 150 mm in the zonestiyrsubjected to the ship impact and to
higher stresses.

First of all, the model was tested by realizingreedr analysis with the hydrostatic load case
studied in the previous stage with the LBR5 sofawdr allows for the validation of the finite
elements model and on the other hand for a dismusdiout the comparison between the LBR5
software and a finite elements analysis with FINELTGhe analysis show a very good
concordance of the results given by the two sofwaxcept for the maximum deflections: the
maximum deflection given by the finite elementseln analysis is a 20% superior to the value
given by the LBRS5 analysis. The reason is that LBI&&s not consider the local bending of the
plate between two frames and two stiffeners. Se, fdlate deflections given by LBR5 and
FINELG along the girders are equal (no local elfeehereas they can differ by 20% in the
middle of an unstiffened plate, the deflectionsegivby FINELG being the biggest. This
difference is due to the local plate bending (Ei@).
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Fig. 9 : FEM of the gate Fig. 10 : Service load deflection and local effect (x80)
4. SHIP IMPACT ANALYSIS
4.1 Assumptions

In this part, the effect of ship impact on the |lagte is studied. The analysis is based on the
principle of energy equivalence. An important asgtiom is that the totality of the energy
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brought by the ship is dissipated by the gaterasnsénergy (Eq. 1 and 2). This assumption was

validated by several studies [Le Sourne et al.2P0Dherefore, a quasi-static equivalent load is

defined to perform the analysis, so the dynamiea$f are not taken into account. According to

this approach, it is possible to link the shipiatikinetic energy to a given strain state of the
gate (Eq. 2).

WE = Ekineti(; initial

{E =F,_ .X0 @)

dissipated impact

WE = Edissipated:> E o0 (2)

kinetic initial
The constitutive law of the steel is an elasticergctly plastic law. The impact is applied by

increasing a uniform force on a perfectly rigidneént that represents the ship bow. Three
different scenarii of impact are studied to allowr fa discussion on the influence of the

hydrostatic loads and the impact zone (Fig. 11):

1. The ship impacts the gate in its upper part (atrepm water level: U.W.L.), but the
hydrostatic loads are neglected. This first analydiows for the identification of the
only ship impact effect in order to get a bettedenstanding of the phenomenon.

2. The ship impacts the gate in its upper part (atraps water level) while the hydrostatic
service loads are already applied to the gate. @haysis models the case of ship
entering in the lock from upstream and hitting dosvnstream gate.

3. The ship impacts the gate in its lower part (at mstweam water level: D.W.L.). There is
no hydrostatic load to take into account sincevtheer-levels are identical on both sides

of the gate.
_{
_{
&
— .
= - — L
=] =

Fig. 11 : Impact at upstream water level and downstream water level

The gate is the structure designed and optimizethenprevious part of the study using the
LBR5 software, which finite elements model has bgeviously defined.



4.2U.W.L. impact with the initially optimized structir

The study concerns the effect of an upstream vexet impact on the gate structure elastically
designed with LBR5. For this structure, the slendss ratio of the stiffened panels respects
Hugues’ criteria for T-elements. Hugues’ criteriaiith the Eurocode class 3 [Eurocode 3,

2005]: they guarantee that the section is ableeieldp its elastic bending moment before

collapse through buckling, but not its fully plasttending moment. These slenderness’ are
perfectly adapted for structures working in thesttafield but on the other hand they are not
enable to take advantage of the plastic field.

The results of the non linear numerical analysighefimpact conducted with FINELG are given
in Fig. 12. We give the evolution of the impactdeiin function of the indentation (in mm). The
observed behavior is fragile: the collapse appsadslenly, while the structure stiffness is still
considerable. Consequently, the capacity for endiggipation is weak. The point representing
the impact effect of a 2,400 t ship at 0.25 m/#iéhkinetic energy of 75 kJ) is plotted on the
curve.

Impact force evolution
3,000.00

= 2,500.00 2
Z pd
o 2,000.00
O / Impact force
S 1,500.00
Lo d
§ 1,000.00 // m 2,400 t barge at
0.00 T )
0 50 100

Indentation (mm)

Fig. 12 : Impact force evolution for an upstream water level impact on the initially designed structure

The analysis of the strain level at collapse staljgws for a better understanding of the
structure behavior. The buckling of the centrahfeais clearly visible. This buckling leads to a
sudden, fragile collapse. Fig. 13 shows this bagkiphenomenon. Therefore, the structure is
not able to develop plasticity; its capacity foeaygy dissipation is indeed extremely weak.

Fig. 13 : Buckling of the central frame and load-displacement curve for one node of this frame
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As a result of this first analysis, it was decidedreinforce the structure to provide a better
behavior in case of impact. The aim was to avoidt th buckling phenomenon induces
prematurely collapse of the gate, preventing thectire from developing yielding behavior. It

was so decided to increase the thickness-heighosraif the sections of the primary

reinforcement elements (frames and girders) inram@®btain class-1 sections according to the
Eurocode classification. As a reminder, a clasgdtien is able to develop its fully plastic

bending moment and sufficient rotation to allow fine development of a global plastic

mechanism in the structure. The next analyses hHivieeen performed with such reinforced

structure.

4.3U.W.L. impact with the reinforced structure

The frames and the girders of the gate have beeforeed to be class-1 elements. Their web
thickness was increased from 10 mm to 20 mm anid fla@ge thickness from 17 mm to 25
mm. The total weight of the structure has goneromf51.4 t to 68.7 t (+34%). The results of
the non linear numerical analysis of the impacttos structure are given in Fig. 14, next to the
curve of the initially optimized structure. Differeimpact levels are marked on these curves.

I mpact force evolution
7,000.00 Impact force - reinforced

6,000.00 e gate

/ ® 2,400t barge at 0.25 m/s
5,000.00 /
4,000.00 /

3,000.00 /-

2,000.00 / /"

1,000.00 //
0.00 . : : .

0 100 200 300 400 —— |mpact force - initially
designed gate

X 600 tbargeat1.5m/s

Impact force (kN)
o

A 2,400t barge at 1.0 m/s

¢ 2,400t bargeat 1.3 m/s

Indentation (mm)

Fig. 14 : Impact force evolution for an upstream water level impact

As shown in Fig. 14, the global behavior of theusture for the same impact scenario is
fundamentally different after increasing the gaifiness. The response of the class-1 higher
stiffened structure is ductile; its capacity foreegy dissipation is very significant (the kinetic

energy of a 2,400 t barge at 1.3 m/s is 2,028 Ki¢ choice of such a higher rigid structure
gives a much more favorable behavior in case @f shpact.

The analysis of the strain state of the collapgestwire and the plastic hinges highlights the
formation of a global plastic failure mechanismg(Fi5). This plastic failure mechanism
strongly contrasts with the fragile failure of thatial structure, in which there is almost no
yielding developed before the collapse.
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Fig. 15 : Yielding at the collapse stage - reinforced structure (left) and initially designed structure (right)

The analysis of the global plastic failure mechanishows that the loss of stiffness of the
structure, visible in Fig. 14, is due to the susoes plastic hinges in the girders. A good
ductility of the main girders is thus required toyde the structure with ductility, which is very
important to ensure a good capability for impacsaption. Fig. 16 shows the points on the
load-displacement curve where successive plastigelsi appear in the girders. These points
correspond to the loss of stiffness of the gate @lobal plastic failure mechanism developed
by the gate includes two plastic hinges lines alibveggate height. It is interesting to notice that
using this simple failure mechanism, it is possitolealculate analytically, in a simplified way,
the gate strength.

= 8,000.00
=
[J]
S 6,000.00 —
2 /o/
g 4,000.00 /0
E é

2,000.00 -/

0.00 . . .
0 200 400 600
Indentation (mm)

Fig. 16 : Development of the global plastic failurechanism (after increasing the gate stiffness)

Locally, it is noteworthy that the maximum stragaches only 6.4% at the failure stage, when
the gate is submitted to an impact corresponding £400 t barge at 1.3 m/s. In the minor
collision analysis performed by Mc Dermott [McDentnd 974], the critical rupture strain for
mild steel material in side collision is evaluafeam the tensile ductility, so that, =10%. This

means that the gate structure can develop itsiplésture mechanism and absorb a very
important amount of energy without apparition afdbfailure.
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4.4 Taking into account the hydrostatic loads

This analysis concerns an upstream water level empambined with the hydrostatic load
applied on the gate. First, the hydrostatic loadgplied and then, keeping the water pressure
constant, the impact is applied. In Fig. 17, thelewon of the impact force with and without
hydrostatic load is presented. Note that the digptent given on the curve with hydrostatic
load is the displacement only due to ship impdcts Idifferent from the total displacement,
result of the sum of the hydrostatic load and thedct.

7,000.00 —— Impact force without
6,000.00 ok __— hydrostatic Ioaf:llng
_ /‘K —— Impact force with
2 5,000.00 . hydrostatic loading
P L —" ¢ 2,400t barge at0.4 m/s
§ 4,00000 et
L
E 3,000.00 X 2,400t barge at 0.6 m/s
(<3
€ 2,000.00
= X 1,200 t barge at 1.25 m/s
1,000.00
0.00 . . . | e 50tyachtat7.0m/s
200 300 400 500 A 2,400t bargeat1.1 m/s

Indentation (mm)

Fig. 17 : Impact force evolution for an U.W.L. impact, with and without hydrostatic load

The global behavior of the gate is identical bw #iructure is more deformable when it is
previously submitted to the hydrostatic load. Irdieznce the water pressure is applied, the gate
is already submitted to a stress field. Then whendghip impacts the gate, plasticity appears
faster in the gate elements. Consequently, formaesempact load, the indentation is more
significant with hydrostatic load. Besides, yielglirs increased. On the contrary, the impact
force is reduced.

As a conclusion, the global behavior of the gatanshanged whether the hydrostatic load is
applied or not. On the other hand neglecting tbesdl during the impact analysis leads to
underestimate the deformation and the yielding h&f $tructure. So, a method which first
consider the hydrostatic load, and then adds thHermations due to the only ship impact,
underestimates the state of deformation and yigldinthe structure. But this approach is safe
from the point of view of the impact force. It wdube conservative to assess, for example, the
maximum reaction susceptible to act on supports.

4.5Impact on the downstream side of the gate
The next analysis deals with the case of a dowastrside impact. In this case, there is no
situation where a hydrostatic load could be addethé impact effect and increase this effect.

The study of this case allows for the analysishef impact zone influence. Here, the ship hits
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the gate in a highly more stiffened zone than m phevious cases. Fig. 18 shows the impact
force evolution in the case of a downstream sideaith, next to the correspondent curves for an
upstream water level impact.

9,000.00 P

8,000.00 - /‘ Downstream W.L. impact force
__ 7,000.00
g 6,000.00 ! / Upstream W.L. impact force
[}
(8]
5 5,000.00 /./X - ——U.W.L. impact force with
+ 4,000.00 / e hydrostatic loads
©
2 3,000.00 |4 //‘ A 2,400t barge at 0.2 m/s
£ 2,000.00 [A

1,000.00 ® 50tvyachtat3.0m/s

0.00 - ' ' ' ' ' X 2,400 t barge at 0.6 m/s
0.0 100.0 200.0 300.0 400.0 500.0
Indentation (mm)

Fig. 18 : Impact force evolution for different impact cases

The gate structure is more fragile for a downstreaia impact compared with an upstream side
impact. The impact force increases much more quiaktl reaches significantly more important
values while the indentation remains small. Finale collapse arises suddenly for an impact of
energy in the order of 450 kJ.

The strain pattern in the gate at the collapsesssagws that there were strain concentrations in
the impact zone, mainly in the frame in contachwtite barge bow (Fig. 19). This strain peak is
due to the small ratio between the transverse anditudinal stiffness in this zone, which
prevented the propagation of yielding and thus degelopment of a global plastic failure
mechanism. It is harmful to the structure ductibiyd thus to its energy dissipation capacity.
Finally, the collapse arises by frame buckling la¢ tevel of the plastic hinge, because the
rotation of this frame becomes too big. When tlukapse occurs, the indentation is still small
because the plastic deformations have not propagateh.

Then, the analysis of the downstream side impamivsttlearly the importance of a thought on
the stiffness ratios in the potential impact zom&s. such gate, the transverse elements (frames)
stiffness should be higher compared with the lamital elements (girders) stiffness, in order
to guarantee a good propagation of the plasticradeftions and, ideally, the development of a
global plastic failure mechanism.
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Fig. 19 : Yielding at the collapse stage, downstream side impact

5. ANALYTICAL ASSESSMENT OF THE IMPACT STRENGTH

It is possible to calculate analytically the gatersgth in the case of ship impact, considering a
collapse mechanism. The considered analysis islh@s@ method developed by Le Sourne [Le
Sourne et al., 2002 & 2003]. The analysis is pentxt for an upstream side impact, neglecting
the hydrostatic load. The considered global plastiture mechanism is the mechanism
highlighted by the numerical analysis presentedthia previous sections (Fig. 20). This
mechanism shows a global gate bending around #=iglhinge lines determined by the bow
shape and by the impact location.

Y"//B\// 9

bh=13230m

al=4,55m al=4.55m X

£ a=1310m

Fig. 20 : Global plastic failure mechanism considered for the analytical analysis
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The bending energy rate limited to the two plasinge lines can be expressed by Eq. 3.
. l ~ .
Ebzzjlvloedl 3)
0

where |\7|0 is the fully plastic bending moment per unit ldngf the plate,@ the local rotation

(equal on both side by symmetry) ahthe length of the plastic hinges. The local rotatis
given by Eq. 4.

_w(a,y) . _2
9= N - <
a S a

|
[M; wad (4)
0

where w is the transversal displacement asdthe distance between the lateral support and the
plastic hinge line. In the energy rate formula, tuwtknowns appear: the fully plastic bending
moment per unit length of the plad,, and the displacement fielt(a, y). Each gate can be

considered as the assembly of several elementargontal beams. Assuming that all these
beams are only submitted to bending around a atwixe, it is easy to calculate the total plastic
bending moment of the gate using Eq. 5:

M, =Y m, ©

where them, are the plastic bending moments of each eleme@ayn of the gate in kNm.

. - . . m,; N , .
The m; are linked toM, by the relationshipM, :he—p'. The gate is discretized in a set
lementary bean

of elementary beams and for each beamntfjeare derived from Eq. 6:
mpizj'ay(zp—adstj-ay( z g) C 6)
S, S

where S, and S_ are the cross sections on either side of theiplasutral axisY'Y, z is the
second coordinate in the beam cross sectmris the coordinate of the plastic neutral axis and
o, is the yield stress. For the considered gate tstreicEq. 5 and 6 givél j =17,556.0kNm.

It is then necessary to choose a displacement ﬁﬁ(laj, y). Though, since the gate structure is

not uniform along the plastic hinges, the displaeptifield should be considered as non linear.
The displacement field at the collapse stage haset@stimated and multiplied by the fully

plastic bending momerit7|O according to Eqg. 4. Yet, the numerical non linaaalysis shows
that the displacement field along the plastic hingends to get close to a linear field when
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displacements become important. Fig. 21 shows thglatement field obtained by a linear
finite elements analysis of the impact, and th@ldsement field obtained at the collapse stage
with the non linear analysis of the same impact.w&scan see, the non-linearity effect is to
move the displacement field closer to a lineardfielhis can be explained by the fact that
yielding leads to stiffness variations. While thagpact increases, yielding reaches the totality of
the plastic hinges, so that the gate structurénes becomes theoretically null. The global
plastic failure mechanism has developed. At thegest the gate gets deformed according to a
linear field, since there remains no stiffness e fplastic hinges. So, assuming a linear
displacement field is valid.

1.20 1.40
Té 1.00 ol T 1.20 /’
2 / 2 100 .
£ 0380 59 g /
£ // 0.80 5
£

£ 0.60 ”” £ s
1] rd (1] .
k3 4 ® 060 55
2z 040 ~o” = 040 ,f/
£ 0.20 4// = 2
] , [ i
2 s g 020
E 0.00 = T T T T T T 1 E 0.00 = T T T T T T 1
Z 0.0 2.0 40 6.0 8.0 10.012.014.0 2 0.0 2.0 40 6.0 8.0 10.012.014.0
[a] [a]

Heighty (m) Heighty (m)

Fig. 21 : Calculated displacement fields compared with a linear displacement field: on the left, linear analysis -
on the right, non linear analysis at the collapse stage

The linear displacement field is given by Eq. 7.

w(a,y) _d y
al al hmpact

8=

(7)

where d = w(ai, hmpact) is the deflection at the impact point. The lengthhe plastic hingé is

related to the height of the gdidy Eq. 8:
52
2h

impact

52

After inserting Eq. 8 into Eq. 4 and neglecting #agiation of the fully plastic bending moment
per unit Iengthl\7I0 along the plastic hinges, the bending energyatateg the two plastic hinge
lines is obtained by Eq. 9:

(8)
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Finally, the gate strength is given by Eq. 10:

: 2 2 R M
PgbZEF: S P MO:—PL (10)
o a1 I‘]mpact 2 hzmpact q h

impact

where M = MO is the fully plastic bending moment of the gater Ehe considered gate

structure submitted to a symmetrical upstream watexl impact, the gate strength calculated
by Eq. 10 isP,, = 4,443.0kN .

Fig. 22 shows the force-indentation curve obtaibhgdhe non linear FE analysis for the first
impact scenario, next to the value of the strengtained by the analytical assessment,
assuming a linear displacement field. The strengthined by the numerical analysis noticeably
overtake (by +42%) the theoretical strength catealanalytically. Besides, the numerical curve
has not reached its yield limit corresponding t® filly plastic failure mechanism, as supposed
in the analytical analysis. The numerical resulynmalicate that the structure has found a new
mode of strength overtaking the assumed plastioréaimechanism, for example a membrane
mode. On the other hand, a margin of error has doatmitted due to the simplifying
assumptions and to the model limitations.

7,000.00 €328
= 6,000.00 /___._--
= 5,000.00 4443
Y ----7/-- ------------------
° 4,000.00 / Impact force
(=1
% 3,000.00 / (numerical result)
2 2,000.00
£ 1,000.00 / ———— Gatest.rength
(analytical result)
0.00 T T T )
0 100 200 300 400
Indentation (mm)

Fig. 22 : Impact force evolution: comparison of the numerical and analytical results in the case of an upstream
side impact, neglecting the hydrostatic load

6. RESULTS OF THE IMPACT ANALYSIS

The results of the gate strength in case of shipaochare presented here. Fig. 23 gives the
relationship between the impact speed and the tatien for a 2,400 t barge, function of the
impact zone. Table 3 gives the effect of a deteeshimpact for the different studied cases.
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Relationship impact speed - indentation (m=2,400 t)

2.00
E 1.50
:E— Downstream water level
a:,- 1.00 - impact
w
:'_é’ 0.50 / / — Upstream water level
= impact with hydrostatic
0.00 , . loads
0.0 200.0 400.0

Indentation (mm)

Fig. 23 : Relationship between the impact speed and the indentation for a 2,400 t barge, in the cases of
downstream and upstream side impacts

Impact of a 1,200 t barge at U.W.L. without U.W.L. with

0.8 m/s (384 kJ) hydrostatic loads hydrostatic loads

Impact force 4,845 kN 3,550 kN 8,706 kN
!ndentatlon (only due to the 111 mm 139 mm 59 mm
impact)

Number of plastic hinges in

frames and girders 2 girders 3 girders 1 frame

Table 3 : Synthesis of the effects of a 1,200 t barge impact at 0.8 m/s, function of the impact zone and the
hydrostatic loads

The main point learned from this gate impact analys the interest of developing a global
plastic failure mechanism to provide the structwith a good carrying capacity for energy
dissipation. It has been established that a camdit allow this behavior is to use class-1 cross
sections for the main reinforcement elements (feaarel girders). In addition, it is necessary to
guarantee adequate stiffness ratios in the impawxte:z the structure response being
fundamentally different depending on whether thpaot happened at downstream or upstream
side. For an upstream side impact, the behavidudile, which allows to absorb significant
impacts. For a downstream side impact, the behasitvagile, which dramatically reduces the
impact strength.

7. CONCLUSION

The first objective of this study was to providel@sign recommendation for the downstream
gates of the four new locks projected by the Walldtegion of Belgium (SPW) within the

framework of the “Seine-Escaut Est” project. A desand optimization process has been built
based on the elaboration of a representative nuwibsolutions, using linear elastic analysis.
The optimum solution has been identified using apeirves, in order to compare various
solutions on the basis of their production cost wedjht. Then, the optimum solution has been
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analyzed in a more complete way and in particliardffect of a ship impact on this gate has
been investigated using nonlinear finite elementdyeis.

The gate impact analysis has brought the designieictease the dimensions (cross sections) of
the frames and the girders of the optimum solutmbtain class-1 cross sections (Eurocode
classification). Consequently, these reinforcednelets do not correspond any more to the
optimum solution according to an elastic designeurtuydrostatic loading. The additional cost
and weight due to these modifications are respelgtiof +34% and +14%. Such gate impact
study is required to determine in which extentghte must be reinforced to sustain ship impact.
Then, the additional cost of the reinforced solushould be compared with the elastic optimum
solution coupled with protective device againspshipact, as “protection beams” for example.

For design purpose the main recommendation is foeiment in the optimization software a
new constraint that consists in using only clagseks sections for the frames and the girders.
Including this constraint from the design and ojation stage would permit to obtain
optimized solutions considering impact strengthe Tddditional cost necessary to provide
impact strength would be reduced if the constrigimitegrated from the beginning. In addition,
other parameters have to be taken into accounubeaa their influence on the gate behavior in
the case of ship impact. In particular, the impache stiffness can modify the structure
behavior, because of its influence on the yielgngpagation. It would be interesting to realize
in the future a research focusing on ship impactlack gate, in order to enhance the
understanding of the influence of the various patens. The aim would be to determine the
constraints to fulfill, from the design and optimion stage, in order to provide the gate
structure with ductile behavior, guaranteeing ib@ampact strength. Finally, the optimum
solution would present a ductile behavior in casienpact while limiting the additional cost.
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