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Summary

Port of Rotterdam has the ambition to reduce the footprint for building new quay walls, this is in line with their
ambition to reduce the footprint and with national goals to limit global warmhegaim is to use less materials
and/or use different desigsolutions.

These reinforced structures are designed in a conventional way and the internal forces are determined by
performing a Linear Elastic Analysishe reinforcement is calculated using the internal forces and is based on
the Eurocode 19921-1. The conventional approach includes various assumptions that affect the amount of
concrete and steel used, which influences thef@@print, structure reliability, and costs. In orderknow

the effecs of theseassumptionsadvanceadonlinearcalculatiors arecarried out using volume element

Making use of the reference project ABiomassakade
simplify theanalysis For the conventional approach, a 2D &Bdmodelis desgnedusing SciaEngireering

in whichthe relief floor is examinedJodeling in twedimensional space is done with beam elements, and in
threedimensional spacghell elements are used. The use of shell elements indimeasional space is also

called 2.5DThe critical locabns aradentified,which are at about the middle of the relief floor between walls

B and C (location 1) where the sagging bending moment is governing, and at thewatinfibcation 2) where

the hogging bending moment is governidg.both locations an actual and artificial reinforcement set is
designedn IdeaStaticausingthe governing internal forces of the 2D model based on ltiradde Limit State

(ULS) andService Ability Limit Statg SLS)separately.

The advanced approachdieneusing the guidelines provided RTD 10161:2020. The optimization is carried
out at the critical locationsased on theerification of the strength (ULndverification of the crack width
(SL9S). The advanced approach for verifying the strength is doo@@diog to the GRF methoth which the
design value of the loall is computed by dividing theltimate loadd with the global resistance factor.
For thecrack widthverification,an indirect methog@rovided in the RTD 1014:2020guidelines, and alirect
methodusing the slip curve is use@he indirect method is a multipation of the average strain of the
reinforcement- ['with the maximum crack spacifigf; , and the direct method a summatairihe relative
displacemen(slip) by adopting a bondlip model.

A 3D model with a length obnemeteris built in Diana FEAusing volume elemenend aphysicalnonlinear
analysis is performeat the critical locations/ith theconventionallydesignedeinforcemento meethe ULS

and SLS.Performing the advanced approdoh verifying the strengththe ULS unit check is less than the
ULS unity check otonventionabpproach at locati@i and 2, which mean that the structure is safe and there
is room for optimization.

Performing the advanced approasingthe indirect methodor verifying the crack width the SLS unity
checkis less than theonventionalSLS unity check at location 2ibnot at location 1By adopting a bond
slip-model| measuring the crack spacing from the analysispaim the indirect methothe SLS unity check
is lessthan the conventional SLS unity chemlboth locationsWhenthe direct methods usedor verifying
the crack width, the SLS unity check is less tt@SLS unity checkising the indirect metho®ased on the
results of the crack width verificationeans that there is room for optimization.

Usingthefavorableoptimization results, twdesign methods are applied: one that reduces the quantity of steel
by optimizing the reinforcement and another that reduces the amount of concrete by optimizing the geometry.
When optimizing the reinforcement based ondhs, 7% less steel is being usadd optimizing the geometry

8% less concretalVhen optimizing the reinforcement based on $h& 23% less steel is being used, and
optimizing the geometr22% less concrete.

Taking a look at the CQootprint, optimizing the reinforcemeriiased on the UL&sults in 2% les€0,
emission and optimizing the geometry/b less emissionOptimizing the reinforcemeritased on the SLS
results in8% lessCO, emission and optimizing the geometrylito less emissionThese results are based on
arelieving platform with a length of 220 meters.
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Introduction

The Port of Rotterdam has the ambition to reduce the footprint for building new quay walis,itHise with
their ambition to reduce the footprint and with national goals to limit global warmiregaim is to use less
materials and/or use different desgpiutions.

Quay walls are earttetaining structures at which ships can berth and transfer goods. §jaageralls consist

of a combined retaining wall from steel tubes and intermediate sheet piles. On top of this steel,sdructure
robust concrete reling platformis placed that is supported by the combined wall at the waterside and piles

at the land side. Horizontal stability is provided by anchors. The anchors are, dependent on the design,
connected to the front or the back of the relief strucfline.relief floor bears a part of the topsoil layers and
terrain loads, which results in lesser vertical and horizontal soil stresses at the back of the combined retaining
wall [1]. In Figurel the quaywall of Engiethat is used as reference in this thesis is shown.
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Figure 1. Crosssection quay wall with relieving platforfg]

Building activities lead tdhe depletion of natural resources such as fossil fuels, minerals, metals, and other
raw materials. These activities also have an impact on global warming due to the emissierand Gther
greenhouse gases such ass RO, andCFCs. Although C®is commonly mentioned in discussions and
publications, this should imply that the effect of other greenhouse gases is also cormidetteat all are
related to and expressed asJc€yuvalents. Aside from global warming, a variety of other environmental
effects, known as environmental impact categories, have an impact on the envii@ment




1.1. Problemdescription

The concrete relief floor of the quayith the front wall is constructed in massive, reinforced concrete with
large dimensions resulting in sections approximately 35 meters in length containing *d@@@raete. These
reinforcedstructures are designedarconventional wagnd the internal forces are determitgdoerforming

a Linear Elastic Analysis using conventional software such as S@&Agineering.The reinforcements
calculatedusing the internal forces anddased on th&urocode 19921-1.

The linear analysis isrpsumed to be a lowdround approach, meaning that the equilibrium of the stress
distribution is satisfied without exceeding the yield conditions. The Eurocode's unity checks are also
conservative, and as a result, it can be assumed that this medititkisafe side

Some of thesassumptions are the follovgn

1 Plane crossections remaiplanar and normalto the neutral axisof the membebefore and after
deformation(EulerBernoulli hypotheis).

1 Deformed beam angletslopes)and dsplacementof the structure are snhalith respect to the
dimensions.

1 The stresstrain relationship is lineameaning that the stiffness remains constadtdoes not change
whenthe material starts to crack.

1 The material does not exjence any plagt deformation or creep during loading.

These assumptions @dfect theamount of concrete and steel beingd sehichinfluencesthe CQ footprint,
the reliability of thestructure, an@lso the costs

The problem statement for this master thesiiesollowing

Ailt i s unknown dfowt Hargaen  dassunpfichsséon theatdurtt of boscrete
and steel being usexhd can only be investigated usimgriinear advancedalculationso

Figure 2. Overview example conventional moggl

Research guestions
The primary research questiorlatedto the problems as follows:

iTo what e xameunttofsteelamd condneteof the quay wall be reducedby optimizingthe
reinforcemenbr the dimensionsisingnonlinearadvanced calculations based wolume elemes? 0

The following subresearch questions are formulated in order to address the primary research question:

I.  Which parts of the quay wall are important to model in a more advancéd way
II.  Which limit state SLS or ULS is governing when determining the reinforcemessing the
conventional approaéh
M. How to optimizethe reinforcemenbr dimensionsbased on the SLS and ULS using tvancd
approach?




\VA How much does theonventional anddvancd designdiffer in terms ofthe amounibf steeland
concret@

V.  Which desigrstrategyoffers a more effective design terms of the C&footprint? Optimizing the
reinforcement or the geometry?

Research Objective
The following research objective is defined:

fiTo determneto what extenthe use of concrete and steel is reduced by fudpBmizing theeinforcement
or thedimensions of the quay wdlhsed on the limit stadeising nonlinear advanced calculations based on
volume elements

1.2. Scope of the study

Int he context of the project 0Bi osodwgosdpdlletsiaee expétted E 0 ,
for the purpose of céiring the biomass of the powerplant of ENGIE which is located in Maasvlakte
Rotterdam, where the beerkanaal merges into thedifipthaven, next to the EMO.

As a result of this developmetie Port of Rotterdanasked Acads to design a new retaining structuvi
(approx. 20m) at the EMO terminal, thahouldbe built in line with the existing M6 Quay.

The newly designed quay wall is usedaeference where the main focus of this study lies irr¢lieving
platform (superstructurelf the quayThe quay wall was never built because the project was cagicelle

In Figure3 an overview of the location of the quay wall of ENGIE is shown.

0Z1 ©2

§
\%\L_

3
Kade Kade M 7

Aansluiting ca. 220m Hoofddonstructie <

L P S —

P—— R

Figure 3. Overview location quay wadlt EMO-site




1.3. Researclapproach
First, a literature studyis performedon the design and loadacting on the quay waltonventional and
advanced modelingtrategieslinear/nonlinear analysis, arsdfety formats.

Subsequentlythe researctphase beginswhich is dividedinto two stagespamely the modeling and
optimization stageThe modeling phase is separated into tmadels conventionabpproachand advanced
approach

For the conventional approaal2D-model is builtusing ®ia-Engineer followed bya 3D modd, also called
2.5D model Using these modelshe critical locations ar@entified, and the reinforcement is calculated
conventionallywith the use of Idea Statied these locations.

For the advance approach, a 8Ddelof the quay wallvith a length ofonemeteris builtin Diana FEA A
linear elastic analysis is performed to compaseiltof the result®f the advanagmodel with the conventional
model. Next, the conventionatlesignedreinforcementand the governing load combinations at the critical
locationsare modeled in DiamFEA, and aphysicalnonlinear analysis is performédsed on the ULS and
SLS-conditions For the SLSthe crack width isletermined with and without using a beslib model.These
findingsenableus to determine whether further optimization of the structure is possible or not.

After the optimization rate is gained from the physical nonlinear anatlisigptimization stage beginkhis
is carried out to determine if the optimizatimate is corredby optimizing the reinforcement tine geometry
The geometry is also optimized to get a better design insight in terms of reducir@foet@rint.

Lastly, the comparison stage begins where amount of reinforcement, concrete and, tfeot@rint are
compared between the conventional and advhnmzalel.

In Figure4 a summary of the research procedure is given.

Procedure

Literature study Research phase
A

. . -
Desngnfloadiv Zfltlﬂg on quay Modeling stage Optimization stage
¥

Comparison stage

CO2 footprint Amount of concrete and
steel

” 2D-model
| Reinforcement calculation
] Safety formats 2 5D-model (ldea Statica)
N rcor anayss
- Part B: Advance calculation 3D-model g ULS verification
method (DIANA) (1 meter) M Physical non-
linear analysis.
& SLS verification
¥ kA
Crack width Crack width calculation
calculation using bond-slip model

Part A: Conventional
calculation method (SCIA)

a Conventional and advanced
Modeling strategies

Linear/nonlinear analysis

Figure 4. Research approach




1.4. Structure of the report
This thesis consists oéightchapters.

In thefirst chaptey the introduction is givenThe problemstatement, researdbjective,research questions
and the scope of the study are also explained in this chapter.

The second chapteontainsa part ofthetheoretical bekground whichconsist oinformation abouthe design
and loads acting on the quay watipdellingstrategieslinear/nonlinear analysisafety formatsandthecrack
width developmentTheoretical background about the strength and crack width verificatising the
advanced approaétgiven in chapter four.

The third chapter contains information about the conventional apprédaehmodeling assumptions are
explained and a 2D and 2.5Dodel is built using Scia EngineeringA linear analysis is then performéal
determine the internal forces, which are then used to calculate reinforcement conventionally using the software
package Idea Statich Idea Staticahereinforcement calculains are based on NEND921-1.

The fourth chapter contains information about the advhapproachA 3D model is built using Diana FEA,
and themodeling assumptiorfer performing a linear and nonlinear analysis are explaifidohear analysis

is carried out, followed by a physical nonlinear analysisletermine if optimization is possible using the
advancd approach.

In the fifth chapter, the reinforcemesmdgeometryareoptimized based on the optimization rate of the ULS
and the SLSgained from the advanced approathis is carried out to determine if the optimization rate is
correct.

In the sixth chapter, the amount of steel, con¢ratel @, are compared between the conventional and
advancd approach.

Thegeneral conelsionand recommendations are giviarchapter seveand eight separatelfhe references
and appendices can be found at the end of the thesis.




Theoretical background

2.1.General gay walls

Quay walls are eartfetaining structurewhere a shigcan berth and transfer goodshis saves space and
increasegort efficiencycompared to situations where there is a sl@panes, trucks, and trains can get close
to the ship, and the freight can tmanagedtasily.

There are different typasf quay walls, such as

- Gravity walls

- Sheet pile walls

- Structures with relieving platfors
- Open Berth quays

For thisthesis,a structure with relieving platform will be examined.

2.1.1.Structures with relieving platforms

The presence ofrelieving platformin this type of quay significantly redugthe hoizontal load on the front

wall. The relieving platform ensures that forces are distributed both horizontally and vecticelgrninghe
superstructurelhe foundation sstem used forhiese structures providesth horizontal and vertical stability

to the quay wall and consistf a loadbearing sheet pile wall (combiall) on the waterside and usually a
system with tension piles amdmpressiomiles on the landsiddhe connection

betveen combined wall and superstructure consists of an eccentric hinge with a steel saddle, thus reducing the
bending moments in the wdll]. Also, using a hinge connection result in a system that is more statically
determinedIn some cases, horizontal anchoring is used instead of a tension pile Systeconcept of the

saddle connection between the comiil and superstructure is shownHigure5.
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Figureé6 illustrated twadifferentkinds of quay walls with a relieving platforihe use of a relievinglatform
primarily reduces active earth pressure on the uppermost part of the sheet pileevalbst significant effects

are cost savings on sheet piles due to a reduction in bending moment and pilé\egsththe relieving
platform is located on or just belave level of the quay deck, the reduction is mostly limited to the surcharge
of crane, storage, and traffic load$ie earth pressureducing effects are much greater when deeper relieving
structures arenade[1]. Using deeperelieving structuresthe ground wateiis a limited facto. Below the
groundwater levekhe active earth pressurereases less, while it becomes more comfueérstall the floor
there.Consequently, a deeper relief floor requires a larger fraiit

2.1.2.Loads on the relieving platform
When modeling the relieving platform, the following general loads are considered:

1 Permanent loadgemain constant over tine)

1 Theselweight of the superstructure

1 The earth pressure and water pressure thalt fesm the weight of the soil at various water

levels

9 Loads resulting from the substructures (anchor/ pile forces)
9 Variable loadgvaries over timg

9 Loadscaused by earth pressures assallt of terrain loads

1 Mooring loads such as bollardand fendefoads

9 Crane loads

1 Temperature loads

1 berthing traffic, andsurcharges behind the superstructure

i Pile and anchor forces
1 Accidental load¢low chance of occurrence)

i Loads as a result of extreme water levels

91 Collision loads (ships)

9 Ice loads

1 Seismicloads

i Pile and anchor forces

2.2.Modelingstrategies
In thisparagrapltthe modeling strategies for the conventional and advanced approach are explained.
2.2.1. Conventional modeling strategies

Forthe conventional approach a 2D model is built ubeam elements, and a 3D model using Shell elements.
The use of shell elements in thr@ienensional space is also called 2.9Dis is carried out in chapter 3.




Beam elements

Beam elements argructuralelements thameet the requirement that the dimensipespendicular to the
elementaxis aresmall in comparison to the length of tekement Axial deformations, shear deformations,
curvatureand torsion are all possible in beam elements, which allosvs th characterize axial force, shear
force,bending momentsand torsional momenfs].

Most classical beams are tmode straight elementShebehavior of beams under axial stresses and bending
ismodeled by th&ulerBernoulli beam theoryThistheory is a snplified version of the linear elastic theory
that enables the calculation of the lazmirying anddeflection properties of beams. Theotwrimary
assumptions of the Eul&ernoulli theory arg¢5]:

I The plane sections remain plane
This assumption implies that asgctionof the beam that wadanarprior to its deformation
will remain plain when the beam deforrAtso, any section of a beam that was perpendicular
to the neutral axis before deformation will stay perpendicular to the neutral axis after
deformation Figure7 illustrates the plansections remain plane assumption.

Neutral

All beam sections
straight and perpendicular NOT:
to the Neutral Axis

Figure 7. Plane section remain plane assumptish

91 Deformationsof the beams are small
This assumption has the following benefits:
- If xis the point along the length of the beam aifi)) is thedeflectionof the beam at
X, then the slopd of the beam is

y

e (2.1)
If the slope is small, the square of the slope is twicaradl and can be considered to
be zero.
— X n (2.2)
Additionally, for small angles, the following approximations are acceptable.
OB+ m (23)
AT-© p (2.4)

TheEulerBernoulli beantheoryresults inthe followingequation based on the assumptions given above:

2 (2.5)

Where

— = Secondderivativeof the deflectionof the beamconcerningocationx alongthebeam

M = internalbendingmomentin the beamatlocationx
E=Y o u nmodutus
| = themomentof inertia
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Shell elements

Shell elements are mathematical simplifications of volume elepeqkained in chapter 2.2.8hell elements

can save a lot of time because they allow you to model thin features with fewer elements than volume elements.
They arealso easier to mesh, atieey ardess likely to cause negative Jacobian errors, which can happen when
employing extreraly thin solid featurefs]. In Tablel the properties of shell elements are shown.

Tablel. Properties shell elements

Shell elements

!
3D (curved shelelements)
2D
3D
3D
3 translations and two rotations.(,uz x, §j
Linear, quadratic, and cubic

Integration scheme Numericallyintegrated

Flat shell elementarea combination of plane stress elements and bending elerbatite the plane stress
elements, the basic variables are forces rather than Cauchy stresses.

Curved Shell elements are based on degenerated solid elemeariteducing two shell hypotheses:

9 Thick shell elementssfraight normal
- Can consider stresses throughout the thickness of the shell in the direction normal to
the middle surface.
- Transverse shear deformation is included.
1 Thin shell elements (zenmwormalstress)
- Do not consider the stress in the direction perpendicular to the shell surface
(» .
- Thickness (t) must be small in relation to the largest dimensions (h) in the plane of the
element (t/h ratio7].

2.22. Advanced modeling strategies
For the advanced approach a 3D model is built using volume elements. This is carried out in chapter 4.

Volume elements

Volume (solid)elements are elements that can be used for a variety of purposes. However, because of their
tendency to produce large s of equations (large computational time), these elements are usually applied
only when other elements are unsuitable or would produce inaccurate analysig#eutiditionally, using

solid elementglives acloserrepresentation to reality compared to beam and shell elsment

Solid elements are characterized by the following properties:

1 The stress situation is thre@mensional.

1 Loading can be done in any way you choose.

1 The dimension in three axial directions Xawd Z are of the same order of magnitude.
In Table2 the properties of volume elements are shown.
Table2. Properties volumeddid elements

Volume/solid element

Shape dimensions 3D
Topological dimension 3D
Assumed stress field -

]
TUDelft



3D
Displacement (yuy,Uz)

Isoparametric mapping from global (xyz) coordinat
system to a (3de) | ocal (
Numericalintegration

2.3. Linear anéhonlinear analysis

Linear elastic analysis

A linearelasticanalysis is an analysis where a linear relation holds between applied forces and displacements.
In practice, thisappliesto structural problems where stresses remain in the linear elasticar@hgblerethe
deformationshave a small impaain the force direction of the used materialalinear elasticanalysis, the
model 60s stiffness mat rocessisrdativelypshost tompated to aanordinedr analysis o |
of the same model. Therefore, for a first estimate, linear static analysis is oftdretmegerforming a fuly

nonlinear analysig3].

Nonlinearanalysis

A nonlinearanalysis is an analysis where a nonlinear relation holds between applied forces and displacements.
Nonlinear effects can originate from geometrical nonlinearity (i.e., large deformations), material nonlinearity
(i.e., elastoplastic material), and contaonlinearity These effects result in a stiffness mattiat is not

constant during the load application. This is opposed to the linear static analysis, where the stiffness matrix
remained constant. As a result, a different solving strategy is required for the nonlinear analysis and therefore
a different solvef8].

- Material nonlinearity
Material nonlinearity involves the nonlinear behavior of a material in which material properties are
functions of the state of stress or strarg(,nonlinear elasticity, plasticity, cracking, cre¢@).

- Geometricnonlinearity
When performingan analysisinvolving geometric nonlinearity, the constitutive and equilibrium
equations consi deageomemochandehas it defomithe deformatiénsis large
enoughthat the equilibrium equations must be writteoncerningthe deforned structure €.9,
buckling slender column, deformation of a cablé)so, the loads may change directian they
increasq9].

- Contact nonlinearity
Contact nonlinearity in a system can occur if kinematic constraints are presented in theByode
constraining aomoadlmitthekinematc degre&freedom[8].

: A N S
f;——:li P . P

Figure 8. Material-vs geometriess contact nonlinearit{9]

The relationship between the load and the displacements is defined by the stiffness matrix for the structural
systemln short, he stiffness matrix remains constant when completing a linear analysis, whereas this is not
the case for a nonlineanalysis, which is a significant distinction between linear and nonlinear analgsis.
calculatinga linear systenusessignificantly less computationaleffort and cost tharsolving a nonlinear
system.Nonlinear analysis, on the other hand, can prouflemation about the structure's real behavior.
While residual hidden capacity in structuied$requently present when a linear analysipesformed these
capacities become visible in a nonlinear analji<i$.




2.4. Safety formatsccording to théib Model Code 2010

Verification of a structure with respect to a particular limit state is carried out via a model describing the limit
state in terms of a function (called the limit state function) whose @pends on all relevant design
parametergll].

This fib Model Code 2010 recommends for verification of the limit states to use one of the following safety
formats:

- Prdbabilistic safety format
The probabilistic safety formas@metimes referred to as fully probabilistic design method) allows us
to explicitly include the reliability requirements in terms of the reliability in(B»and the reference
period(T). This may be used for structures to be designed and for existiogusérs in cases where
such an increased effort is economically justified. However, it will seldom be used for the design of
new structures due to lack of statistical dat.

- Partial safetyfactor format
The partial safety factor format is the usual way of verifying structural design. It is a simplified
verification concept, which is based on past experience and calibrated in such a way that the general
reliability requirements are satisfied with a sufficiemdrgin during a defined period of tirfiel].

- Global resistance forntat
In the global resistance format the resistance is considered on a global structural level, as compared to
local verification of sections with partial safdfctors. It is especially suitable for design based on
nonlinear analysis, where verification of limit states is performed by numerical simuldtigns

The objective of the nelinear analysis is to simulate the real stuat behavior and to evaluate the
representative value of the resistari8ecause of thishe global resistance format (referred to asglobal
resistance factamethod) is used to verify the safety of the structhtere information about this method is
given in chapter 4.

2.5. Crack width development according to the fib Model Code 2010

The following information about the crack width development is obtained tihe fib Model Code 2010. The
estimation of the crack width is based on the standard example of a prismatic reinforced concrete bar under
axial tensiorillustrated inFigure9.

N
A crack

formation stabilized
stage, cracking stage

®

s /(/3-0\‘,‘)/ Ey

}/’ 1 = uncracked stage
N} L7 @ 2 = crack formation stage
-7 3 = stabilized cracking stage
@ ol 4 = naked steel
o 5 = yielding of reinforcement

(1-PIUE,
g (1-PVE, AL

Oy, =defined in Eq. (7.6-6)

Figure 9. Simplified load- strain relation for a centrically reinforced member subjected to tefision

1 Section 4.4 of théib Model Code 2010

2 Section 4.5 of théib Model Code 2010

3 Section 4.6 of théib Model Code 2010

4fib Model Code 2010: Figure 7-3: Simplified load strain relation for a centrically reinforced member subjected to
tension.




Four stages are identified concerning the behavior under increasing sénesitgth

- The uncracked stagg1): in the first linear branch the concrete is uckst. h this stage, the tensile
strength of concrete has not yet been reached. The stiffness is constant, and the behavior of the tensile
member is linear.

- The crack formation stage(2): when the cracking loadNs reached, the crack formation starns. |
this stage, the tensile strength of concrete has been reached, which causes cracks to develop.

Once the concrete crackbe perfect bond between the concrete and steel dissdthvesteel stress
increases due to the redistribution of stressesalhtif thetension is transferred to the stéidie bond
stresses will be reintroduced further from the crack at the sbeerete interfacés a resultthe steel
force is transferred to the concrete through bond stresssed bglip between the concrete and the
steeldue to a difference in deformations after crackit@]. When there are no longer any undisturbed
areas due to the formation of cracks, the tensile strength of concrete can no loegehed between
the cracks, preventing no new cracks to appear.

- The stabilized cracking stage(3): after thecompletion of thecrack formation stagythe force N
increases.n this stage, no new cracks are formed, but the existing cracks are widenedtitzie to
elongation of the steel reinforcement. This is because the bond stress and concrete deformations stay
constant. The load in this range may increase due to an increase in steel stress.

- The steel yielding stagd5): in this stage, the yield strength steel has been reached. Also, the
reinforcement concrete beam behaves fully plastic in this stage.

TheN - Urelation of the steel reinforcement is showrttiy dotted line (4)11].

The first crack will form at theveakest spot in the structure, and each subsequent crack will occur at a location
where the tensile strength of the concrete is slightly higher. Therefore, the most accurate description might be
to use the lower bound 5% characteristic concrete tenslegstifor the first crack and to engith themean

tensile strengtfor the last crackl1].

2.6. Bondslip model according to the fib Model Code 2010

When concrete cracks thensile force is carried by theinforcementThe stress on theeinforcing bars causes
them to activatbond stresses, which transfeetorce to the surrounding concretde steel force is gradually
transfered to the concrete through the bond between concrete and steel.

Bond is the term used to denote the interaction and transfer of force between reinforcement and concrete. Bond
influences the performance of concrete structures in several ways. At the serviceability limit state, the bond
influences the width and spacinfitmansverse cracks, tension stiffening, and curvature. At the ultimate limit
state, the bond is responsible for the strength of end anchorages and lapped joints of reinforcement and
influences the rotation capacity of plastic hinge reg[dét$

The following considerations apply about the development of bond stresses:

- Reinforcement and concrete have the same strain in those areas where the steel is in compression and
in those areas where steel is in tension in uncracked parts of the structure.

- In cracked crossections tension forces are transferred across the cratle mginforcing steel. In
general, the absolute displacements of the stegldithe concrete; adjacent to a crack are different.
Due to the relative displacement (slip), ss% u. lnond stresses are generated between concrete and
reinforcing stee]11].

The bond stresslip relationship is modeled according to Figure-Bih the fib Model Code 2010 as seen in
Figure10. This is typicdly determined using standardized palit experiments, which must be viewed as a
simplification in comparison to actual conditions within the slipping leri@8]. The bond stresslip
relationship depends on a considerabl@ber of influencing factors including rib geometry (relative rib area),
concrete strength, position, orientation of the bar during casting, state of stress, boundary conditions and
concrete cover. The bond strieslip curves for confined and unconfined coete presented iRigure10 can

be considered applicable as an average formulation for a broad range ¢1thses

The parameters of éhbondslip relationship are defined based on Tablel6id the fib Model Code 2010,
which depends on the failure mode, paulit, or splitting. Splitting failure will occur if splitting cracks can




reach the exterior surface before the steel rebar isdpulie Two types of bond strésdip laws can be defined

for the splitting type bond failure in a specific bond condition, one is for unconfined anchorage conditions in
concrete and the other is for confined anchorage conditions with stjip@jp\dditional information about

the bondslip model can be contained in the fib Model Code 2010.
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Figure 10. Bondslip relationship according to the fib Model Code 2010

The bondslip backbone curve consists of four sections. WhenquilFfailure is considered the first section

spans from a slip of O up to s1, and it is expres
maxi mal bwgpaFomgt rtehsso uly h s 2 ,umad used The dorad stiess dearbases lingharly
from s2 to s3 until it reaches the ultimate bentd i p st Begy®nd s 3, ariscansgideredant v
When spitting failure is considered the first section spieore a slip of O up to s1, and it is expressed as a
power function with an exponent U until it reache

mo de de n@f Addlitiomatly, st and s2 coincide, and the bond stress decreasadylinetween s2

and s3. Beyond s3, a constant value of bond stress is considered. In the regions where the main reinforcement
is located, good bond conditions and splitting is considered, and between the intersection of the wall and the
floor, pull-out. The bondslip parameters are determined in appendix Il.




Conventional approach

In this chapter the concrete relief floor is modeie@ conventional wayn 2D and 3D space Modeling in
two-dimensional space is done with bealements, and ithreedimensional space, shell elements are used.
The use of sheklements in thredimensional space is also call2dD. Following that, theresults of the
internal force®of the two modelgare comparedrhe reinforcement is also calculated conventigredtcording

to NEN-EN-19921-1. Also, the reports of Engie are used as referémcmodeling the relieving platform.

3.1. Model description

The relieving platform consists of a hollow box system (wall A, wall B, deck), a concreténgli@or, and
aback wall (wall C).The substructureonsistsof a combiwall andbearingpilesto ensure vertical stability,
andanchors tgrovidehorizontal stability Additionally, using a hollow box system reduces the soil weight
on thecombiwall.

In Figurel1the differentstructural elements in the model are shown.

4026

Deck

Wall A Wall B e
Support Ahc'hor
| Relief floor
- X 4 '.‘ - . -
Support Combi-wall Support vibro pile

6,025 m

Figure 11. 2D crosssection conventional modgscia)

In the case of Engie, the dimensions of the different coneleteentsre giverin Table3, which will also be
used in this thesis

Table3. Dimensionselieving platform

750 5.000
750 5.000
600 5.000
1250 16.700
750 4.775

Thetop part of the tubées at NAP +500 m and théottom at NAP-2.00 m. The top of the relief floor is at
NAP +025 m and the bottom at NAR.00 with a thickness of.25 meters and a totalidth of 16.7 meters

In reality, the relieving platfornconsist of st sectionswith a total length ohpproximately 220 meterEor
simplicity reasonsonly onesectionis modeled witta length o#0meters The water levels are given in chapter
3.2.3.

In Figure12the geometry of the relieving platform with the dimensions is shown.
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Figure 12. Geometryof Engierelieving platform

3.2. Modeling assumption®lieving platform

In this paragraphthe assumptios for modeling the relieving platformreexplained.n reality, the retaining

structure consist of six sections that are connected to one another with a joint in between. The joint effectively
has a certain stiffness that transfer the forces to the adjacent sections. For simplicity reasons, one section has
been modelled without a joint in between.

3.2.1. Material

Concrete

Concrete is a weknown material in the hydraulic engineering field because of its strength and resistance to
extreme conditions. However, the development of cracks in hydraulic sesictauires specific attention.

These structures often have large dimensions, so extra care should be given to prevent significant temperature
differences during the hardening period. Precautions should be taken to prevent or tiarn@gsomenon
becausehis heat formation can cause cracks to emerge during the hardening ft@gess

The concrete mix, execution, and curing affetihe concrete's strengtRuring loading, the stiffness of
concrete can chang€racked concretbas a effectivestiffness that is abouf/5-1/3 of uncracked concrete.
1/5 apples to the effective membrane stiffness, anddtBe effectivebending stiffness.

For the design of the quay wall Bhgie cracked concrete with concrete class C3®3&ed.As a starting
point, thiswill also be used fothe conventional approachtinis thesis.In Table4 the concrete properties are
shown.

Table4. Concrete properties

2500 32837 30
2500 20000 30

The concrete requiremergsown inTable5 are based on NEEN 19921-1.
Table5. Concrete requirements

Corrosion induced by carbonation XC4
Corrosion induced by chlorides XD3
Corrosioninduced by chlorides from sea water XS3
Freezethaw attack with or without dieing agents XF4
Chemical attack XA2

A
Minimum 45mm
In-situ 50 mm

B500B
Follows from environmental exposure conditions 0.22 mm




The concrete cover and crack widttedeterminedising NENEN-19921-1, which is explained iAppendix

I. In environmental class &4, the National Annexo Eurocode allow a maximum calculated crack width of
0.2 mm. If the relief floor is permanelyt underwater (XS2), it is acceptable to depart from this standard.
This is due to the extremely low probabilapd potential consequencescofrosion Prof. Polder states that
amaximum crack width of @ mm asanupper limit ispermissibld13]. In the case of Engie, the relief floor
is not permaneiyt underwater (XS3) during extremely low watelevels, sodeviating from the norm is not
permissibleln this thesisthe crack width of thélational Annex to Eurocodevill be usedwhich is0.22mm.

3.2.2. Interactiorsuppors with the substructure

The substructureonsists of combivalls, bearing piles, and horizontal anchepseacbvervariousdistances.

The interaction of the relieving platform with the substructure is modeled using inclined springs with a certain
stiffnessand different anglesThe connectiorof the inclined spring supportwith the superstructure is
simulated by the forces occurring in the head of the camalliand vibrepile. The stiffness, angle of the
springs, and the forces resulting from the piles are calculated with the geotechnicalrsaftw i Pl a x i s 0,
from the geotechnical report of the quay wall of Erfdi4], and will be used in this thesis Table6, the
parameters of the substructural elements are given.

Table6. Parameters substructure

102 240 24 3730
16 100 10 2280
16 24 0 2735

3.2.3.Loadng on therelieving platform
The loadsactingon the relieving platfornare obtainedrom Engie design repofg]. The loadsacting on
relieving platform of Engiare also applied to the relieving platfoaxaminedhis thesis.

Earth pressure
The selfweight of the earth as well as surcharges are the sources of earth pressures

In addtion to horizontal earth pressures, possible vertical friction forces will develop. The maximum vertical
friction force is related to the resultant of the maximum active earth pressure (Ea) and is directed downwards
when passive and active pressures ar¢ 4 v at e d . The maximum friction b
0w OAl 8

For determining thearth loadsthe following assumptions are made:

Table7. Assumptions for determining the earth loads

18 kN/n#
20 kN/n#
10 kN/m?
0.5

0.33

30°

2/ 3 1

Water pressure
The magnitude of the water pressure difference over a quay wall strongly depends on the water level

fluctuations at the outer side, the soil conditions, and the presence of a reliable drainage system. These loads
arethe result of differences between the outside water [@¥IL) and the groundwater leve@GEWL). The
water pressure difference can be minimized if the quay wall is equipped with a reliable drainag¢l$ystem

In the case of thguay of Ehgie the design is based on an existing drainage system that monitors groundwater
levels on the quay's landward sidiar simplicity reasos, only the fundamentahnd extremdy low water

levels are considereflecause it is stated in the handbook of CUR 21%hbatareoftengoverning.n Table

8 the applied water level is shown.




Table8. Applied water levslEngie

NAP -1.00m NAP T 0.50m 0.50 m
NAP -2.35 m NAP -1.35 m 1.00 m
NAP -1.50 m NAP +0.06 m 156 m

An example of how thevater pressure is determined is shown below.

Fundamental case:

GWL: NAPT 0.50m

OWL: NAPT 1.00 m
Topside floor NAP + 025 m
Bottomsidefloor: NAP -1.00 m

Water pressureagainst bottom of the relief floor (behind comhbiallld ™ m pgim pm v—

Water pressure against bottom of the relief flodrort combi wall): p&= pgtimt pm MT—
8

Water pressuragainst WallC: P8 u—
R
HyA 1
NAP +0.25 --------------
NAP - 0.50 ------zazze----f= s F o . 5kN/m2
NAP-1.00 —OWL - — - - ———

Figure 13. Water pressure relieving platform

Terrainloads

Terrain loads are active on the quay as a result of the cargo (containers and bulk phodioetsise dEngie

a uniform distributed terrain load of 40 kN/fnom the front of the quay to 22metersfrom the quay is used,
followed by anincreasingdistributed terrain load ranging from 40 kN/to 230 kN/n? on 451 metersand
then descending to 0 kNfmat 727 meters as illustrated ifFigure14.
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Also, in the case dEngie,the methodology of CUR 18®as been used to determine whether the increasing
terrain load has an effect on the back wall of the concrete relieving platfoppendix 1,the calculation

> Handbook of CUR 166 Chapter 4.5.4influence of top loads




procedure of the horizontal earth pressure is sh&nom the resultssistated that the eadpressure on the
back of the quay is limitedd uniform earth pressure of 20 kPa is therefore assumed across the entire height

of the wall and a maximum vertical friction force 028 kPa.

p (kN/m?*)

.a @,Vmé

e e
e

=y.hK, =p.K,

Figure 15. Horizontal ground pressure with limited top lo¥thethodology of CUR 166)

Mooring loads
The mooring loadsonsistof bollard, and fender loads and do not occur togeffigure16 shows dront view

of the quay of Engigincluding the distances between the bollards and fenders.
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Figure 16. front viewquay ofEngie[2]

When a ship approaches, it is usually stopped by its own engines and partially by the use of spring hawsers.
Mooring forces are thus transmitted to bollards located on the quay wall. The force on the bollards is
determined by th&vater displacemertause by the ship In Table9 the charactéstic values of the bollard

load are given.
Table9. Characteristic values dhe bollardload’ for ships

100
300
600
1000
1500
2000

The typical water displacement of ships at the Engie quayistals than 200,000kN, resulting in a bollard

force of 1500 kN per bollard. The bollards of the quay wall are placed in pairs with a horizontal load of 1500
kN. The first bollard is loaded for 100% and the second for 50 %.

When modeling in twalimensional spacéhe redistrilntion of the loads should be consideretde bollard

load is linealy redistributed through the superstructure over an angle of AeCredistributiorine load is

6 Handbook ofCUR 166- Figure4.40- Horizontal groundpressure with limited top load
7 Handbook of CUR 166 Table 3.2- Characteristic values of bolder loads




determined by the height of the waliewidth of thedeck and the distance between tie pairsof bollards
as shown irFigure17.

45 degrees
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Figure 17. Redistribution of the bollard loaid the walland deck

T

The height of the wall is 5 metetbe height of the deck is 4 metarsd the distance betwetrebollard pairs
is 2 meters. This results @line load of p Ti&1— spreadn the walloveradistance

of 22 meters.

The value of the fender loads is choaecording to the ROK standards. In the cadengie,the fenders have
a width of0.76 meters witha uniform distributedoad of 400 kN/m

The distribution of the fenddoads is almostidentical to the distribution of the bollard loadis.the case of
the fenders, the redistribution of the loadgsemdonly over the wall of the superstructureer an angle of 45
°, as shown irfFigure18.

45 degrees

Fad : ~
H'/"" \'Il

Figure 18. Redistribution of the fender loads

8 J—
This results in aurfacdoad of —— 0 B — spreadn the wallover a distance ofQlmeters.

Crane loads

It is expected that future container cranes will be able to lift multiple containers at once. The foundation

structure of such elements is crucial because the imposed loads ard@laggeloads include theeight of

the cranetheweight of what is being lifted, wind loads, and dynamic loads produced by the crane moving and

twisting. The swaying of the raised containers is the primary cause of the horizontal loads produced by the
horizontalmovementsThehorizontalcrane loadanges between 10% to 15% of the vertical crane load.

In the case of Engie, the rail of the crane is positioned 4.4 m and 16.4 freetethe front of the quay with a
vertical line load of 600 kN/m and a horizontal load of 90 kN/m over dheaf?0 meteg parallel to the quay.
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Figure 19. location of the vertical crane loadngie[2]

Loads from substructure
The external forces resulting from the interaction ofsihiestructure with the relieving platform are obtained
from thegeotechnicateport of Engig14]. In Table63 of appendix, the interactiohoads that occur from the

substructurereshown.

Wind loads
Wind loads occur at the quay's front wall. Due to the permbnavailable earthand water pressure this load

can be neglected.

Currents
Currents caused by pasg ships are not taken into consideration (not governirtgd.quay wall can resist the
resulting currents due to the slow vessel speeds.

Temperature loads
Seasonal influences and general climatic change are responsible for the temperature variareresheetwe

components of the structures.

Ice loads

The type of structure, the ice's features, tngenvironment in which the ice developed all affect how much
force the ice generateEhe value of the ice load is chosaccording to the handbook of CUR £66n the
case of Bgie anice load of 250 kN/m is applieat the waterline.

Collison loadgships)
In the case of Bgie the quaymust beaa load of 10000 kN spread over an ané&.0 x 50 meterg400

kN/m?) operating at1 level from NAP-2 m to NAP+5m.

Seismic loads

Seismic or earthquake loads act at the center of gravity of the structure as a horizontal force equal to the design
coefficient times the weight of the structure. In the calculated weight of the strinzliitbe live load should

be addedThe actual semic load due t@nearthquake will depend on the magnitude ofdaghquakethe

type of structureand the soil conditions in the adjacent afleathe caseof Engie, seismic loads are not
considered at the location of the quay.

3.24. Summary loahg

For simplicity reasons, only the fundamental and exthgtoes water levels are considered for this thebise
water pressure resulting from the extréydew water levelgsignored, lecause the effeon thesupestructure
is limited. Also, the temprature loads, collision loads, ice logasd seismic loads are neglected.

In appendix II, the loading on the relieving platform for the -22nd2.5D modelis given.In the table below
a summary of the vertical and horizontal loads that are usedddeling the concrete superstructuré2D
and 25D are shown

8 Handbook of CUR 166 Chapter 3.2.5. Ice loads
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Table10. Summary applied loads (2D andR)

Vertical loads 2D 2.5D
Terrain loads 40 kN/n? 40 KN/n?
Earth pressures (due terrain load 7.28 kN/n? 7.28 kKN/n?
- friction force)

Crane loads 400 kNm 600 kN/m
Water pressure (uniformupward) 5 kN/n? 5 kN/n?
Earth pressure (fundamental 85.50 kN/n% 85.50 kN/nt
uniform)

Earth pressure (fundamental 11.26 KN/n? 11.26 kN/n?
friction force)

Earth pressure (accidental - 83.10 kN/n? 83.10 kN/n¥
uniform)

Earth pressure (fundamental 11.26 kN/n? 11.26 kN/n?

friction force)

Horizontal loads

Earth pressures (due to terrain loz 20 kN/n? 20 kN/n?
Crane loads 60 KN'm 90 kN/m
Bollard loads 10230 kN 1,500 kN / 750 kN
Fender loads 30.4 KN/m 400 KN/n?
Water pressurériangular) 0-5KkN/m 0-5kN/m
(NAP -1,00i NAP -0,50)

Earth pressure (fundamental 07 54KkN/m? 07 54 kN/m?
triangular)

Earth pressure (accidental - 07 54kN/m? 07 54 kN/m?
triangular)

3.2.5. Reliability classes

In NEN-EN 1990,the structure is divided inthreeconsequencggliability classes with different safety levels
expressea@sa reliability index. The safety clasis characterized between structures that cause economic loss
and those that cause human injury.

Tablell. Reliability classes and design life according to NEN 1990 table B2 and table 2.1

Description of reliability classes Reliability Design life in
i ndex ears

RC1/CC1 b =3 3 50
Consequence of failure:

- Risk of danger to life is negligible

- Risk of economic damage is low
RC2/CC2 b 8 3 50
Consequence of failure:

- Risk of danger to life is negligible

- Risk of economic damage is high
RC3/CC3 b A 4 50

Consequence of failure:
- Risk of danger to life ishigh
- Risk of economic damage is high

Normally in thePort of Rotterdam quay walls are categorized with safety class RC2i@@h will be used

in this thesisThe quay wall is predicted to last at least 50 years. The danger of human injury is quite low, but
the chance of economic harmeigremely higtdue to the port's purpose (processing of calyipresentthe

Port of Rotterdam tends to move towards RC1/CC1.

3.2.6. Load combinations

The load combinations according to NEW-1990 are applicable in the design of the quay wle
characteristic value of the loads multiplied by a partial safety factor results in tge dakie of these loads.
With these design valgethe Ultimate Limit Statg ULS) and Serviceability Limit State (SLS) loading

]
TUDelft



ARCADIS s

combinations can be determinddhe Ultimate Limit Stateis the design for the safety of theustiureand the
Serviceability Limit State refers to the condition under which a buildizan still fulfil its function.

Tablel2 Load combinations according to NEEN-1990
Limit state Combination type Case  Combination

ULS Fundamental 6.10a  Sgs.Gk+Sgo.Yoi. i
6.10b  Sgs. Gk + +g0. Q1+ Sx - Yoi - Qi

Accidental 6.11a/b SGk+ Ad+y11. Qi+ Sya2i. Qi
Frequent 6.15b SGk + Yi1. Q«,l +Sy 2i. Q(,i
Quastpermanent 6.16b  SGk+ Sy2i. Qui

Gk Characteristic value of the permanent ioad

Qk,1 Characteristic value of the variable loading

Qi characteristic value of the simultaneously occurring variableiload

Ad Accidentalloading

fo'e Partial factor for permanent loads, which atsasidersnodel uncertainties and dimensional deviations

fole} Partial factor for variable loads

Yo Reduction fator related to the combination value of the variable load

Y1 Reductionfactor related to the frequent value of a variable load

Y2 Reduction factor related to the quagirmanent value of the variable Idadtor

S Summation

Partial bading factorsd)
For the fundamental combinations, the loading factors are based on consequence classahdGIR)
determinecaccording to NENEN 19971-1 andNEN-EN 1996 .

Tablel13. Partial loading factorg2) fundamentatombinations

Consequence class Al Al A2 A2

6.10a 6.10b 6.10a/b  Other Retaining construction
Unfavorable Unfavorable Favorable Unfavorable Favorable Unfavorable Favorable
o 1.35° 1.20 0.90 1.00 1.00 1.00 1.00

o 15° 1.5b 0.00 1.30 0.00 1.10 0.00

Note: (@) Forfluid pressure 1.2 is sufficient.
(b) A load factor of 1.3 is recommended for horizontal loads such as the wind and horizontal crane loads.

The factors in column Al appkto geotechnical loads on a geotechnical construction. These actions include forces from mooring,
berthing and horizatal crane loads.

The factors in column A2 apipkto geotechnical loads on geotechnical constructions, not being a foundation. With the factors under
ffot hero, the stability of the quay wal/l i sstrenftreitself @alculationandwi t h
verifying of bending moment, shear force eft3].

For theaccidentalcombinations, the loading factors according to NEINI 1990 are applicahle
Table14. Partial Loading factors accidental combinatidhs

Loading 6.11a/b 6.11 a/b

® 1 1
® 1 1

Reduction factors (Yy)
The reducti on f aabtetbacsordinytd theshaneboakiohCEM211. n

Table15 Recommeh e d v a Hacterdor amrhbingtions of variable actions on quay walls

Combination Frequent value Quasi static value
factgr _ )
0.7 05 0.3

®Table NB.4i A1.2(B)i Designvalues of actios(STR/IGEO) &etB)

10 Table NB.10i A1.37 Design values of loads for usedncidentabnd earthquake load combinations.

1 Handbook of CUR 211 Table 6.5 Recommended valuesyefactor for combinations of variable actions on quay
walls.

]
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Ship ramp loadgroll on roll o 0.6 0.4 0
Traffic loads/actions (port of vehicles) 0.6 0.4 0
Crane loads (crane for cargo handling) 0.7 0.3 0
Ship berthing loads (reaction force fendering 0.7 0.3 0
1.0 10 10
10 10 10
Differential settlement 1.0 1.0 1.0
Environmental/ Meeorological loads (wind, 0.7 0.3 0

waves, current, temperature, ice)

The partialloadingfactors and reduction factoused for thequay wall ofEngiewill be used for this thesis.
Also, a simplification of the load combinatiois applied, where the surface load mooring loadsare
governingwhich is given in the table beloMotice that the mooring loadbdlard- and fererload9 do not
occur togéher.Also, when the water level is extremely |a¥were is no upward water pressure working on the
superstructurdn the table below, the load combinations applied tactmentional model are given.

Table16. Loadcombinations (ULS)

Load combinations(ULS) ULS 1-1 ULS 1-2 ULS 2-1 ULS 2-2 ULS 3
accidental
LC1- Self weight 1.20 1.20 1.20 1.00
LC2-1- Earth pressure (fundamental 1.00 1.00 1.00 1.00
LC2-2- Earth pressure (Extreme low water & - - -
LC3- Water pressurg¢fundamental 1.00 1.00 1.00 1.00 -
LC4- Terrain load 1.50 1.05 1.50 1.05 0.30

=
N
o

1.00

LC5- Bollard load 1.50 - -
LC6- Fender load - - 1.05 1.50 -
LC7- Crane load (towards watemside + [oKS4] 0.90 0.90 0.90 0.60
ground side or waterside rgil
LC8-loads substructure

=
o
al

.2

o

1.20 1.20 1.20 1.00

[

Tablel7. Load Combinations (SLS)

Load combinations (frequent SLS1 SLS2
LC1- Self weight 1.00 1.00
LC2-1- Earth pressure (fundamental 1.00 1.00
LC3- Waterpressure (fundamental 1.00 1.00
LC4- Terrain load (governing 0.50
LC5- Bollard load =
LC6- Fender load 0.30
LC7- Crane load (towards wateside+ ground side [lo)s0] 0.60
or waterside rail

=
o
(=)

1.00

LC8- loads substructure

oo
83

3.3. 2D'model vs2.5D-model

In this paragraptithe concrete relief floor is modeled in a conventional wa3Dnand 3D space with the use
of the software package SGEngineering. Modeling in twdimensional space is done with beam elements,
and in threedimensional space, shell elements are used. The use of shell elementsdimtbrestonal space

is also called2.5D. Following that, the results of the internal forces of the two models are comipared.
paragrapt2.2 some backgrounsformationabout modeling with beam and shellements are given.

]
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Figure 20. 2.5D-conventional model (g Engineering

In the 2D modelthe loads are applied per unit length, while in ttB2model it is spread over the entire
length of the quay @metes). Modeling in twoedimensional space does not consider the redistribution of the
loads, such as theoltard loads, fender loagdand crane loads acting on the quay wall. This is carried out by
dividing the applied loads, which are redistributed through the superstructure over aof dagte with the
redistribution distance.

The relief floor will be eamined in this thesis, because of the significant internal forces that occur, it is the
most crucial structural component of traieving platform For the appliedoad cases, the results of the
reaction forceand bending momentsr the 2D and®.5D models are shown iappendix I.This is carried out

to check the accuracy of the moddfar simplicity reasons, the ndimear behaviorof the anchorscombi

walls, ard vibro-pilesare ignore.

In the2.5D model the reaction force per unit lengthcalculated by dividing the resldy thecenterto-center
distance of thesubstructuralelementto compare the accuracy with th® 2Znodel The centeto-center
distances of the substructural elements are giv&alhe6 of chapter 3.2.2.

The conclusions drawn from thgatain appendix lindicates that the result of the 2D and 25iDdel are
comparable. This means that the conventional 2.5D designrefigngng platformhas been modeled correctly
based on the reaction forces and bendiagnents.

Modeling in threedimensional space gis@ more accurate solution for determining the reinforcement. This
is due to the fact that the loads are spread automatically, and also because the effect of torsion is considered in
the formula of the degh bending moment and design normal force.

3.4. Reinforcement conventional design
In thisparagraphthe reinforcement is calculatednventionallybased on the internal forcestherelief floor
of therelieving platformaccording to NENEN-19921-1 with the use of the software package {&¢atica.

In the 2Dand 2.5Dreport given in appendixllithe figures and values of the bending moments, ndoreds,
and the shear forces of the conventionala2id 2.5Dmodel areshown.

In chapter 4, an advanced mo8€&l modelper unit length is builtBecause of the small depth of the model,
the 3D model is most comparable to the 2D madeplicitly it is assumedhatwhenthe entire quay wall is
modelled, the 2.5D model will be the most compardhuie to the extra torsion

For the relief floor, the "positive" side of the moments creates tension ladtthenside of the floo(sagging
bending momenf)while the "negativeSide creates tension at ttog side(hoggingbending moment)
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Figure 21. location governingaggindleft) andhogging(right) bending moments determine the reinforcemefLS)

Thelocation of themaximumdesignbending momentsf the relief floorfor theUltimateLimit Stateis shown

in Figure21. Here it can be notickthat thesaggingoending momentgovernata distance of 10,1 meter from
the exterior surface of wall focation 1),andthe hogging bending momerdsthe combiwall (location 2)
andvibro-piles (location3). Locations 1 and Arethe most critical paffior the top and bottom reinforcement
of the relief floorand will be modeledn anadvancd way in chapterb.

In the tabls below, theULS and SLSesultsof theinternal forcegor the2D and2.5D modek at thecritical
locationsareshown For the2.5D mode| the average result of th@esign bending momenis used and the
governing result is used to calculate the normal and shear forces.

Table18. Bending moment 2Bodel (ULS)

Structural element  Distance My+ My - Ned
m KNm kNm kN

Relief floor 4775 -3200 0 530

_ 10100 -327 1634 530
I 15189 -1500 0 530
Table19. Bending moment 2Bodel (SLS)
Structural element  Distance My+ My - Ned
m kNm kNm kN
Relief floor 4.775 -1800 0 350
_ 10100 0 1030 350
I 15189 -1000 0 350

Table20. Shear force 2Dnodel (ULS)

Ved
kN

Relief floor
(Between wall A and B) 610

Structural element

Relief floor
(Between wall B and C) 1060

Table21 Bending momerand normal forc&.5D model (ULS)

Structural Distance Myd+ Myd - Nyd
element m kNm/m kNm/m kN/m

Relief floor 4775 -3300 0 700

_ 10100 -1200 1760 700
]

15189 -1600 800 700

]
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Table22. Bendingmomentnd normal forc&.5D model(SLS)

4.775 -1850 0 450
10.100 -200 1110 450
15189 -1200 280 450

Table23.Shear forc&.5D model(ULS)

531
800

In the tabls below, the reinforcement for the 2Dodel is calculatedt thecritical locations In appendixX an

explanation is provideéboutwhich limit stateconditionis governingwhen determining th@mount of
reinforcementThe resultindicatesthat theSLS condition (crackwidth) is governingwhenconsidering the
crack widthof 0.22 mm fromNational Annex of the Eurocode ®hen considering the crack width adGnm

stated byProf. Polder[13], the ULScondition (strength) is governing.

In this thesisthe crack widthhormof theNational Annex of the Eurocodei®considered and will be used to
determine themount of reinforcement needed.

As astarting point, a baseainreinforcementayerhasbeen modeled for the top and bottom of the relief floor

For the top layer @26125 has been used and for the bottom layeridZb as base reinforcemeRereafter,
additionalreinforcemenhasbeen addedt crucial locationsintil the crackwidth condtions are satisfiedA

strong enough shear reinforcement has been estimated to prevent shear failure in the optimization phase
described in chapter When determining theeinforcementthe technical execution is not considered.

Table24. Main reinforcement relief floor per meter quay at thiéical locations(conventional 2Dmodel)

Combi -3200 550 -1800 350 Layerl: @25 125 10674 68% 100%
wall

Layer2: @32 120

Vibro-  -1500 550 -1000 350 Layerl: @251 125 5580 60% 98%
pile
Layer2: @167 110
Between 1630 550 1030 350 Layerl: @20° 125 6485 59% 95%
wall B
and C

Layer2: @25 125

Taking a look affable24 it can be noticed thdhe SLS conditions amgoverning,and less reinforcement is
needed to satisfy thdLS conditions.Because th@rimary goal of this thesis is to optimize tlaenount of
reinforcementnd the geometrysing an advanckcalculationbased on th&JLS and theSLS an artificial
reinforcement sdtas beeideterminedintil the ULS conditions aréetween 95 and 100%heSLS condition
is neglected in this cas€he SLS condition is likewise accomplished using the crack widttdahénstated
by Prof. Polder[13].

In Table25, the main reinforcementhere the ULSondition is governindgs given where it can be observed
that no additional reinforcement is needed awtheo-piles to satisfy thisondition.
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Table25. Main reinforcement relief floor per meter quay at thigical locations(ULS governing)

Relief floor Distance Main reinforcement Reinforcement ULS
[m] unity check

Combiwall Layerl: @25 125

I Layer 2: @25 150
I

Vibro-pile Layerl: @251 125 3506 87 170%
Table26. Shear reinforcement per meter quay (conventi@Bamodel)

SLS
unity check

96.1%

152%

Between wall B Layerl: @20 125 3853 95.6% 170%
and C
Layer2: @16 150

Ved Shear reinforcement Reinforcement Shear capacity
kN area [mm

Relief floor 1060 @201 300 1047 56%

Figure23illustrates theegionover which he additional reinforcement of the relief floormidded According

to NEN-EN-19921-1, the spreading distaneg the supportsan bedeterminedusingtheé Shi f dfthe ul e 6
bendingmoment curvéoy summing upthe distancea from the peak of the governing bending momeith

the anchaagelength (bq).

The following equationfrom the NENstandardsre used:

B Q (3.1)
a |l oap ap (3.2)
With,

Q Qo MY -0 (3.3)
N n

O - — (3.4)
Qg u--"Q (3.5)
Where,

a= spreading distandeom the peak

d= effectiveheight

c= reinforcement cover

NMR = diametemain reinforcement

a= distance between main and additional reinforcement

lba = anchorage length

brgd=  the required anchorage length

UE theeffect of the form of the bars assuming adequate cover

Uz the effect of concrete minimum cover

U3z the effect of confinement by transverse reinforcement

U4 the influence of one or more welded transverse bars along the design anchorage length

Us theeffect of the pressure transverse to the plane of splitting along the design anchorage length
d E a coefficient related to the quality of the bond condition and the position of the bar during

concerting
qz= related to the bar diameter
foa = the design value of the ultimate bond stress

The additional reinforcement at the bottom of the relief floor betweers Baihd C which can be seen in
Figure23is addedhroughout the whole region.

Table27. Spreading distance from the peak at the top of the relief floor

Structural distance h c MR a d a lbd Spreading
element [m] [mm] [mm] [mm] [mm] [mm] [mm] [mm] distance

[mm]
Combi-wall 4.4

1250 25 11625 2202

Vibro -pile 15189 1250 50 25 25 11625 1308 572 1880

]
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Figure 23. Reinforcement relief floor spreading distamdehe additional reinforcement

2NEN-EN1992i Figure 9.2- lllustration of the curtailmeraf longitudinal reinforcementonsideringhe effect of
inclined cracks and the resistance of reinforcement within anchtmageas




Advancel approach

In this chapterthe concreterelief floor is modeledan advanced wayn the threedimensional spacasing
volumeelementtdModel i ng is done with the use of the softw

DIANA stands for Displacement Method Analyzer and has lsksmrelopedat the Dutch organization for
applied scientific research (TNO) since 1972. DIANA is a mpitrpose finite element software package that

is dedicated to a wide range of applications in Civil engineering including structural, geotechnical, tunneling,
earthquake, and oil & gas engineeridgwidth variety ofengineering problems can be solved with this
program.Among other applications, the software is well equipped for the assessment of reinforced concrete.
Material aspects such #wecracking oftheconcrete, plastic yielding of steel, creep and shrinkagjag,and
ambient influences, can also tensideredn DIANA [7].

The relief floor is modeled per unit length in Diana FEA using volume elements with thensaaieéing
assumptions as the 2fdnventional model given in chapter 3.2.

First, a linear analysis is performeddbeckif the resultsof theadvancednodelareclose to the conventioha
model. If this is the casethe advancednodel has been modeled correctiereafter, the reinforcement is
modeled,and nonlinear analgs are performedwith the focus orthe most critical parts of the relief floor
shownin chapte.3.

4.1. Linear elastic analysazlvancemodel

To verify whether the structure has been modeled corraatyf the results of the conventional and advence
modek are comparablea linear analysis has beparformed.The load cases applied to the 2D model are
applied to the 3D model.

Figure 24. 3D model of the relieving platfor(®@IANA FEA)

4.1.1.Linear elastic mdellingassumptions
In thisparagraphthe modeling assumptisrior performing the linear agsis aregiven.For the concrete and
steel, a linear elastic behavior is assumed. The material properties are JiableizB.
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Table28. maerial properties(concrete & steel)
Concrete

Material class Concrete and masonry

Material model Linear elastidsotropic
E-modulus 20GPa

Poi ssonds ratio 0.2

Mass density 2500 kN/n¥

SICE]
Material class Steel

Material model Linearelastic isotropic
E-modulus 200 Gpa

Poi ssonbds ratio 0.3

Mass densit

o

For modeling, solid/olume elementd have been uskewith anelement sizéhat is calculated with respetct
the height of the religloor. The element size is taken as 14fGhe height(h), andresulsin 125mm. The
element properties are givenTiable29.

Table29. Volume/solid element properties
Elementclass Structural solid

Elementtype CHX601 Brick, 20nodes quadratig

18

Shape dimensions

Topological dimension

Assumed stress field -

Displacement field S

Degree of freedom per node isplacement (yjuy,uz)

Stress components Gxx, OGyxyfQyzlzxz, U

Interpolation scheme Isoparametric mapping from global (xyz) coordin:
system to a (3dse) | ocal

Integration scheme Numericalintegration

O

w W
O O i

Singularity problemscan be prevented bgpreadinghe point loadsand boundary conditionsver a larger
surfaceThere are several ways to solve tlst in this casa distributedplateis usedover the whole depth
Because the distributed plate needs tsufécient stiff, steel plates angsed

Thearea of the concrete and steel platecarmmected usinglaneinterface elementd.he structural interface
element¥ describe the interface behavior in terms of a relation between the normal and shear traction and the
normal and shear relative displacements across the intefifaeeelement and material propertigisthe
structural interfacare given inTable30 andTable31.

Table30. Plane interface element properties

Element class Structural plane interface

Element type Q24IFi plane quadrilateral, 4+4 nodes, 3D

£
AT

Shape dimensions
Topological dimension
Displacement field
Degree of freedom per node Displacement (yuy,uz)
Integration scheme Numerically integrated

13 Diana manual 10.5 Chapter 27. Solid elements
% Diana Manual 10.5 Chapter35. Structural interfag elements

]
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Table31 Material properties plane interface element

Interface type 3D surface interface

Normal stiffnessmodulus 1e+07 KN/m3
Shear stiffnessnodulus 1e+06kN/m3

In this thesis, the supports are modeled using spring conneétidie supports can be modeled using
interfaces, boundary interfaces, or spring connections. Theoretically, the use of a spring connection will give
the most accurate result compared to the conventional model, due to the units of the applied stiffnesd express
in KN/m. Additionally, with a facao-face connection between the concrete and the environment and a stiffness
specified in kN/m, boundary interfaces can be us@the element and material properties of the spring
connectios are given infable32 andTable33.

Table32. Sping elemenproperties

Element class Discrete translation spring/dashpot

Element type SP2TRi translation, 2 nodes

(9) fobojokh (p) qrabjoceweup (¢) arLeea

“- e o= e - -
x

T 5 X T g i
AN -e—e ESBAWN e => AN —

Degree of freedom per node Displacement (x)

Table33. Material properties spring element

Spring elements SIESS
MN/m

Combi wall 7 vertical (z-direction) 240
Combi wall 7 longitudinal (y-direction 24
Vibro - pile i vertical (z-direction 100

Vibro - pile i longitudinal irecti 10

Anchors (x-direction) 24

4.12. Comparisorbetweer2D - conventionabnd3D advanceanodel
In this paragrapha comparison is made between linear elasticresults of the2D-conventional and 3D
advancel modek to determinghe accuracy of the models.

In appendix Il, the results of horizontal and vertical equilibrium of the external loading for {be@@ntional
model and 3Bsmarter model are shown for each load case. Here it is noticed that the forces are near to being
in equilibrium, indicating thathe advancd model has been modeled correctly based on the load cases.

Also, thereaction forces, thbending momenighe normalforces,andthe shear forcedor the 2Dand 3D
modelthat occur from the governing load combinatighsen inappendix lareshownin appendix Il

Table34. Bending moments between 2D and 3D m@dEeS)

[ULS] [kNm] [kNm]

Mz- x=0.75 (At surface of ULS 1-2/4 -3095 2351 24.1%
wall A)

Mz- x=2.1 m (Bernoulli ULS 1-1/1 -9828 9094 7.5%

zone between wall A

and B)

Mz - x=4.025 (At surface ULS 1-1/1 -20847 19857 5.7%
wall B)

Mz+ x=0.75 (At surface of ULS 2-2/5 1525 -1801 181%
wall A)

Mz- x=4.775 (At surface ULS 1-2/4 -2818 2737 2.9%
wall B)

15 Diana Manual 10.5 Chapter29. Spring and dashpot elements
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Mz-

Mz-

Mz-

Mz+

x=6.025 (Bernoulli
zone between wall B
and C)
x=10.1(Bernoulli zone
between wall B an)
x=14.814 (At vibro
pile)
x= 161 (At surface of
wall C)
x=10.1 (Bernoulli
zone between wall B
and C)

4.1.3.Evaluation and discussion

The inaccuracy of the reaction forces betweer2iend 3D modeis less than 5%. Thisoncludeghat the
reaction forces are equivalent between the models.

Lookingat Table34, it can be observed thidieinaccuracyof the bending moments the relief floor between
walls B and Cis below 1%. In this regionthe Bernoulli hypothesis of plane strain distributiapplies(also
called Bregion) At the surface of the wallsheinaccuracy is higheThis is due to the fact that in the 3D

i n ac t irhseaciivezone h e
is called thaliscortinuity or distortionregion (Dregion)andis determinedby taking the distance D (thickness

of the floor) from the wall.In this zone, there is a direct transfer of the loads to the floor with a compression

smartmodeBer no ul

diagonal.Aside from the Bzones, there is also the fact that the dimensions of all structural elements are
realistically modelegwhichcauses the structure teactdifferently.

|l i 6s hypothesi s

ULS 1-2/12

ULS 1-2/12

ULS 1-2/3

ULS 1-1/23

ULS 2-1/16

-1781

-327

-1499

-7782

16339

S

17642

3263

15829

8159

-16352

0.9%

0.2%

5.6%

4.8%

0.1%

Also, notice that thdnaccuracy ofthe bending momenof the relief floor between walA and Bin the

Bernoulli zones below 10%. In appendix Il, a comparison is made on load combination level where the ULS

result has been calculated analgtly. Here it can be notickthat theinaccuracyof 10%is a summation of
small difference that occur per load cask Figure 25 the Bernoulli and distortion zones of the relief floor

are identified.

0-4,775

4,775 -16,7

] .

2,00-2,775
Bernoulli zone
<« >
0,75 -2,00 2,775 —4,025

Distortion zohe Distortion zone
[ > D EEE—

4,775 - 6,025

6,025 — 14,85
Bernoulli zone

14.85-16.1

Distortion zone

< >

Distortion zone|
< — >,

Figure 25. Bernoulli and distortion zone 3model
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4.2.Nonlinear approach

In this paragraphthe modeling assumptions for performing a nonlinear anatysiglained.

The Dutch Road Atmority (Rijkswaterstaat) issued guidelines famlinear analysis of concrete structures
provided in RTD 1014.:2020. These recommendations @vvall forms of bridges (girder bridges, slab
bridges, box girder bridges, etc.), reinforced concrete, prestressed concrete, tunnels, anditd\satsty
formas applied in RTD 1014.:220 and thefib Model Code 2010 are the sarfis].

4.2.1. Reinforcement modeling approachart model

A reinforced concrete structure in DIANA can be represented by plain concrete elements and steel
reinforcement bars or gisgd each wh its specific material propertie€racking failure under tensiresses

and crushing failure under compressive and shear stfessebeeonsidered in theoncrete material model

For the steel reinforcementon Mises type elagt-plastic material models with usdefined hardening are
considered.

The followingtypes of reinforcemertis offered by DIANA:

- Embedded reinforceméfit
The reinforcements are fully embedded in the elements in which they are laddbgdup nospace
in the secalledmotherelemenido not allow relative slip)Additionally, neither do they influence the
mass of thelementnor do they havanydegree of freedom of theiwn. Based on the displacement
of themotherelementthe strains in the reinforcement are calculaBatween the steel reinforcement
and theconcretea perfect bond is assumeadeaning that thdisplacement afhe reinforcement node
is the same as the corte elemengno-slip). Also, after acrackdevelopsthe tension in the stedd
transferred to the next elemeoausinganother crack tdevelop

e element node
o location point * element node
s location point
integration point

integration point

Figure 26. Grid and bar reinforcement in solid element

- Bondslip reinforcemeni
The deformation of the reinforcements may be diffethat the motherelementin which they are
located(relative slip is allowed)This means that after a crack develdpssiontransferin steelis
restricteddue to the slipA certain distance is needed until a second crack is develbipetondslip
bars need to be specified for both the belil interaction between the bar and the concrete as well as
the material behavior of the reinforcement Hats

4.2.2. Constitutive modeloncreteand steel

Constitutive moded also knowrasmaterial models, are used in the finite element environment to specify the
constitutive behavior (strestrain relationship that is expected for the materials in the structiee
recommendationfor the constitutive modedf concrete areleterminedaccordingto guidelinesprovided in

RTD 10161:2(20.

In Diana, cracking in concrete can be modeled usgmeared and disceetnodelingapproachThe advantage

of this smeared cracking model over a discrete cracking model is that cracks can form aapdheany
directionin the meshWithin the smeared crack approach distinction can be made between fixed and rotating
crackmodels. Inthefixed smeared craakodel,the direction of the normal to the crackii®d uponinitiation

of cracks. Rotating crack models on the other fadlodv the normal to the cradk rotate during the fracture
procesg17].

According to the guidelinestotal strainbased crack modémeared crackingpproachwith a rotating crack
is preferredor concretebecausd is not known in advance where the crack will start to develop in the model.

6 DIANA manual 10.5 chapter 38.1. Embeddé&kinforcement
" DIANA manual 10.5 chapter 38.2. Bondlip Reinforcement




In this model, the stresstrain relationship ibased on the total straamdis evaluated in therincipaldirection
of the strairvector.

Tensile behavior
The tensile behawt of concretés modeled in Diana using@escribedension softening curvéccording to
the guidelinsit is recommended to use an exponential softening diagram. The following parameters need to
be defined:
- The Tensile strengtti;)

- Thefracture energy (8
- The equivalent length £)

(o
()

i1

hl.'q ¥
1 - £
=

Figure 27. Exponential softenindiagram[18]

The ultimate strain parameter for exporm@rgoftening is given by:
— (4.2)

When the equivalent length is too large for softening matetlasposipeak response can show a sbhapk
behavior.The descending brandi the softeningliagram shouldhot be toostraight The equivalent length
influences the softening behaviardshouldlimited to:

o (4.2)

Fracture enerqy (&

The energy required wreate a crack ith unit areas knownasfracture energyit is a physical characteristic
that is independent of the size of the structlihe fracture energy is determined using the following equation
from thefib ModelCode 10:

‘0 xo Q" (4.3)

The equivalent length £h)*®

The equivalent length, also known as the crlekd width, is an important quantity in constitutive models
describing a softening stresgain relationship.

DianaFEA offers three methods to determine the crack bandwidgh (h

- Rot s 6 -kaked method: Therack bandwidth depends on the sigkape,and interpolation
function of the used finite element. The default value for solid elemet¥3 is Vi, where V is the
element's volume.

- Govindjeeds projection Jhesddiimed ashe projectecclengticdf theb a n d
element containing the crack onto the crack plane.

- Direct input: To guide the cracking algorithm, the user may directly input the crack bandwidth.

According to the guidelines i recommended to use the method based on thel thitection of the cracks
and the el ement dimensions (Govindjeebdbs projectio

8 Diana 10.5 Manual: Chapter 46.17.1.1. Crack bandwidth




Compressive behavior

According to the guidelinesid recommended to usgparabolicstressstrain diagram with a softening branch.

The softening brancis basen the compressive fracture energy)(i@ order to rduce mesh size sensitivity
during compressive strain localizatifi8]. In order to account for tensimompression interaction and lateral
cracking, Vecchio and Collins' reduction model is adopted. The reduction curve's lower bound value is
indicated by the parametby.

{ 12 %

ac) ] Vecchio and Collins

ay ac

f\:

- Mat
£o
Figure 28. Parabolic compression diagraend reduction of the compressive strendiagram[18]

The Compressive fracture energy is determined using the following equation fréimNhedel Code2010:
O ¢qumno 4.4

For thesteel reinforcemenanelastieplastic material model with hardening has been used.

Material propertiesor the ULS and SLS verification

The material propertiesf concrete and ste#dr the ULSand SLS verificatiomre determined acoding to he
guidelines provided irRTD 10161:2020.For theUltimate Limit State verification the global resistance
method is usedwhich is explained iparagraph 4.3.IThe objective of the nonlinear analysis is to simulate

the real structural behavior anddwaluate the representative value of the resistance. A task of this type can
alternatively be expressed as a prediction of the most likely real resistance, which is the mean value of
resistanceWhenperformingthe GRF methodhe mean material properti@mean GRFYor calculating the
resistanceare used[11]. For the calculation of the crack width in the Serviceability Limit State, the
characteristic value of the material propertiasbeen used

The correct input valuesf concrete andeinforcemensteel areleterminedvith the use offable85andTable
86 given in appendixll. The concreteand steel reinforcementnaterial parametergor the ULS and SLS

verificationare summarizetelow.
Table35. Concretematerial parameterdor the ULS and SL&erification

Characterstic Mean GRF
31008 MPa 29373 MPa
2.02 MPa 2.6 MPa
0.135 N/mm 0.131 N/mm
30.0 MPa 255 MPa
337 N/mm 32.7 N/mm

Table36. Reinforcemerdteelmaterial parametersfor the ULS and SLS verification

Characteristic Mean GRF
200000MPa 200000MPa
500MPa 550MPa
0.002 0.00275
540MPa 594 MPa
0.05 0.05

In Table 37 and Table 38 a summary igyiven of the mechanical properties tife concrete andhe steel

reinforcement




Table37. Summary mechanical properties of concrete

Concrete C30/37
Safety format Characteistic

Material class Concrete and masonry
Material model Total strainbased crack model

E-modulus 31008MPa
Poi ssonds ratio 0.2
Mass density 2500 kN/n#

Crack orientation Rotating

Tensile curve Exponential

Tensilestrength 2.02 MPa

z s RmDI for natural and
built assets

C30/37
Mean GRF
Concrete and masonry

Total strainbased crack model
29373MPa

0.2

2500 kN/n#

Rotating
Exponential

&

2.6 MPa

0.135 N/mm 0.131 N/mm
e Govi ndj eeds Govindjeeds
0.1 MPa 0.1 MPa

Compressive curve Parabolic . Parabolic

300 MPa 25.5MPa

337 N/mm 327 N/mm

Vecchio and Collins 1993 Vecchio and Collins 1993
04 0.4

Stress confinement Selby and Vecchio Selby and Vecchio
Table38.Summary mechanical propertiesstéel reinforcement

Reinforcement B500 B500

SEVCEIWAE Characteristic Mean GRF

WEEEINEESS Reinforcement Reinforcement

Material model Von Mises plasticity Von Mises plasticity
200000 MPa 20000 MPa

Plastic hardening Total strainyield stress Total strainyield stress

Characteristic yield strength (fyk) 500 MPa 550MPa
0.002 0.00275
Characteristic ultimate strength (ft) ESZ{ORY 3c! 594 MPa

Ul ti mate strain 0.05 0.05

4.2.4.Solutionprocedure nonlinear analysis

The equilibriumpath isa graphicatepresentation of the response (latdlection)diagram that characterize
the overall behavior of the problefach point on the equilibrium path represeamiequilibrium point or
equilibrium configuration.

To find the solutiorto the nonlinear analysis, a standard full NewtBaphson algorithm igsed to achieve
equilibriumbetween internal and external forc&his method is commonly usaddupdates the stiffness for
every iteration.The NewtonRaphsonteration method requires at leastedgteration for determining when
equilibrium has been reached. In genetfad, unbalance foeswill not be decreasedxactly to zero, but a
tolerance must be established at which convergence is accompliteedriterion is often a norm of the
unbalancedrce vector, the incremental displacemesttor, ora norm based on enerf8].

]
TUDelft



According to the guidelines providedRTD-1016202Q the convergence critefianergynorm together with
force-norm, is recommended.oad increnents that satisfy at least one of the two norms are referred to as being
converged

Table39. Convergence tolerance critereccording to guidelines provided in RTID162020

0.01
0.001

Load increments that do not fully comply with the convergence criterion may nevertheless be acceptable if
they are followed by converged load increments and a reasonable explanation for the temporally
convergence is suppligdig].

4.3. Limit state calculation using the advad@gpproach
In this paragraphnumericalanalyes are carrié out using Diana FEAThe calculation isdonebasedon the
ULS and SLSconditionsaccording to the RTEL0162020 guidelines

At the governingcritical locationsof the relief floor,which is explained in chapter23 a nonlinear analysis is
carried out.

These locations are:

- Location 1: at a distance of 1Qyieter from the exterior of wall A (tension bottom side of the floor)
- Location 2: athe Combiwall (tension topside of the floor)

The governing load combinations for the bending monenthe critical locationsind thereinforcement
calculated in chapterid modelled in Diana FEAThe optimization is done based the strengthverification
(ULS) and thecrack width (SLS)which will be examined in the following chapser

In Table40a summary is given of the governing load combinatiainthe critical locations.

Table40. Governing load combination for the bending moment at the critical locations

Structural element Relief floor
Bending moment (Mz) Mz+ Mz- Mz+ Mz-
Location [m] Location 1 Location 2 Location 1 Location 2
Load combination ULS 2-1/16 ULS 1-2/4 SLS 12/11 SLS 11/3
LC1 1.20 1.20 1.00 1.00
LC2-1 1.00 1.00 1.00 1.00
LC2-2
LC3 1.00 1.00 1.00 1.00
LC4-1 1.05
LC4-2 1.50 1.05 0.5 0.50
LC4-3 1.50 0.5
LC5 1.50 0.30
LC6 1.05 0.3
LC7-1 0.90 0.6
LC7-4 0.90 0.60
LC8 1.20 1.20 1.00 1.00




4.3.1. Strength advandeverification

The ULS verification is donaccording to the GRF method explained in RTIIL62020.The consequences
of numerous uncertaintig€sf material properties, geometrical dimensiogte.) areintegratedinto a global
design resistance and expressed by a global resistance Taetalesigrvalue of the ultimate load is regarded
as the design resistanced®d is computed as follows:

Yo = (4.5)

Whereld represents the ultimate load that was determined by inputting the mean GRF mechanical parameters
into the analysis antthe global reistance factor . According to thdib Model Code2010, globalesistance

factor is a multiplicatiorof thepartialsaféayf act or ofg) r easnidst heceno@d® |l rp)Uuncert
The partial safety factaf the resistancis equal to 1.2.

TheRTD-10162020 guidelinesrefers to a publication dllaix (2020), whostated thafithe global resistance
f a c to)asequdl to 14 andis based ol partial factothat accountfor uncertainties of the resistanc®del
of 1.150. In thefib ModelCode 2010Qalowervalue of 106 isusedfor the modelncertairy factorand resukt
in a global resistance factof 1.27.

In the case of bendin@lexural) failure, a global resistance factor aR7 can be used, provided that shear
failure is not established at a global resistance factordoBEcause a sufficient reinforcement set for shear
has been chosen, only bémgi failure is expectedn anonlinear analysis different strendtir the concrete
and steel are usedyhich can cause sudderoncretecrushing before yielding, or failure of the steel
reinforcemenbefore crushing.

Strength verification location 1
The strength capacity at location 1 is examifoidwed by the strength capacity at location 2.

For the advanced strength verification, the conventionally designed reinforcement theride§ has been
modeled in DiandEA. The resultof the physical nodinear analysis in terms of the loagplacement
diagram is shown ifrigure29.

Loaddisplacement graph at location 1
1,8

1,6 °
14 ————p - o
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LOADING FACTOR
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0,8
0,6
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0,2
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VERTICAL DISPLACEMENT [MM]
Nonlinear force-dispacement graph Linear force-displacement graph

= = = Global resistance factor (shear failure) — = = Global resistance factor (bending failure)

® Critical load Yield strength reinforcement reached

@ Crack development stage @ Stabilized cracking stage

Figure 29. Load- displacement grapht locationl1 (820-125 + @16-150)

In Figure29it can be noticed thathentheload stage of 75% reached, the nonlinear effects abservedn
the structure. At a load stage of 75% the structure starts to crack and increasing the loaB%tottiel2
reinforcement starts to yield. The maximal load is reached at a loading factors$o] @hich is1l7.5% above




the global resistance factor of4lfor shear failure and 3 above the global resistance factor @&71for
bending failure. The structure does not fail in shear, but in benfliigjisestablishedby taking a look at the
behaviorof the stirrupswhich donot yield when the maximal load is reached.

The maxinum load exceedghe global resistance factof 1.27, which means that thetructureis safe,and
that there is room for optimization. The ULS condition can kisfeat with less reinforcemernthe ULSunity

checkis equal to:— p T Py p pwhichmeans that the structure can be optimized by about 19%.

Strength verification locatio

For the advanced strength verification, the conventionally designed reinfordenmeeet the ULS has been
modeled in Diana FEA. The result of tplysical nodinear analysis in terms of the loaisplacement
diagram is shown ifigure30.

In Figure 30 it can benoticed that thenonlineareffect is observedonce a load stage of 35% is reached.
Hereafter, the structure begittscrackandincreasing the load until 125% theinforcement stas to yield.

The maximal load is reached at a loading factor.4f26%, whichis 1.25% abovehe global resistance factor

of 1.4 for shear failureand 14% above the global resistance factor @&71for bending failureThe structure

does not fail in shear, but in bendifidhe maxinum load exceeds the global resistance factot.af7, which

means that the structure is safe, and that there is room for optimization. The ULS condition can be satisfied
with less reinforcement

The ULSunity checkis equal t088— p T Tt P w 1T pwhich means that the structure can be optimized by
about 10%.

Loaddisplacement graplat location 2
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@ Crack development stage

Figure 30. Loaddisplacement graph at location @25-125 + @25-150)




4.3.2. Crack widthadvancederification

The crack widthverificationis based on the procedure giveritie RTD-10162020guidelines, which islso
referred to as thedirect methodWhenflexural cracks are present, the crack opensrgalculated as follows:
0 Yy -T (4.6)

Where-['is the average strain value of the main reinforcement in the cracketb#onéng from the analysis
and"Y is the maximum crack spacing obtained using NEW19921-1. In appendix | the calculation of
the crack spacing is explained.
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Figure 31. Crack spacing ($may and crack width (k)

Crack widthverificationat location 1
The crack width development at location($agging bendingnoment) isexaminedfollowed by the crack
width development dbcation 2(hoggingbending moment)

For the crack width verification, the conventionally designed reinforcement to meet the SLS has been modeled
in Diana FEA. The result of &§physical nodinear analysis in terms of tlieack width developmemtiagram
is shown inFigure33.

In Table41the result of the crack dih using formula4.6 is shownBetween thewo governing cracks in the
center of the relief floor, the mean reinforcement str@jrvélue is determined for each load le\¢reafter,
the reinforcement straif) is multiplied by the distance between the cracksq{S) to get the crack width
(wKk).

Reinforcement Total Strains - EXX min=-0,000244453 max=0,00139653
0.00150

0.00100

0.00000

-0.00050
0.0 2000.0 40000 60000 80000 100000 120000 140000 150000 180000
Distance [mm]

Figure 32. Stabilizeccracksat location 1 (leftlandstrain at thebottom reinforcemer(tl80% loading)

Figure32 shows the crack development at location 1, where flexural €rekdeveloped.
Table41. Advancd crack width calculatiorat location 1 (einforcement seP20-125 + @25125)

o

load factor u S:.max [Mm] wk

(mean) [mm]

0,2 2.08E-05 307 0.006
0,4 4.16E-05 307 0.013
0,6 6.29E-05 307 0.019
0,8 9.89E-05 307 0.030
1 1.82E04 307 0.056
1,1 2.69E-04 307 0.083
1,2 5.50E-04 307 0.169
1,3 9.32E04 307 0.286
1,4 1.04E03 307 0.319
1,5 1.13E03 307 0.346
1,6 1.21E03 307 0.372
1,7 1.30E03 307 0.398
1,8 1.38E03 307 0.424




Crack width development at location 1
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Figure 33. Crack width developmegtaph at location {reinforcemenset @20125 + @25125)

Figure33shows that the cracks have not yet been fully developed when the structure is |d298d After
130% loading, there is a linear relationship between the crack width and the loadingriditating that the
cracks are fully developed.
Becausehe crackdiave not yet been fully developed whba structure is loadeat 100%,the crack width at
this loading stage carelralculated as follows

- Using linear extrapolation

- Reducing the tensile strength of concrete.
Using thismethod the crack widttwill be stabilized at an earlier stage (at 100% loading).

The crack width at 100% has been calculated using linear extrapolation, shéigaraB3.

For example, using tHmear equatiomgiven inFigure33resultsina crack widthof€ x ¢ ¢ ™t 1 Y
] 1T aud at a loading stage of 100%.
Table42. Crack width comparison IDEA and DIAN#A location 1 feinforcement set @2025 + 325125

Calculation Reinforcementset Reinforcement area wk wk SLS
method [mm?] [mm] (norm) unity check
[mm]
IDEA @20-125 +@25-125 6484 0.208 0.22 95%
DIANA @20-125 +@25-125 6484 0.2078 0.22 94%

In Table42thecrack widthvalueusing the conventional and advade@proach is showitrrom theseresuls,
it can be concludethatthecrack widtts of both methods areomparablet location 1To be sure that this is
the casea second analysis is performed wattifferentreinforcement set¢xplainedn appendix Il.

TDEZ node 64646 [mm]

Figure 34. Load displacement graph location 1 (SLS)




ARCADIS s

In Figure34 the load displacement graph is shown where can be noticed that when the structure is loaded at
100%, the nonlinear effects are not yet active cracks are not yet fully developed at this loading stage.

Crack widthverificationat location 2

For the cack width verification, the conventionally designed reinforcement to meet the SLS has been modeled
in Diana FEA. The result of thghysical nodinear analysis in terms of the crack width development diagram

is shown inFigure36. For the crack with determination at location 2 the same procedure as for location 1 has
been usedBetween the two governing cracks close to the surface of the wall oéltbiefioor, the mean
reinforcement strain®) value is determined for each load level. Hereafter, the reinforcement sfyam (
multiplied by the distance between the cracks{$to get the crack width (¥

Reinforcemen 't Total Strains - EXX min=-7.47528-05 max=0.00124282
0.00150

0,00100

& o.00s0

8

0,00000

-0.00050
0.0 20000 40000 60000 80000 100000 120000 140000 160000  18000.0

Distance [mm]

Figure 35. Stabilized cracksat location 2(left) andstrain at thetop reinforcemen(right) (150% loading)

Figure 35 showsthe crack development at locationvihere first dlexural crackis developedollowed by
inclinedflexuratshear cracks.

Table43. Advance crack width calcuian at location 1 (reinforcement set @235 + @32120)

_ 1.42E05 280 0.0040
_ 2.83E05 280 0.0079
_ 4.24E-05 280 0.0119
_ 5.75E-05 280 0.0161
_ 7.49E05 280 0.0210
_ 1.04E04 280 0.0291
_ 2.21E04 280 0.0619
_ 4.25E-04 280 0.1190
_ 5.45E-04 280 0.1526
_ 6.45E-04 280 0.1806
_ 7.42E04 280 0.2078
_ 8.33E04 280 0.2332
_ 9.20E-04 280 0.2575
_ 1.01E03 280 0.2817
_ 1.09E-03 280 0.3054

_|
QD
=
D
Ny
&
@]
=
QD
o
~
=3
o
=
>
Q
o
3
]
Q
=.
0
(]
=
o
m
>
Q
>
o
Y
>
Z
>
Q
—
o
o
Q
=,
o
=)
N
—~
=
o
>
=
o
=
(@]
0]
3
0]
>
=1
n
9]
5
<5
¥
Q
N
[
[y
N
o1
~

@25-125 +@32-120 10629 0.219 0.22 100%
@25-125 +@32-120 10629 0.186 0.22 85%

]
TUDelft



In Table44it can be noticed that the crack width using the advaapproachs 15% less thatheconventional
approach which means that there is room for optimization. Bi€S condition can be satisfied with less
reinforcement.

Crack width development at location 2
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Figure 36. Crack width development graph at location 2 (reinforcement setl@35- &32120)

Figure 36 shows that the cracks have been fully developed when the structure is loaded 06837
illustrates thahonlinear effects are acthat a loading stage of 100%can also be noticed thatacks stared
to develop at a loading stage of 60%.

TOAZ node 2683 (mm]

Figure 37. Nonlinear behavior at SLS stafjecation 2)

4.4. Crack widthadvancd calculation using bondlip model

In this paragrapha numerical analysis is performed at locagidtrand 2 using bondslip modelinstead of
assuminga perfect bond between the reinforcement and the cong@itetedifferencds that slip is allowed
considering bondlip. The method for calculating the crack widisingthe guidelines providtin RTD-1016
2020is indirect.Using a boneslip modeland by simming the relative displacemaattboth sides of the cracks
results in anoredirectestimationof the crack widthThe bondslip parameters are determinactording to
the fib Model Code 201@&ndthe results are givein appendix Il.

The crackwidth is calculated using the indirect method provided ilRFB-10162020 guidelineat locatiors
1 and 2 followed bythe direct methoddy summing the relative displacement (slip) at both sides of the cracks.
The indirect method has been carriedusrig thefollowing two approachef®r obtainingthe maxinum crack
spacing $.ma):

- Using the formula provided ithe Eurocode ,2as explained in appendix

- Measuring thalistancebetween the two governing cracks in Diana FEA.




Additionally,amesh réinementis carried out to get as closepssible to the exact value of ttrack spacing.
Initially, a mesh size of 100 mifin/1.25)is used, and then the mesh is locally refined2&réam (h/20). At
location 2 the calcuteon is carried out with aefinedmesh size of 68 mm.

The crack width at 100%t location lhas been calculated using linear extrapolation, showigure44.
Table45. Comparisorindirect methodnho bond sliprsusing bond slifat location 1

Calculation method Reinforcement Reinforcement Sy max wk wk SLS

area [mm] (diana) (norm) unity
[mm?] [mm] [mm] check

Indirect method (No Bond slip) | @20-125+ 325125 6484 307 0.208 0.22 94%

Indirect method using Bond @20-125+ 25125 6484 307 0.203 0.22 92%

slip ( S.max Eurocode 2)

Indirect method using Bond @20-125+ 25125 6484 301 0.1917 0.22 87%

slip ( S max measured

Indirect method using Bond @20-125+ 25125 6484 281 0.1856 0.22 84%

slip (S.max measured+ mesh

refinement)

According toTable45, adopting a bondlip model with crack spacing {&.) determined in accordance with
Eurocode 2 results in glight decrease of therack width which isalmostequivalent to the modeVithout
bondslip. Measuring the crack spacing in Diana FEA resinlta value of 301 mm, and adjusting the mesh
givesa value of 81 mm. Using bondslip and refining the mesyields a value of 01856 mm for the crack
width and a SLSunity checkthat is10% less thartheconventionabpproach

For the crack width determination at location 2 the same procedure as for location 1 has been used.
Table46. Comparisorindirect methodho bond sliprsusing bond sligat location2

Calculation method Reinforcement Reinforcemen S max wk wk SLS

tarea [mm] (diana) (norm) unity
[mm?] [mm] [mm] check

Indirect method (No Bond slip) @25125 + @32120 10629 280 0.1864 0.22 85%

Indirect method using Bond @25125 + @#332120 10629 280 0.1827 0.22 83%

slip (Srmax Eurocode 2)

Indirect method using Bond @25125 + @32120 10629 250 0.1631 0.22 74%

slip (Srmax measured+ mesh

refinement)

According toTable46, adopting a bondlip model with crack spacing:.may) determined in accordance with
Eurocode 2 resudin a crack widttslightly less thathe model without bonslip. Measuring the crackpsicing
in Diana FEAgives avalue of250mm, which yields a value of.0631 mm for the crack widtThisresults
in an SLSunity checkthat is 11%essthan using a model without bostip.

AT Ilima.'ﬂrr

Figure 38. Crack width atocation (150% loading)andlocation 2 (100% loading)ising bonekslip model

Figure 39. Steel strain at the bottoreinforcement (150% loadingnd top reinforcemer{t00% loading)




In Figure 38 it can be noticed that using a beslib modeland reducing the element sigeves a better
understanding of the crack development. At location 1, flexural ceaelkdevelopedrd at locatior? flexural
cracks followed by inclined flexurélshear cracks.

In the previous resudthe indirect calculation of the crack widdlcording to the guidelines provided in RTD
10162020 is usedA direct estimation of the crack width a&hevedby summingtherelative displacement
(slip) at both sideof the crack. Using this method will give the exact result of the crack width.
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Figure 40. Slip of thebottomreinforcement rebarl(00% loading vs 50% loading)

In Figure40the slipcurve of the bottom reinforcement rebar is shown, whea@n be noticed thatracks are
not yetfully developed when the structure is loaded 100Pts can beestablishedliue to thevery small value
of the slipat the bottom reinforcement
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Figure41. Slip of thetop reinforcementebar (60% loading vs 100% loading)

Looking atFigure41it can be established that cracks occur astipportsA single cracloccussfollowed by
the development of more cracks whee kbadincreases.

The crackwidth accordingo the slipcurveis determinecdat locationl, then at location 2At location 1, the
cracks have not yet been fully developed when the structure is loaded TB8%rack width is therefore
calculated using linear extrapolation,describedn chapter.3.2




Slip curve at location 1 (150% loading)
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Figure 42. Slip-curve of the bottorreinforcement at location 1 (150% loading)

In Figure42 the slip curveat aloading stage of 150%etween the governing cracks at location 1 is given.
Using the finite element analysigth a smeared cracking modéhe slip is spread over at léame element.

This causes the slip between the cracks to be connected with an ascending or descending line. In reality, the
crack is concentrated thecenterof thecrack surfacesoinstead of a gradual transition between positive and
negative slip vales both branches continue up to tenter of the crack surfa¢middle). This is carried out

by extrapolating the slip curve to the crack surface. The crack width is the sum of the slip at both sides of the
crack, which yields a value ofZB81mm.

The sameproceduredescribed above is carried out at a loading stage of 140% and 130% to obtain the crack
width at 100% loadingHereafterthe crack width at 100% loading is calculated using linear extrapolation,
which yields a result of 0.14 mnilustrated inFigure44. In comparison to adopting a model without bond

slip, this yields an SL8nity checkof 62%, which is 32% less.

In Figure 43 the slip curve between the governing cracks at location 2 is given. The same procedure by
extrapolating the slip curve to the center of the craclaseris carried out. The crack width is the sum of the

slip at both sides of the crack, which yields a value of 0.155 mm. This results in an SLS unity check of 70%
which is 15% less than using a model without bond slip.

Slip curve at location 2 (100% loading)
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Figure 43. Slipcurve at the top reinforcement at location 1 (#®®ading

In Figure44 andFigure45 the crack width development at locatsahand 2between the mbond slip and
bondslip modelareshown.
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Crack width developement (bond slip vs no bond slip) at location 1
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Figure 44. Crack width development usibgnd slip and no bond slip at location 1

Crack width development (bond slip vs no bond slip) at location 2
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Figure 45. Crack width development using bond slip and no bond slip at location 2
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4.5.Summary of the results
In this paragraph, a summary of the ULS and 8h#y checkbetween the conventional and advanced
approach igjiven

In Table47 a summary of the ULS unity check betsn the conventional and advanced appraatbcations

1 and Zs shown.

@25125 + @25150 7944 96% 90%

[Location2 | @20-125 + @16150 3853 96% 81%

Table47. Summary ULS unity check (conventional vs advanced)

In Table48andTable49a summary of the SLS unity check between the conventional and advanced
approactat locatons 1 and 2s shown.

Table48. SummanSLSunity checlat location 1(conventional vs advanced)

@20-125+ @25125 6484 307 0.207 0.22 94%

@20-125+ @#25125 6484 307 0.208 0.22 94%
@20-125+ @#25125 6484 307 0.203 0.22 92%
@20-125+ @25125 6484 281 0.1856 0.22 84%
@20-125+ @25125 6484 = 0.14 0.22 62%

Table49. Summary SLS unity check at locatibftonventional vs advanced)

@25-125 + @32120 10629 280 0.219 0.22 100%
@25125 + @32120 10629 280 0.1864 0.22 85%
225125 + @32120 10629 280 0.1827 0.22 83%
@25125 + @32120 10629 250 0.1631 0.22 74%
@25-125 + @32120 6484 = 0.155 0.22 70%

]
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4.6. Evaluationanddiscussion

Using the conventional approach results in an Wby checkof 96% at both location$Jsing the advanck
approach, the UL8nity checkis reducedo 81% at location 1 antb 90% at location 2This means that 19%

less reinforcement or concrete is needed at location 1 and 10% less at location 2. Compared to the conventional
approach, this ig reductionof the ULS unity checloy 15% at location 1 anlly 6% at location 2The
optimization ratehda is achieved is baseah the assumptions of tlguay wall of Engie.

It can also be noticed that at location 1 the ULS reduction is higher compared to locdti@ighaFEA the
optimization percentags directly relatedo theULS unity check whichis directly related tahe strengthhat
DianaFEA shows In both cases it concerns bending, but in locatigrislalmostpurebending (V~ 0), while

at location 2 thenomentshear ratio is different\lso, at location 1 the bending moment is sjgreaer a wider
regioncompared tdocation 2.In the conventional approach, the shear force (V) and the course of the moment
line are not considered for checkitige crosssection, while in the advanced approach, these factors are
consideredAs a result, the maximum load at location 1 is reached at aslaigecompared to location 2.
Based on thecalculatedULS conditionsthe structure can be optimized locatiors 1 and 2, which is
numerically examined in the next chapter.

Using the indiret methodprovided inRTD-10162020, he SLSunity checkis reduced at location 2, but not
at location 1This is because theonlinear behavioof the structure is not completely active at locatiomhen
the structure is loaded 100%hichis verified based on the loatisplacement grapshown inFigure46.

Nonlinear behavior locations 1 and 2

0 5 10 15 20
Displacement

Location 1 Location 2 = = =100% loading

Figure 46. Loaddisplacement graph at locations 1 andsing theSLS

The conventional approach assumes a fully cracked esession when the tensile strength of the concrete is
reached. This is not the case for the advanced approach,wskightensiorsoftening behavior, meaning that
the concrete still contributesfter the tensile strength is reachdd Figure 47 the tensile behavior ahe
concrete at locations 1 and2shown.

Tensile behavior locations 1 and 2
]
]
|

N
Non

A

Tensile stress (MPa)
o =
3l &)l

o

|
|
|
{
l
o 02 04 06 08 1 12 14 16 18 2
Loading factor

Location 1 Location 2 = = =100% loading

Figure 47. Tensilebehavior of concrete at locatial and 2




Although the tensile strength has been reached at locatiurelo the softening behavidhe concrete still
contributesvhen the structure is loaded 200The incomplete nonlinear behavior and toatribution of the
concrete results in crackisat are not yet fully developeAt location 2, theSLS unity checkis 15% less than
the conventional approach, meanadgput 5% lessreinforcement is needdd satisfy this conditionBased
on the SLSondtions the structure can only be optimized at locatidmu® not at location.1

When using a bondlip modé, the crack widthldecreasesThis resuls in areducedSLS unity checkat both
locations implying that thestructure can be furth@ptimizedwith bondslip. When considering the crack
spacing of the Eurocode 2, the crack width betweetbdnetslip and no bondglip modelsis comparableat
both locationsThe optimization possility is due to the measured crack spa@gmBiana FEA Also, directly
estimatingthe crack width based on the slip cu(d#ect methodprovidesthe mosfavorableoutcome More
researchshould becarriedout by furtherreducingthe element sizto get the exact crack spaciagdalsoby
adjusting the bondglip relationship curve ofigure 61-1 from the fib Model Code 2010.1t is also
recommended that a different beslip modelis usedto investigatewhat theimpact betweerthe different
modelsis on the crack width.

Convergence of nonlinear analysis is not reached at every step. This is because many cracks are being formed
over the entire structure, while the critical cracks are only developed at one location. It is a possibility that
convergences reached at the location of the critical cracks, which can be considered for further study. By
reducing the load steps or using a different iterative procedure should result in convergence. However, reducing
the load step will drastically increase tloenputational time. Because of insufficient capacity, the analysis has

not been performed with smaller load steps until convergence. This should be performed to get an accurate
result. It is not necessary to reach convergence at every step but is itgeefera




Optlmlzatlon phase
In this chapternumerical analyss are carried out using theptimizationratefor the ULSand SLSthatis
established in the previous chapfBhnis is carried out tensurethatthe optimizatiorrate iscorrectandthat
this result can be truste@ihe analysearedone based on the optimization of the reinforceraadtgeometry
for the ULS and the optimizationf the reinforcement for the SU$sed on the indirect methpdovided in
RTD-10162020without using bondlip. The numericalanalysesrenot carried out using the optimization
rate obtained from using a bostip model, because more research should be done to obtain the exact crack
width. Also, the geometry is optimizefdr the SLSbased orthe direct methodsing Idea Statica.

5.1. Reinforcement optimization
In thisparagraphthe reinforcement is optimized based on the ULS and the SLS using the optimization rate
thatis calculated in the previous chapter.

5.1.1. ReinforcemenOptimizationbased orthe ULS

In this paragrapha numerical analysis is performed where reinforcement at location 1 and location 2 is
optimized based on the ULc®nditions.The reinforcement is optimized at location 1 followed by location 2.
From the resultsf the previous chaptethe reinforcementan be reducelly 19%at location landby 10%

at location 2 Theoptimized reinforcemenwith the optimization rate for that reinforcement segiigen in
Table50.

Table50. Optimized reinforcement sat location 1 andocation2
Reinforcement set  Reinforcement area  Optimization

[mm?] rate
Location 1 216125 +@16-125 3215 17%
Location 2 225125+ @20-120 6581 9%

At location 1, 17% less reinforcement has been used, which should give anniy®heckclose tdd8%.For

the advanced strength verification, the optimized designed reinforcement to meet the ULS has been modeled
in Diana FEA. The result of thghysical nonlinear analysis in terms of the lolighblacement diagram is shown
Figure48.

Loaddisplacement graph at location 1 (reinforcement
1,8 optimized)
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Figure 48. Optimized loaelisplacement graph at location(fieinforcement set @1625 + @316125)




In the figure above the loadisplacement graph for the optimizeginforcement set is shown. The maximum
load isabout3% above the GREnd he ULSunity checkis% p T T P w Y BThe same procedure has
been carried out at locationath 9% less reinfocement

Loaddisplacement graph at location 2 (reinforcement
6 optimized)
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Figure 49. Optimized loaddisplacement graph at location 2 (reinforcement set-@i25 + @20120)

In Figure49the loaddisplacement graph for the optimized reinforcement set is shown. The maximuis load

about3% above the GRF and the ULSity checkis 88 pninmbwy b

5.1.2. Reinforcement optimizatiobase ontheSLS

In this paragrapha numerical analysis is performed where the reinforcement is optimized at Iczhtiead

on the SLSonditions.The previous chapter stated that the reinforcement can be optimiz&%latlbcation

2, which mean 15% less reinforcement can be us&deinforcement setf @20-125 +@32-150 isconsidered
which isabout 13% less than the previous s&tSLSunity checkclose to 8% should be obtained using this
reinforcement setor the crack width verification, thaptimizeddesigned reinforcement to meet the SLS has
been modeled in Diana FEA. The result of fiteysical nonlinear analysis in terms of the crack width
development diagram is shownRigure50.

Crack width development at location 2 (reinforcement
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Figure 50. Optimized crackdevelopment graph at location 2




Table51 Optimizedcrack width at location 2

Reinforcement Reinforcement area wk (diana) wk(norm) SLS
[mm2] [mm] [mm] unity check

@25-125 +@32120 10629 0.186 0.22 85%

@25-125 +@32150 9289 0.219 0.22 99%

In Table51 thevalue of the crack width is shown for the optimized reinforcemenirhet SLSconditionof
the optimized reinforcement set 8%, whichis close to the predictadlue.

5.2. Geometryoptimization

5.2.1. Geometry optimization based on the ULS

In this paragrapha numerical analysis is performed where the geometry of the structure at locatidn 1
location 2 is optimized based on the Utéhditions instead of thesinforcement. At location 1, a maximal
loading factor of 575 is achieved, which ressilh aULS unity checkof 81%. To optimize the geometry an
opposite approach has been used where the height of the geometry has beerbyehmadB% instead of

the amount of reinforcement. The same procedure is carried out at location 2 with a reduction of the geometry
by about8%. The internal forces change along with the geometry's dimensions.

In Table52 the ULSunity checkfor the reduced geometareshown. Also, a comparison is made between
the ULS unity checkof the conventional, and advaa@ethod based on this reduction.

Table52. Optimized geometry at location 1 and locatioma®ed on the ULS

Location Height Optimization  Reinforcement set  Reinforcement ULS unity ULS unity
[mm] rate area check check
[mm?] (IDEA) (Diana)
1 1250 - @20-125 + @16150 3853 96% 81%
1025 18% @20-125 + #16150 3853 111% 96%
2 1250 - @25125 + @25150 7199 96% 90%
1150 8% ?25125 + @25150 7199 105% 9%

From the result oTable52 can be noticed that when the geometry decreases using the conventional approach,
theULS unity checkincreaseand becomes insufficienthe loaddisplacement graphs based on the optimized
geometry are shown in the figures below. As sedfigare51, the maximum load is.35% above th&RF,
resulting in an ULSunity checkof 96%. InFigure52, the maximum load i2% above the GRF, resulting in

an ULS unity check of 99%

Loaddisplacement graph at location 1 (geometry optimized)
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Figure51. Optimized loaelisplacement graph at location 1 (h=1025 mm)




Loaddisplacement graph at location 2 (geometry optimized)
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Figure 52. Optimized loaelisplacement graph at location 2 (h=AAmm)

5.2.2Geometry optimization based on the SLS

In this paragraph, the geometry of tleéief floor at location 1 and location 2 m®t numerically examined but
optimizedusing ldea Statichased on th&LS conditions instead of the reinforcemetdsing theadvanced
approach based on thdgect methodesults in the magavorableoutcome for the crack widtfThisresults in

an SLS unity check of 63% at location 1 and 70% at locatiorh2.unity check using the conventional
approaclhis 95% at location 1 which is a difference of286 compared to the advanced approadahocation

2 the unity check using the conventional approach is 1@0f6h is a difference of 30% compared to advanced
approach.

An assumption is made thiie SLS unity check using the conventional approach shoutéase by 32%t
location 1, and by 30% at location 2 to achieve an SLS unity check of 100% using the advanced dsproach.
a result, the SLS unity check using the conventional approach should be about 132% at locatiabdytand
130% at location 2ZThe geometry is optimized until the SLS unity chenkntioned abovés achieved using

Idea Statie.

Table53. Optimized geometry at location 1 and locatiobgaed on the SLS

Height Optimization Reinforcement SLSunity  SLS unity

Location rate Reinforcement set area check cr_\eck
[mm] [mm?] (IDEA) (Diana)
1 1250 - @20-125 + @25125 7899 95% 63%
875 30% @20-125 + @25125 7899 132% -
2 1250 - @25125 + @#32120 10674 100% 70%
975 22% @25125 + @#32120 10674 128% -

Look atTable53it can be noticed that thieeometry can be optimized by 30% at location 1,@an2R2 % at
location 2.

5.3. Evaluationand discussion

From the result above it can loencludedthat the optimization ratgives a good indicationJsing the
advanced approadiased on the ULSeducing the reinforcement or geonyatesults in a maximal load close

to the GRFTo obtain an exact outcome on tBRF level, the structure must be precisely optimized depending
on the optimization rate.




Using the advanced approachskd on the SLShe reinforcement can breducedby 15% at location .2
Because the structure can only be optimized at locatmu2d at location Whenaperfect bond is assumed,
the geometry is not optimized for the SLS. This is bectines®l S condition at locationdecomesnsufficient

if the geometry is optimized based on the optimization rate at location 2.

Using theadvanced approach based the SLS and the direct method result in the most favorable Batcome
the optimization of the height of the geometry the governing value of 975 mm is used, which is a reduction of
22%. This is because the SLS unity check at lon&ibecomes insufficient if the geometry is optimized based

on the optimization rate at location 1.

Optimizing the reinforcement causes the bending moment resistiah@e in the ULSto decreasavhen
yieldingis reachedAs a result, the yield strengthsigel isachievedat an earlietoadingstage in Diana EA,
which causes thenaximum loadto decreaseAdditionally, the steel stregs diiin the SLS increasesyhich
resuls in an increase of the reinforcement stfajin Diana FEA. A a result the crack width increases.

Optimizing the geometry influences the internal forces, bending stiffB@sand section modulyV) of the
structure. Due to the smaller level arm, the bending moment resigiéwgén the ULSreduces when yielding

is reachedAs a result, the yield strength of steel is achieved at an earlier loading stage in Diana FEA, which
causes the maximum load to decreddee optimization of the geometry also has an impact on the shear
reinforcement, busince it is strong enough, failure does not occur. This is examined by verifying the stresses
of the shear reinforcement when the maximum load is reached.

In Figure53the principle for determining the bending moment resistance using the equilibrium of¥beres
yielding is reached shown.

Ns=Aes fyd

Figure 53. Bending moment resistance using the equilibrium of forces

The optimizaton rate isutilized in the next chapteio compare the amount of steel and concregel irs the
conventional and advanced approaches.




Comparlson phase
In this chaptera comparison is made between the advdmeel conventional approach in the terms of the
amount of steel and concrete and the @Otprint Two design approaches are carriett onethat reduced
the quarnty of steel by optimizing the reinforcement and another that reduces the amount of cbycrete
optimizing the geometryrhe optimization is carried out based on the W8 the SLSwhich consist on
artificial and actuatiesignedeinforcemenexplained in chapter 3.4-or the SLS, theptimization rateyained
using the direct method is used.

6.1. Comparisoramount of concrete and steel
In the previous chaptghe optimized reinforcement and optimizpebmetryratearegiven which will be used
in this paragraphFor the reduction of the geometry, the governing value is used.

0,05 —-16,65m

Location|l (2,2 — 6,6 m)

Location 1 (4,775 — 16,65 m)

v

Figure 54. Reinforcemendet distributionover thetransverse direction of the platform

In this thesis the main reinforcement and tlmensions of the relief floodnas been optimized he total
amount of concrete and steel is determined based aptimization ofthe main reinforcemeratt the critical
locationsand the geometry.he amount of longitudinal reinforcement and stirrups Ibeen neglectetb get
aclearer understanding tfe reductiomate

For the conventionahode| themain reinforcement dhe top and bottom of the relieving platforams along
the full lengthof the structure.The additional reinforcement abcation 1(bottom siderelief floor) is spread
over a distance df1.875 metersandat location2 (top siderelief floor) over a distance of.4 metersin the
advancd model,the reinforcement dbcations 1 and & optimized based on thélL S andthe SLSwhile the
reinforcement is distributed similarly to the conventional mddehppendix Il, the calculation of the amount
of reinforcemensteelfor the conventional anddgancel approach igiven

Theamount of steel is calculated based on the optimization of&ereinforcement, followed by themount
of concretebased on the optimization of the geometry

In Table54 andTable55 thetotal amount ofsteeland concreteisedexpressed icubic meters and kilograms

for the conventional and advamamodelby optimizing the reinforcemebtased on the ULB shown. To get

the weight of thestee| thesteelvolume is multipliedby the weightof the steelper cubic meter, which 8850

kg/m?. To get the weight of the concrete, the volume of the concrete being used is multiplied with the weight




z s RmDI for natural and
built assets

of the concrete per cubic meter, which is 2&Q?. In the table below, the amount of concretad steel
being used expressed in cubic meters andjtdlms is shown.

Table54. Amount of concrete and stélsed ol0-meterquay(reinforcement optimizelased on the UDS

5.49 82951 431006 207377370
513 82987 402870 207466974
0.36 -0.36 28136 -896.04

Table55. Amount of concrete and steel based on22er quayreinforcement optimizellased on the UDS

30.20 456230 2370532 1140575536
2823 456427 2215786 114106837
1.97 -1.97 154746 -492820

According to the results iable 54, the advanced approach uses 2Bd4ess steel than the conventional
approachlsing less steel results auditional space for concretdereit is clear that using less steel results
in 896 kg more concretdue to the additionadpenspaceln Table55 the amount of concrete and steel is
calculated using the entire length of the quall. The advanced approach usest746 kg less steel and
49822 kg moreconcretecompared to the conventional approathis is 7% less steel being usesmpared
to the conventional approach

For the optimization of the geometry, an oppaagiproactwhere the reinforcement remains constest been
used which isexplained in the previous chapter.

Table56. Amount of concrete and stéxelsed on 4@neterquay(geometnypoptimizedbased on the UDS

4310058

2073773.70
1.15 5.49 4310058 768 762,71 1865023.70

66,80 167000.00

23705317

4593 456230 1140575536

1.15 30.20 23705317 4225 419490 1048725536

367.40 91850000

According to the resulti®m Table56, it is clear that reducing the height of the geometry resilt67000kg

less concretdn Table57 the amount of concrete and steel is calculated using the entire length of the quay
wall. The advanced approach ugd83500kg less concreteompared to the conventional appraathis is

8% less concrete being used

]
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Foroptimization based on tt&_S the same approadarried out for th&JLS explained abovlas been used.
Table58. Amount of concrete and steel based on-2@&der quay (reinforcement optimized based orSih®)

39,58

4552,92 310700,8 11382300,69

4593 30,53 4561,97 239623,4 11404936,83
9,05 -9,05 71077,5 -22636,13

According to the results imable58, the advanced approach uga978kg less steewhich is a reduction of
3%comparedo the conventional approach.

N

Table59. Amount of concrete and steel based a6-@heter quay (geometry optimized based orsthg

39,58 310700,8246 4593 4552,92 11382300,69
39,580  310700,8246 3582 3542,57 8856425,69
1010,35 2525875,00

According to the results iffable 59, the advanced approach us#s25875kg lessconcrete, which is a
reduction of 22%¢omparedo the conventional approach.

6.2. Comparison O, footprint

In this paragrapha life cycleassessmer{t CA) is performed to calculate theOz footprint of the concrete

and steelA life cycle assessment is a tool qaantify the environmental impact, in this caseefi gl o b al
warmingpotentiab, whichi s e x pr @Osesqgui Vv alheghtbabwarming potential is defined as the
effect of emissions due to human activities on the 'heat radiation absorbing capacity' of the lower atmosphere
[3].

To calculate the environmental cost indicati&t() value, aspecific value in Eur®is allocated to the unit
equivalent.The unit equivalent value for global warming potential .B5@ / k g eq@i@lentsThis is the

value related to the costs required to compenBatehe damage done to the environment. The total
environmentac o st of a product i sosefer oé[@tTheenammetdtdlet i s
impact \alue ofconcrete C30/37 and reinforced staet given in appendiXl, which is multipliedby the

amount expressed in kg

A comparison is madbetween the O, footprint of the concrete,and the steelbased onULS and SLS
optimization. The comparison is made between the conventional and advanced approachesthehere
reinforcement and the geometmeoptimized.This provides knowledge on the best design procedure in terms
of the GO, footprint. The comparison is made between the conventimmé advanced approachekere the
designedeinforcement is optimized.

In the tables below the calculated shadow dostthe ULSexpressed in Euros are given.
Table60. Shadow cost concrete and steel (conventiapptoach(ULS))
Shadow prize (Euro) per kg equivalents u .05

Impact category Unit Global warming Total Shadow costs
(GWP100)
Unit kg CO: eq Euro (0
Concrete C30/37 (CEM III kg 1077770265 a 53
Steelreinforcement for concrete kg 4246493081 a 21
a 75

]
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Table61. Shadow cost concrete and steel (advanced appr@dcB) reinforcement optimized)
Shadow prize (Euro) per kg equivalents ua .05

Unit Global warming Total Shadow costs
(GWP100)
kg CQeq Euro (u)
kg 1078235949 a
kg 3969286812 a 19.846,43

Impact category Globalwarming Total Shadow costs
(GWP100)

kg CO» eq Euro (u)
Concrete C30/37 (CEM lll kg 9692798631 a
Steel reinforcement for concrete kg 4246493081 a
I a

CO2 footprint based on the ULS

eyndnnnznn
eTndnnnznn c
ecndnnnznn
epndnnnznn
enndnnnznn
eondnnnznn
eEHnNdAANZnNnnN
emndnnnznn
€-
1
m Conventional approach m Advanced approach (reinforcement optimized)

m Advanced approach (geometry optimized)

Figure 55. COx-footprint between the conventional and advance apprbasied on the ULS optimization

From the resustof Figureb5, it is clear that optimizing theeinforcement or thgeometry resudtin a reduction

of the QO footprint. Although the environmental impact of steel is greater than that of concrete, the reduction
in footprint achieved by optimizing the geometry is gredthrs is because much more concrete is tised
steel.When compared to the conventional approagphinozing the geometry resdti n5.48452 (6%) less
CO;emissionand optimi zi ng t11862,752%) lasdernissioneThierestilt isibasedon a
relieving platform with a length &#20metes. If the platform's length is doubled, teavironmental cost will

rise by a factor of two as well.

Also, a comparison is made between the, @tprint of the concrete, and the steel based on the SLS
optimization given in appendix II.
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CO2 footprint based on the SLS

endnnnznn H
eyndnnnznn
eTnd®nnnznn
ecn®nnnznn
epndnnnznn
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eEHN®AANZnNn
emMn®nnnznan
€-
1
m Conventional approach m Advanced approach (reinforcement optimized)

u Advanced approach (geometry optimized)

Figure 56. COz-footprint between the conventional and advance approach based 8h3optimization

Looking at Figure56, optimizing the reinforcement ressilh 16260(8%) less CQ emission, and optimizing
the geometry imi11934 (5%) less emissiormhis result is based on a relieving platform with a length of 220
meters.

]
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Conclusion

The main goal of this thesis is to determine to what extent the use of concrete and steel is reduced by further
optimizing the reinforcement or th@imensionsof the specific quay wall of Engie The optimization is
performed using advanced calculationdDiiana FEA with volume elements and by performing nonlinear
analyses based on the ULS and SLS. The expectation is that by using less materialethes€i@h will also
decrease.

The conventional approach consists of general assumptions, such as pilang soaining plane, etc., which

do affect the amount of steel and concrete being used. The conventional calculation is carried out by
performing a Linear Elastic Analysis, meaning that the yield stress does not exceed. The reinforcement is
calculated usg the internal forces and is based on the NENN19921-1.

The result®f this studylead to the following conclusions

The citical locaions for the top and bottom reinforcement of the relief floor are identified, which are
at a distance of 10 metersirom the exterior surface of wall A (location 1), and at the cewddi
(location2).

When the reinforcement is calculated using the crack width dfiatienal Annex of the Eurocode 2
which is 0.22 mmthe SLSunity checkgoverns.Using the conventional approafir designing the
reinforcementesulsin an SLS unity check of 95% at location 1, 400% at location 2Additionally,

an artificial reinforcement set gesignedvhere the ULSunity checkgoverns by nglecting the SLS
conditions This is carried out to check whether the structure can be optimized based on tfdé&ILS.
artificial designed reinforcememésults in an ULS unity check of 96% at locations 1 and 2.

The advanced approach for verifying the strength is dooerding to the GRF method explained in
paragraph 4.3. The design value of the ultimate load is regarded as the design resisiandcis R
computed by dividing the ultimate load with the global resistance factor. In the case of bending
(flexural) failure, a global resistance factor of 1.27 can be used, provided that shear failure is not
established at a global resistance factor of 1.4. The advanced approach for verifying the crack width
is done according to indirect and direct methogl&xred in paragraph 4.3 and paragraph 4.4. The
indirect method is a multiplication of the average strajawith themaximumcrack spacing (S,

and the direct method a summation of the relative displacement (slip) by adoptingsijponodel.

Performing the advanced approach based on the strength verification, the maximum load exceeds the
global resistance factor of 1.27, which means that the structure is safe, and that there is room for
optimization. The ULS unity check is reduced by 15%e&tion 1 andby 6% at location 2 compared

to the conventional approach. Based on these results it can be concluded that the structure can be
optimized at both locations based on the ULS.

Performing the advanced approach using the indirect method féyingrihe crack width, the SLS

unity check at location 1 is comparable to the unity check of the conventional approach. At location
2, the SLS unity is reduced to 85%, which is a reduction of 15% compared to the conventional
approach. From these resultsain be concluded that the structure can be optimized at location 2, but
not at location 1.

Adopting a boneslip model, measuring the crack spacing, and using the indirect method for verifying
the crack width results in a SLS unity check of 84% at looati and 74% at location 2. This is a
reduction of 12% at location 1, and of 26% at location 2 compared to the conventional approach. Using
the direct method for verifying the crack width yields a SLS unity check of 62% at location 1 and 70%
at location 2.This is a reduction of 32% at location 1, and of 30% at location 2 compared to the
conventional approach. The direct method using the slip curve provides thEaweoableoutcome




when used to determine the crack width. Based on the result above & candiuded that structure
can only be optimized at location 2 when bond slip is not considered. However, when bond slip is
considered, the structure can be optimized at both locations.

- A comparison is made between the advanced and conventional appreheharms of the amount
of steel and concrete based on the Wh8 SLSoptimization rateFor the SLS, the optimization rate
gained from the direct method is usé¢hen optimizing the reinforcement based on the 1% Jess
steelis used andwhen optimizing the geometrynstead of the reinforcemer®% less concrete
compared to the conventional approagthen optimizing the reinforcement based on the 213%%
less steeis used and when optimizing the geometry, 22% less concrete compared totlemtonal
approach.

- Taking a look at the CQootprint, optimizing the reinforcement based on the ULS results in 2% less
emission and optimizing the geometry in T86s emissionOptimizing the reinforcement based on
the SLS results in 8% lessnission ad optimizing the geometry in 15%ss emissionThese results
are based on a relieving platform with a length of 220 meters. If the platform's length is doubled, the
environmental cost will rise by a factor of two as well. Based on the&@@sions, itan be concluded
that optimizing the geometry instead of the reinforcement offers a more effective design strategy.

The main conclusion ithat, kased on thepecificanalyzedquay wall,optimization to reduce amounts of
reinforcement steel arabncrete is possiblesingadvanced calculations with volume elements mowinear
approaches




Recommendations
The following recommendations amadebased on theesearctpresented in this thesis

Failure modeand optimization

In this thesisthe main reinforcement is optimized based on bending failitres recommended foiuture
research to also optimize the longitudinal reinforcement based on bending failure and the shear reinforcement
based on shear failure.

In this thesis, for simplicity reasonsly the relief floor is optimizedFuture research can be performed if i

is also possible to optimize the wakdso, when the cracks have not yet been fully develoffexicrack width

is calculated using linear extrapolatidmothermethodto determine the crack width is to decrease the tensile
strength of the concretghich can be performeth the future.By doing this, a comparison can be made
between the two methods.

In this thesisthe reinforcement has been optimized based SLS withoutdtipnld is recommended for future
research to also optimize theinforcementvith abondslip modelto determine if the optimization raggves
a goodndication Also, the optimization of the geometry basedthe SLS is not numerically examinétds
recommended for future research to algaminethe geometry numerically.

In this thesisthe optimization results are basedaospecific analyzed quay wall is recommended for future
researcho investigatdf the same optimization rate is obtained if a different quay wak@mined.

Convergence criteria

Convergence iaat reached for every step, and roonvergence is ignored based on engineering judgment.
Using a different iteration method and decreasing the load step should result in convergence. However,
reducing the load step will drastically increase the computdtiona. Because of insufficient capacity, the
analysis has not been performed with smaller load steps until convergence. This should be performed in the
future to get an accurate result.

Bond-slip model

More research should be carried out by further reducing the element size to get the exact crack spacing and
also by adjusting the boradip relationship curve of figure 61 from thefib Model Code 2010. It is also
recommended that a different beslip model isto beused to investigate what the impact between the different
models is on the crack width.

3D finite element modeadf the entire platform

In this thesisa 3D model is built based on a relieving platform with a lengtloref meter. Although
optimization is possibletiis recommended for future researcibtold a 3D model of thentirelength of the
relieving platform By doing this, the spreading of the loads will be considered automatically, improving the
outcome of the internal forces in ragorld applications.
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Appendices

Appendix L Conventional part

In Appendix |,addition informatiorabout the conventional pastadded that has been used in this thesis.

1.1.Conventional loading assumptions

The conventional modeling assumptions are derived from the reports of Brihis. chapteradditional

information about the terrain load and substructural Izadsscribed.

Terrain load

The horizontal load at the bawlall of the quay is calculatedsing theformulasbelow, which is derived

from the report of Engie
"l (230kPa — 40kPa)

Pl '_"'m“ (451-223)
0kPa if 1) < (223 - 16.7)

(1 - 23+ w.‘]] if 1) < (45.1 - 16.7)

(0kPa) if 1, <0

plly) e vg =452+ £ =600

kPa 100 / ] -

e ' _ .
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Figure 57. Horizontal load against the back of theay[2]
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Loading substructures
In the tables below, tHeads from the substructure ajiwen These resultare derived from thsubstructural
report of Engie.

Table63. Loadingof thesubstructurg14]

Belasting uit combiwand op bovenbouw Systeemmaat: 373 m

E ut combi Neombi UGT N combi BGT ucTBGT|  V combi BGT

BGT

mmy | (ki) | [ | pamy | anim) | [

| 0.0041 2562 9556 2058 7680 506 350 207 1,24 -349 -1302

[} 00042 2689 10030 2078 7751 497 350 205 1,29 -337 -1257

1 0.0034 2310 BE16 1881 TO16 558 350 215 1,23 -332 -1238

I\ 0.0022 1825 GBROT 1604 5983 736 350 237 1,14 -326 -1216

v 0.0028 2130 Ta45 1752 6535 617 350 223 1,22 -316 -1178

Vil 0.0021 1815 GBTT0 1661 5823 756 350 239 1,16 -313 -1167

Wil 0.0040 2629 9806 2027 7561 512 350 208 1,30 -330 -1231

Il 0.0040 2512 9370 2039 7605 514 350 208 1,23 -331 -1235

Average 218 -329 -1228

Max 239 -313 -1302

Te hanteren veer: 240 Dwarskracht: -1302

h.o.h:
Aut comb

SV TN TN T T AN N A I ST T A BT
| 0.0116 1529 3922 1383 3547 120 400 92 1,11 -76 -195 60 154
[} 0.0118 1462 3750 1438 3688 121 400 93 1,02 =74 =180 57 146
I 0.0108 1445 3706 1308 3355 121 400 93 1,10 67 -172 54 139
I\ 0.0103 1360 3488 1306 3350 126 400 96 1,04 -57 -146 50 128
v 0.0111 1464 3755 1336 3427 120 400 93 1,10 -65 -167 49 126
il 0.0085 1294 3319 1281 3286 128 400 98 1,01 -53 -136 46 118
Wil 0.0121 1458 3740 1470 arm 122 400 93 0,99 -100 -257 95 244
Wil 0.0117 1528 3922 1413 3624 121 400 93 1,08 -100 -257 a4 241
Average 94 =74 =180 63 162
Max 98 =100 -257 a5 244

Te hanteren veer: 100 Dwarskracht: =257 Moment: 244

h.o.h: 2,565 m

e
mmy | (ki) ] )] ki) ]k | ) | i) §anim) ] ] pem) | )] ckwm) |k
1,09 -88

| 0.0116 1528 3919 1401 3594 121 400 93 J =226 73 187

[] 00118 1462 3750 1458 3740 122 400 94 1,00 -85 -218 68 174

1l 0.0108 1448 3714 1337 3429 124 400 95 1,08 -78 =200 67 172

v 0.0103 1382 3545 1329 3409 129 400 a7 1,04 -66 -168 62 159

v 0.0111 1463 3753 1355 MHTE 122 400 94 1,08 -75 -182 58 148
Vil 0.0099 1308 3358 1308 3355 132 400 a9 1,00 -60 -154 59 151
Wil 0.0121 1455 3732 1454 3832 124 400 a5 0,97 -117 -300 1245 318
Vil 0.0117 1531 3927 1435 3681 123 400 94 1,07 -117 -300 122 313
Average 95 -86 -220 78 203
Max 99 -300 125 a8

-60
Te hanteren veer: 100 Dwarskracht: =300 Moment: 319

Veer anker

ul comb Nanker BGT Vssrtot
BGT
mim] | kNim] | kN [MN/m]

| 0.0360 572 1467 16
[} 0.0220 480 1231 22
I 00240 524 1344 22
I\ 0.0460 G849 1TET 15
W 0.0260 538 1380 Pl
Nl 0.0280 5897 1531 2
Wil 0.0140 248 636 18
Wil 0.0150 356 3 24
Average 20
Max 24
Te hanteren veer: 24

]
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1.2.Resuls 2D vs 2.5D model
In the tables below, the result of the reaction foprdoad casandthebending momenttor the ULS
between the 2D and 2.5D moslate shown.

Table64. Reaction forces per unit length (2D2:8D)

[kN] [kN] [kN] [kN] [kN] [kN]
_ Combi 672,3 2508,2 672,4 121,0 4518 121,1
wall
[0 Vibro-pile 1299 317,2 139,1 40,1 92,2 40,4
[ Anchor 46,2 125,6 459 -161,1 -440,9 -161,2
_ Combi 448,0 1694,0 454,1 80,6 307,5 824
wall
[ Vibro-pile 5535 1264,0 554,4 158,7 358,8 157,4
[ Anchor 22,23 59,4 21,7 775 -209,4 -76,6
Combi -28,8 -107,8 -28,9 -5,2 -19,6 -5,3
[ Vibro-pile  -27,2 -62,6 275 7.8 -18,5 8,1
[0 Anchor -4,1 111 4,1 14,2 38,9 14,2
Combi 230,8 863,0 231,4 41,6 155,3 41,6
wall
[0 Vibro-pile  -47,8 -111,2 -48,8 -13,7 31,1 -13,6
[0 Anchor 8,0 22,0 8,0 27,8 -76,3 -27,9
Combi 2122 806,0 216,1 38,2 145,0 38,9
[ Vibro-pile 209,8 478,5 209,9 60,2 137,2 60,2
[0 Anchor 28,8 77,0 28,2 -100,3 -268,6 -98,2
Combi 7.2 26,4 7.1 1,3 4,74 1,3
[0 vibro-pile 60,1 140,7 61,7 17,5 39,7 17,4
[0 Anchor -29 79,5 -29,1 101,2 277,1 101,3
_ Combi 42,1 174,3 46,7 7,6 314 9,3
wall
[ Vibro-pile  -13,8 -39,3 -17,2 -4,0 -11,3 -5,0
[0 Anchor -28,3 -83,0 -30,3 98,7 289,6 105,9
_ Combi 7,3 -30,0 -8,0 -1,3 5,4 -1,4
wall
[ Vibro-pile -49,3 111,0 48,7 -14,3 -29,9 -13,1
[0 Anchor 56,6 151,0 55,2 -197,4 -526,6 -192,5
_ Combi 402,6 1365,3 366,0 72,4 2457 65,9
wall
[ Vibro-pile 364,0 828,0 363,2 104,4 237,5 104,2
[ Anchor 33,5 70,0 25,6 -116,8 -242,9 -88,8
Combi 400,5 1347,9 361,4 72,1 2425 65,0
[0 Vibro-pile 366,0 834,4 366,0 104,9 239,3 105,0
[ Anchor 33,6 74,7 27,3 -117,0 -260,3 95,2
Combi
_ wall -141,1 -533,3 -143,0 -25,4 -96 -25,7
[ Vibro-pile 171 392,7 1722 49,1 109,7 48,1
[0 Anchor -126,7 -350,3 -128,0 441,9 1221,6 446,7

]
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In the table below, the bending moment for the ULS of the relief floor between the 206BAth@dek are
compared.
Table65. Bending moment comparison 2D V2 (ULS)

Wall A -161,2 -170 5,5% 236,5 232,4 1,7%
Wall B -3203 -3300 3,0% 0 0 0,0%
Belezen 327 323,8 1,0% 1633,9 1660,3 1,6%
wall B and C

Vibro-pile  -1498,3 -1566,4 4,5% 0 0 0,0%
Wall C -710 740,3 4,3% 655,2 700 6,8%

The conclusions drawn from the tabéd®ve indicate that the result of the 2D and 2rkidlel are comparable.
This means that the conventional 2.5D design of the relieving platform has been modeled correctly based on
the reaction forces and bending moments.

Modeling in threedimensional spacgives a more accurate solution for determining the reinforcement. This
is becausehe loads are spread automatically, and also because the effect of torsion is considered in the formula
of the design bending moment and design normal force.

1.3.Concretecover and crack width calculation

Between the reinforcement's area andatiiside edge of the concraesea space known as the concrete cover.
For the durabilityof the structure, the thickness of the concrete cover is very impditheh cracking occuys
the environment, such as corrosion, may have an impact on the reinforcement if the cover is tddhemall.
minimum requirement for the concrete cover and crack widffends orthe environmental conditions and
exposure classes. In the picture below,dabecrete cover anthe maximalcrack width is determinedsing
NEN 19921-1 with the use of Mathcad Prime

Concrete cover calculation according to NEN 1992-1-1- C2 (Eurocode 2)

Environmental exposure class:
XC4,XD3,XS3,XF4,XA2

Tabel 44N — Waarden van de minimale i i Cminaur Mt ing tot
voor betonstaal volgens EN 10080

Omgovingseisen VOOr Cup 4 (mm)

Milieuklasse volgens tabel 4.1
Constructie- o

klasse

1 XC2/XC3 XC4 XD1/X81 | XD2/X52 XD3/ X853

81 10

o

82 10 10 15 20 -] 30
o
5

cmin_b:=32 mm (Diameter of the rebar)

cmin_dur:=40 mm  (According to table 4.1 of NEN 1992-1-1)
Ac_dur:=0 mm

Ac_dur_y:=0 mm

Ac_dur_st:=0 mm

Ac_dur_add:=0 mm

CIMiN == max (mm'n_b yemin_dur, Ac_dur_vy, Ac_dur_st, Ac_du'r_aa‘.d) =0.04 m
Ac_dev:=5 mm
cnom:= Ac_dev+cmin=0.045 m

ctoegepast =50 mm




_ ctoegepast

kax: =1.111 (multiplication factor)
cnom
Tabel 71N — Aanbevolen wasrden van w,.,, en daarvan afgeleide grootheden
Milleuklasse Elementan met Elementen met een Elernenten met
betonstaal eniaf combinatie van uitsluitand
voorspanstaal betonstaal en voorspanstaal met
zonder aanhechting voorspanstaal met aanhechting
aanhechting
Frequante Fraguents Frequenta
ingscombinatie | balasting inati i inatia
X0, XC1 Wipe = 0,40 mm * Wire = 0,30 mm A< £2T5 MPa
XC2 XC3, XCa Wiaa < 0,30 mim Wiss < 0,20 mm Am < 175 MPa
XM, XD2. XD3, . - . .
X1 XS2, %53 Wisa = 0,20 mm Winee < 0,10 mm A < £ 75 MPa
*  \por mileuklasse X0 en XC1 heeft de scheurwidie geen invoed op de duwrzaambeid; deze grens is
gestald om een In het algemesn asrvasrdbiear uilarik be verkrigan. Bl afwezighesd van voorwaardan fen
aanzEn van het uilerl ik fiag dare beperiing 2ijn algazvakl

wmaz:=0.2 mm  (max crack width according to Tabel 7.1N of the national
annex to NEN-EN-1992-1-1)

wnorm:—wmaz-kr—=0.222 mm (crack width norm)

Crack width calculation according to NEHEN-19921-1

The crack width is determined with the use of the software package ldea Statica which is based on the
guidelines of the Eurocode Bhe crack width is calculatesbcording to chapter 7.3.4 of Eurocodasing the
following equation:

o Yy - - (1.1)
Where:
0 : The design crack width

- : The mean reinforcement strain
- : The mean concrete strain between the cracks
“Yj, : The maximal crack spacing

The following expression is used to compute thairstdifferential -

8 P 5
] ; h i (1.2
Where:
” : The stress in the reinforcement
"Qg  : The mean value of the concrétasile strength

| : Ratio modulus of elasticity=—

"k : Effective einforcement ratio——
h
0k : Effective concrete are®;, &

'Qp  : Effective heighti ET—1IFh Q Q

O
..
+ ¢

b
d h @ h
heer| 18w e o o o o |y
T

(a) beam (b) slab

Figure 58. Effective concrete area




The maximal crack spacing for stabilized cracking is calculated based on the guidelines given in Eurocode 2.

Y, Q0 ’Q’Q’Q—: (1.3)
With,
%or, ————— (1.4)
Where,

¢ = cover of the main reinforcement.
N p = the equivalent diameter of the reinforcing bars

n = Amount of rebars

The parameters fon ko ks are given in the table below.

k1 0.8 for highbond bars
1.6 for plain bars

k2 0.5 for pure bending
1.0 for pure tension
ks 3.4 (recommended)
Ka 0.425(recommended)

1.4.Governing limit statealculation
In this chapterthe governing limit state is determined using the software package ldea ®tatb#s based
on the NENEN-19921-1.

Using the conventional approach to determine the reinforcement the following general assumptions are made:

- ltis considered that strain concrete and reinforcement is linearly proportional to the distance from
the neutral axis (plane sections remain plane).

- Concrete and reinforcement compactness ensures that reinforcement and concrete interact (strain of
the reinforcement is the samethe concrete).

For the calculation based on the Ultimate Limit State (ULS), the following assumptions are made:

- Tensile strength of concrete is neglected (all tensile stresses are transmitted by
reinforcement).

- Concrete compression stresses in compression zone are calculated in relation to
strain calculated from stressrain diagrams.

- Reinforcement stresses amdaulated in relation to strain from strestsain
diagrams.

For the calculation based on the Service Ability Limit (SLS), the following assumptions:

- Uncracked crossection:
0 The tensile strength of the concrete is not ignored.
o Concrete stress is diregthroportional to the distance to neutral axis (linear
stress distribution).
0 Reinforcement stress is directly proportional to the distance to neutral axis (linear stress
distribution).
o Concrete tensile stress is limited by value fct,eff according t@.ar{2) of the Eurocode 2 .
- Full cracked crossection:
0 The tensile strength of the concrete is ignored.
0 Concrete stress is directly proportional to the distance to neutral axis (linear stress
distribution).
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o0 Reinforcement stress is directly proportionalthe distance to neutral axis (linear stress
distribution)[21].
The difference between the uncrackad cracked stage lies in the tensile strength of concrete.

To determine the reinforcemenheinternalforces (bending moant, normalforce, and shear force)f the
relief floor at location 1 (sagging bending momeérase usednd applied in ideatatica In the table below,
theULS and SLSesultsareshown

Table66. Ideastaticaresults(Wnom= 0,22 mm) (SLR ULS)

Myd- (ULS) Myd- (SLS) Reinforcement INCERG]E] Strength Crack width
(bottom relief floor) [mm?] capacity (SLS)
ULS
1030 @207 125+ @25i 125 6485 58.5% 95%
. . . . . 8 .
The minimum reinforcement needed to satisfy the {db8dition is: — ot wuvoyx d1l*.
The minimum reinforcement needed to satisfy the-8tuSdition is:— ¢ 1 wu @ p @ipl ©.

From the results above it can be concluded that thecBh8ition is governing. More reinforcement is needed
to satisfy this condition.

Difference between the crack width of the norm and TNO

Due to the extremely low probability and potential consequenfoesrrosion, it is acceptable to depart from
this standard. A maximum crack width ocsGnm asanupper limit is considered permissiili3].

Table67.Idea statica result (wvo= 0,4 mm) (SLS & ULS)

Myd- (ULS) Myd- (SLS) Reinforcement Area total Strength Crack width
(bottom relief floor) [mm?] capacity (SLS)

1630 @207 125 + @25 6485 585%
125

Table68. Minimumreinforcement (norm vsNO)

‘Norm | 02 3794 6161
FINOTT 04 3794 3379

In Table68, the difference between tlaenount of reinforcement needed to satisfy that creickh condition
is shownFrom these resultsit can be concluded thabnsideringa crack width of @ mmthe ULS condition
is governing

1.5.Governing load combinatior{D model)
The load combinations for the governing bending moments around the longitudinal axis, sheaaridrces
normal forces of the relief floor in the ultimate arsérviceability limit state is shown in the tables below.
These results are derived from the 2Bcia report given in appendiX and will be applied to the smarter
model.
For the relief floorthe "positive" side of the moments creates tension at the bottom side of the floor, while the
"negative" side creates tension at the top side.
Table69. Governing load combination for the bending moment of relief fleBr(AILS)

Structural element Relief floor A-B

Bending moment (Mz) MYF£& Mz- Mz- Mz+
Location [m] x=0,75 (at surface x=2,1 (Between wall x=4,025 (between x=0,75 (at surface
wall A) A and B) wall B and C) wall A)

]
TUDelft
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ULS 1-2/4 ULS 1-1/1 ULS 1-1/1 ULS 2-2/5
1,20 1,20 1,20 1,20
1,00 1,00 1,00 1,00
1,00 1,00 1,00 1,00
1,05 1,50 1,50

1,05 1,50 1,50

1,50 1,05 1,05

1,50
0,90
0,90 0,90 0,90

1,20 1,20 1,20 1,20

Table70. Governing load combination for the bending moment of relief fleBr(8LS)
Structural element Relief floor A-B

Location [m] x=0,75(at surface wal x=2,1 (Between wall x=4,025 (at surface x=0,75 (at surface
A) A and B) wall B) wall A)

SLS 11/3 SLS 11/3 SLS 11/3 SLS 12/4
: 1 : 1

LC3 1 1 1 1
05 05 05
08 05 05

LC5 0,3 0,3 0,3
03
Iz 06
ISR 0 08 08

LC8 1 1 1 1

Table71. Governing load combination for the bending moment of relief floGr(BILS)

Structural Relief floor B-C

element

Bending Mz- Mz- Mz- Mz- Mz- Mz+

moment

(Mz)

Location [m] x=4,775 (at x=6,025 (Between x=10,1 x=14,184 (at x=16,1 (at x=10,1

surface wall B) wall B and C) (between wall vibro pile) surface wall  (between
B and C) C) wall B
and C)

Load ULS 1-2/4 ULS 1-2/12 ULS 1-2/12 ULS 1-2/3 ULS 1-1/23 ULS 2
combination 1/16

1,20 1,20 1,20 1,20 1,20 1,20
1,00 1,00 1,00 1,00 1,00 1,00
1,00 1,00 1,00 1,00 1,00 1,00
1,05 1,05 1,05

]
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1,05

1,50

0,90
1,20

Table72. Governing load combination for the bending moment of relief fleGr(BLS)

Structural element

1,50

0,90
1,20

1,50

0,90
1,20

Relief floor B-C

1,05

1,50

0,90
1,20

ARCADIS

1,50

1,05

1,20

for natural and
built assets

1,50
1,50

1,05
0,90

1,20

Bending moment

(Mz)

Location [m]

Load combination

C
LC2-1
LC2-2

C
LC4-1
LC4-2
LC4-3

C
LC6
LC7-1

(€]

LC7-4
LC8

Mz-

x=4,775 (at
surface wall B)

SLS 11/3

0,5
0,5

0,3

Mz-

x=6,025
(Between wall B
and C)

SLS 11/10

0,3

Mz-

x=14,184 (at
vibro pile)

SLS :1/2

I

1

-

Mz-

x=16,1 (at
surface wall C)

SLS x1/7

0,5

0,3

Table73. Governing load combinations for the normal forces of relief flo@ @hd BC (ULS)

Normal force (Nx)

Load combination

LC1
LC2-1
LC2-2
LC3
LC4-1
LC4-2
LC4-3
LC5
LC6

LC7-1
LC7-4

Relief floor A-B
NXx-
ULS 2-2/6

=
N

PP
[=)
al

=
o

Relief floor B-C

NXx+

ULS 1-2/9

1,2
1

1
1,05

15

Mz+

x=101 (between
wall B and C)

SLS 12/11

0,5
0,5

0,3
0,6

]
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Table74. Governing load combinations for the normal forces of relief flo@ #ndB-C (SLS)

Structural element

SLS 12/5 SLS 11/7
1 1

1 1

1 1

05

05

03

03

LC8 1 1

Relief floor A-B Relief floor B-C

Table75. Governing load combination for the shear forces of relief flo@ @#nd BC (ULS)

Structural element Relief floor A-B

Shear force (Vz)

<
N

Location [m] x=4,025
(at surface wall B)

Load combination ULS 1-1/1

LC1
LC2-1
LC2-2
LC3
LC4-1
LC4-2
LC4-3
LC5
LC6
LC7-1
LC7-4
LC8

P PRrR PP
o o1 o1 N
(]

o

N ©

LC1- Dead load

Relief floor B-C
Vz+

x=4,775
(at surface wall B)
ULS 1-1/8

12
1

1
15

LC2-1 - Earthpressure Fundamental combination GWS: NA@5m / OWL: NAP-1,0m
LC2-2 - Earth pressurdncidental extreme low water GWS: NAP.OOm / OWL: NAP- 2.35m
LC3- Water pressureFundamental combination GWS: NA@,5m / OWL: NAP-1,0m

LC4-1 - Terrain load-Top of quay (top duct)

LC4-2 - Terrain load-Top of quay (top relief floor)
LC4-3 - Terrain load-Back of the quay

LC5 - Bolder load

LC5 - Fender load

LC7-1 - Crane load on ground side rail towards water
LC7-4- Crane load on water side rail towards water
LC8- Loads substructure

]
TUDelft



Appendix Il. Advancel part

In Appendix Iladdition information about the advadqeart is added that has been used in this thesis.
2.1. Comparison 2D vs 3D modéhear elastic analysis)

2.1.1. Based on Dummy load
In order to check whether the 3Bodel has been successfully modeled. a dummy load of 10 kKN has been
applied to the top of wall C of the 2idnventional and 3Rdvancednodel.

1 —

[inear elasfic analysis
Dur

Figure 59. Comparison bending momergtween conventional and advance model based on dummy load

Table76. Comparison dummy load (2D vs 3D model)

unit Element 2D-model 3D-model Accuracy

Horizontal reaction kN Combiwall 0,64 0,65 1,6%
force (Rx)

Vibro-pile -0,23 -0,24 4,3%

Anchor 9,59 9,6 0,1%
Vertical reaction kN Combiwall 3,54 3,51 0,8%
force (Rz)

Vibro-pile -0,79 -0,8 1,3%

Anchor -2,75 -2,78 1,1%
Horizontal m Wall C -0,002 -0,002 0,0%
displacement (Ux)
Vertical m General 0 0 0,0%
displacement (Uz)
Bending moments kNm Wall C 41,25 -42,39 2,8%
(My)

Relief floor BC 41,25 -41,69 0,9%

In the table above, the reaction forces, bending monardgdisplacement of the 2D and-&ibdel are shown.
Since the resultbds accur acy i smotiebhasobeen fhédeledicdrrecttya n
basel on the dummy load.

2.1.2.Based orthe load cases
In the table below theesults of horizontal and vertical equilibrium of the external loading for the 2D
conventional model and 3Bmarter model are shown for each load case. Here it is noticed that the forces are
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near to being in equilibrium, indicatingdt the smart model has been modeled correctly based on the load
cases. Notice that for some load cases the accuracy is higher. This is because the use of volume elements give:
a better distribution of the loading on the area.

Table77. Equilibrium of forces (2D vs 3D model)

Load case Vertical Vertical Error Horizontal Horizontal Error
resultant resultant resultant resultant
2D 3D 2D 3D
[kN] [kN] [kN] [kN]

e 858,350 835300  2,7% 0 0 0,0%
?_ré’;“f ~ ' 1023700 1036000  1,2% 161,800 162,000 0,1%

Water pressure

LC3-1 -60,000 -61,500 2,5% 1,250 1,250 0,0%
Terrain load

above o/l 191,000 191,000 0,0% 0 0 0,0%
profile (LC -4-1

Terrain load

above relief floor RGEIONE{0] 453,000 0,5% 0 0 0,0%
LC-4-2

Terrain back of

the quay (LC-4- RN 43,680 0,1% 120,000 120,000 0,0%

3
0 0 0,0% 102,300 102,300 0,0%
0 0 0,0% -212,800 -212,800 0,0%
800,000 800,000 0,0% 60,000 60,000 0.0%
800,000 800,000 0,0% 60,000 60,000 0,0%

Substructural
loads -96,710 -96,470 0,2% 465,600 465,600 0,0%

LC-8

Hereaftera comparison is made between the linear elastic results @DtHeenventional and 3badvancd
model to determine the accuracy of the modelthértables belowhe reaction forces, the bending moments,
the normal forces, and the shear forces for thea2® 3D model that occur from the governing load
combinations given in appendix | are shown.

Table78. Reaction forces (2D vs 3D)

Horizontal Error

reaction

Load case Structural Vertical Vertical Error Horizontal
element reaction reaction reaction

Selfweight Combiwall

Vibro-pile

[0 Anchor 46,2 452 2,2% -161,1 -157,7 2,1%

Claltiplel oif=sislisr Combiwall  448,0 450,0 0,4% 80,1 81,0 1,1%

LC2-1
[ Vibropile 5545 563,2 1,6% 158,7 161,3 1,6%
I Anchor 22,2 23,0 3,6% 775 -80,3 3,6%
Combiwall  -28,8 -28,7 0,2% -5,2 -5,2 0,0%
LC3-1
Vibro-pile -27,2 -28,6 5,3% -7,8 -8,2 5,1%
I Anchor -4,1 -4,2 2,9% 14,2 14,7 3,5%
Terrain lorzel Combiwall  230,8 230,8 0,0% 41,6 41,6 0,0%
above
profile (LC -4-1
[0 Vibro-pile 47,8 47,8 0,0% -13,7 13,7 0,0%

Anchor 8,0 8,0 0,0% -27,8 -27,9 0,4%

Terrain [oz6 | Combiwall 212,2 214,4 1,0% 38,2 38,6 1,0%
above relief floor
LC-4-2

]
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[ vibro-pile . 209,8 210,3 0,2%
L Anchor 28,8 28,3 1,7%
Pl el oif - Combiwall 5,7 5,3 6,2%
the quay (LC-4-
3
[ Vibro-pile 66,6 67,0 0,6%
| Anchor -28,6 -28,6 0,1%
Bollard o6 Combiwall 42,1 42,1 0,1%
LC-5
I Vibropile  -138 -13,7 0,7%
I Anchor -28,3 -28,3 0,0%
Sepelcic ol (e Combiwall  -7,31 -7,3 0,1%
6
[0 Vibro-pile 493 -49,3 0,0%
[ Anchor 56,6 56,6 0,0%
©lle el (H60 Combiwall  402,6 403,1 0,1%
7-1
[0 Vibro-pile 364,0 363,5 0,1%
£ Anchor 33,5 33,5 0,0%
e leeel (e Combiwall  400,5 402,2 0,4%
7-4
[0 Vibro-pile  366,0 364,3 0,5%
[ Anchor 33,6 33,5 0,3%
Substructural Combiwall
loads (LC-8 -141,1 -141,1 0,0%
[ Vibro-pile 171 1711 0,1%
I Anchor -126,7 -126,8 0,1%
Table79. Bending moments 2D vs 3bdodel (ULS)
[ULS]
Mz- x=0,75 (At surface ULS 1-2/4
of wall A)
Mz- x=2,1 m (Bernoulli ULS 1-1/1
zone between wal
A and B)
Mz - x=4,025 (At surface ULS 1-1/1
wall B)
Mz+ x=0,75 (At surface ULS 2-2/5
of wall A)
Mz- x=4,775 (At surface ULS 1-2/4
wall B)
Mz- x=6,025 (Bernoulli ULS 1-2/12
zone between wall E
and C)
Mz- x=10,1(Bernoulli ULS 1-2/12
zonebetween wall B
and C)
- Mz- x=14,814 (At vibre ULS 1-2/3
pile)
Mz- x= 16,1 (At surface ULS 1-1/23
of wall C)
Mz+ x=10,1 (Bernoulli ULS 2-1/16
zone between wall E
and C)

60,2
-100,3
1,0

19,1
100
7,6

-4,0
98,7
-1,3
-14,3
-197,4
72,4
104,4
-116,8
72,1

104,9
-117,0

-25,4
49,1
4419

[Knm]
-309,5

-982,8

-2084,7

152,5

-2818

-1781

-327

-1499

-778,2

1633,9

ARCADIS

60,2
-98,8
1,0

19,2
99,9
7,6

-3,9
98,7
-1,3
-14,1
-197,4
72,4
104,1
-116,7
73,4

104,4
-116,8

-25,4
48,9
442,1

[Knm]
235,1

909,4

1985,7

-180,1

2737

1764,2

326,3

1582,9

815,9

-1635,2

24,1%

7,5%

5,7%

18,1%

2,9%

0,9%

0,2%

5,6%

4,8%

0,1%

0,0%
1,5%
2%

0,5%
0,1%
0,0%

2,5%
0,0%
0,0%

1,4%
0,0%
0,0%

0,3%
0,1%
1,8%

0,5%
0,2%

0,0%
0,4%
0,0%

for natural and
built assets

]
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Table80. Bending moment 2D vs 3D (SLS)

Mz -

Mz -

Mz-

Mz-
Mz-

Mz+

x= 0,75 (At surface
wall A)

x= 2,1 (Bernoulli
zone between wall A
and B)

x=4,025 (At surface
wall B)

x=4,775 (At surface
wall B)

x=6,025 (Bernoulli
zone between wall E
and C)

x=14,814 (At vibre
pile)

x= 16,1 (At surface
of wall C)
x=10,1(Bernoulli
zone between wall E
and C)

Table81. Normal forces 2D vs 3inodel (ULS)

ULS 1-2/3 525,1

Table82. Normal forces 2D vs 3inodel (SLS)

[ULS]

SLS :2/4 -54.,4

SLS 11/3 330,5

Table83. Shear forces 2D vs 3Dmodel

- -

Ved

[ULS] [Knm]
ULS 2-2/4 -253,7

[SLS]
SLS1-1/3

SLS 11/3

SLS ®1/3
SLS ®1/3

SLS 11/10

SLS 1/2
SLS x1/7

SLS 12/8

x=4,025 (At ULS 1-1/1

surface  wall
B)

x=4,775 (At ULS 1-1/8

surface wall
B)

[Knm]
-260,1

531,8

[Knm]
-62

336,3

[Knm]
-608

[Knm]
-129,7

-529,2

-1195,5
-1531,4

-733,6

-998,2
-445,4

1029,3

2,5%

1,3%

14,0%

1,8%

1060,9

[Knm]
122,9

485

1119
1508,2

716,1

1060,6
481,9

-1028,9

[Knm]
590,5

-1047,4

ARCADIS

5,2%

8,4%

6,4%
1,5%

2,4%

6,3%
8,2%

0,0%

2,9%

1,3%

for natural and

Table78 shows that the inaccuracy of the reaction forces between the models is less than 5%. This suggests
that the reaction forces are equivalent between the models.

Looking atTable79 andTable80, it can be observed that the inaccuracy eftianding moments of the relief
floor between wali B and C is below 2%B-region) At the surface of the wallghe inaccuracy is highéb-

region)

]
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Also, notice that the inaccuracy thfebending moment of the relief floor between wall A and B in the Bernoulli
zone is below 10%n the table below, the governing ULS result for the bending moment for relief fi@r A
at a distance of 2,1 meters is shown. From this tatden be concludetthat theinaccuracy is caused by small
differences per load case.

Table84. Inaccuracy between wall A and B (ULS/1)

fter 12 285,6 34,92
_ 1 42 55,7 42 55,7 13,7
_ 15 129,5 135 194,25 202,5 8,25
[Lea2 | 15 72 84,2 108 126,3 18,3
fLes 7 1,05 187,4 206,5 196,77 216,825 20,055
_ 0,9 110,7 106,7 99,63 96,03 3,6
es 12 0 0 0 0 0
] 891,33 982,955 91,625

In the figures below a comparison is made between the governing internal fofrties relief floorbetween
the 2D-conventional and 3fadvanceanodel.The relief floor is split into two sections by walls A andr&lief
floor A-B) and B and Cré¢lief floor B-C).

152,55 kNm DI | - 309,52 kN

—487.35kN
537,02 kN
607.85 kN

70,28 kN
70,25 kN
70,25 kN

~253,73kN
3,73 kN
-253.73kN

]
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A ARCADIS

Figure 60. Comparison internal forcest relief floor A-B between conventional and advadeeodel

7 -2818.46 khim

\ ~1780,98 kNm
i |-1498,33 km
11335,13 kim

i =778,15 kNm

270,54 km |
489,85 kNm |

1633,93 KNm -———

i { 2 d ] i
‘-,;,!_ N ; la“ Vvl ] 2 2 :;77%
| o |
i I
8 — ] ] H
i P :

S
v

Figure 61. Comparisorinternal forces atelief floor B-C between conventional and advatioeodel

3
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2.3.Assumptions nonlinear analysis
The material parameters of concrete and steel are determirsdingctothe safety formagiven inRTD
10161:2017

Table85. Correct input values for safety formatconcreté®

fc [MPa] fet [Mpa] Ec [Mpa] Ge[Nmm/ mm?]  Gc[Nmm/
mm

Mean measured [ IS¢ BRI - "0 ™ 68 0 qu

o O —
for concrete grades 6u T o o @ g
0 ®d o ™0 cpuIma®
for concrete gradeséu 1
EEMS ¢ © Yo 0 mo o o 0 T 60°
”, . ”ny _ _ ", 2y 8"
Mean GRF Q q MR . mo; o o _i& O ™) dQ%
for concrete grades 6u T
Q Pddlp QR
for concrete gradeséu T
N — " I - O Q8
Q Q o o0 — &

Table86. Correct input values for safety format of steel
fy [MPa f [Mpa Ec: [Mpa

Mean measured [ Q i _

G e Agpppw 2 9 .
0 T
Mean GRF Q pPPQ Q —0 & - B
- - - — —

For reinforcement C30/37 has been used and for the reinforcement steel B500. The parameters according to
the tabls aboveare determined below.

:Steel BSI]O parameters according to characteristic safety format

> Es = 200000 fikc = 500: fir = firk; ffc:== 1.08 500 : fi = fik; epsilon[s] := %; epsilon[?] = 0.05

Es = 200000
fr= 500
f = 540.00
Co L
5 400
€= 0.05
:Steel B500 parameters according to the mean GRF safety format
T
> 2

A4 = 1.080000000

> flym. GRF] = 1.1 /5% f = flym, GRF]:
Fom Gz = 5500
> fltk GRF] == 4 flym, GRFY. fi = fltk, GRF] -
Sk Grr = 594.0000000
> epsilon[ym « GFR] = w

me GFR = 0.002750000000

P Table 1 of Annex A from the RTR0161:2017guidelines
20Table 2 of Annex A from the RTR0161:2017guidelines

]
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;Propertiw Concrete C30/37 according to the safety format (characterisic):

_Characteristic cylinder compressive strength (fck)
> fok =30 ft = fok

‘Mean tensile strength (fotm)
2
> form =03 ﬁ'k[ 3 ] - evalfl ferm):

:Lower—bound characteristic tensile strength (fctk min)
> jetk min = 0.7 fetm - evalf| fotic min); fot = fetk min :

zFractu.re energy ( Gf)

73 fes18

> Gr= 1000
:Compressive fracture energy (Gc)
> Ge = 250 Gf

:E~mod'u.lus after 28 days (Eci)
1

3
> Ec (0= 215e4:Ec i= Ec 0- [%] 1 Ec = evalf|Ec_i)

:Properﬁw Concrete C30/37 according to the safety format (GRF):
_GRF = global resistance factor
> fem_GRF = 0.85 ftk: fo = fem_GRF:

:Co‘ncrete grades <=C50

sk

> ferm_GRF =103 fm_GRF[ ] : fet = fetm_GRF;

[

:Ec=Ec i;

> chimacfo-[f—""‘—GRF ]

10

73 -fem GRF'®

> o= 1000

> Ge=250-Gf

2.41. Strength advanced verification

ARCADIS

fe= 30

2.896468154

2.027527708

Gf = 0.1346494817

Ge = 33.60237042

Ec = 3100836576

o= 25.50

Jot = 25950350442

Ec = 2937323997

Gf':= 0.1307675818

Ge = 32.69189545

In this chapter the behavior of the stirrups when the maximumisaagched is shown.

Figure 62. Behavior of the stirrups when the maximum load is reaased) the conventionally designed reinforcenfezit is

location landright is location 2)

nd

]
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Figure 63. Behavior of the stirrups when the maximum load
and right is location 2)

Figure 64, Behavior of the stirrups when theaximum load is reached using the optimized geometry (left is location 1 and right is
location 2)

2.42. Crack widthadvancd verification

In this chapter the crack width developmantocation 1 using a reinforcement set of d2% + @32200 is
determired. The conventional calculated reinforcement where the &ioition is governing is modeled in
Diana FEA. Hereafter, a physical nbnear analysis is performed, and a plot is made of the development of
the crack width

Crack width development

0,5
0,45

0.4 y = 0,2908x% 0,077
0,35

0,3
0,25

0,2
0,15

0,1
0,05

0
0050 0.2 0.4 0.6 0.8 1 1,2 1,4 16 1.8 2

—@— Uncracked stage —@— Crack fomation stage
—@— Stabilized crack stage ~  ceeeeeees Linear (Stabilized crack stage)

Figure 65. Crack width development reinforcement set @286 + @32200
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Table87. Crack width comparison IDEA and DIANA reinforcement set-@2%+ @32200

Calculation Reinforcement
method
IDEA @20-125 +@32-200
DIANA @20-125 +@32-200

Reinforcement wk wk SLS
area [mm2] [diana] [norm] condition
6534 0.219 0.22 100%
6534 0.2132 0.22 97%

In the table above it can be noticed that the crack width using the advaetieod is 3% less thatihe
conventional.Because the difference is slight, it can be concluded thatrdek width between the
conventional and advantapproacksis comparable.

2.43. Bondslip model
The bondslip parameterare determinedccording to table 6.1. of the fib ModelCode 2010 as seen in the

Table88. Parameters defining the mean bond siirelig relationship of ribbed baraccording to table 6.1.1. of the fNdodelCode

table below.
2010
1 2 3 ‘ 4 5 6
Pull-out (PO) Splitting (SP)
EZ\ < E\.\‘ E\ < E.‘.\‘
Good All Good bond cond. All other bond cond.
bond other
cond. | bond |Unconfined [ Stirrups |Unconfined | Stirrups
cond.
Tmax | 2-5Vfem |1-25Vfem |25V em 2.5V 1.25Vfem 1.25Vfor
Tpusplit | — _ 0.25 0.25 0.25 . 4025
w,split 7().{@] 3‘(]‘[@] 50{@] 5.5.(@)
25 25 25 25
5y LOmm (L8 mm |5(Tpy,sptie)  |(Tou,sptic)  |5(Tou,spiie) | S(Tpu,split)
sz 20mm (3.6 mm |5 51 51 51
53 Cotoar?  |Cotoar? |12 0.5Co10 Y |1.25 0.5 fear”
a 04 0.4 0.4 0.4 0.4 0.4
Tof 0.407,,4,(0.407;,4,|0 U'4Tbu..;pﬁ:‘ 0 0-"""»’.‘:11,&,-1!1.‘

2 Edit material

Name
Aspects to indude
[ Thermal effects
[ Anchor

¢/ Reinforcement bar
¢/ Bondslp interface

Mormal stiffness modulus®

Shear stiffness modulus™®

Bond-slip inter face faiure model
Slip parameters
Maximum shear stress TAUmax*
Ultimate shear stress TAUF®
Linearized initial sip section s0*
Relative siip section s1%
Relative slip section s2%
Relative slip section s3%

Exponent alpha™

Reset state parameters on material change

5

b model code 2010)_Spitting/stirrups|

[ Maturity effects

[ Damping
100000 Nfmme| | fie
100 Nfmme| | fe
CEB-FIB 2010 bond-slip function v
m}

Unfortunately, for an exponent less than one, the stiffness in the function's origin is undefined and so cannot
be employed in numerical simulation. To address this issue, a linear stiffness from 0 to an initial slip sO is

considered.

For monotonic loadig the reference valug of the bond stresses between concrete and reinforcing bar for
pull-out and splitting failure can be calculated as a function of the relative displacement s parallel to the bar
axis as follows[rror! Reference source not found.according to figuré.1.1 of thefib Model Code2010 [

11]:

T 7 —
T 7

Tt t
Tt

T i

i¢ "%

iq

, Wherethe parameters are givenTable88.

For the main reinforcemegbod bond conditionanda splitting-stirrups boneklip modelis assumedlhe
parameters argetermined belowvith the use of maple

’

form i ip
forip {1 ig
foric i o
forio i




z s RmDI for natural and
built assets

023
taw_bu_split 2= 8- ( ‘f;—?] :
tau_bu_split_2 == 8.882820456

tan_f 2 = 04 tau_bu_split_2;
tan £ 2= 3553128182
5 \Eph2
eq? = tau_max ( —] =tau_bu_split 2:51:+=1

51
s5i=1

sol == solve(egZ, 5)
sol = 1426831477

52 = 5i:53:= 05-10;

2.5. Comparisortonventional and advamtapproach in terms of the@z footprint

Theamount of reinforcement expressed in cubic meters and kilogoartiee ULS and SL&reshownin the
table belowfor the conventional and advandepproach.This is calculated based on the reinforcement
distribution.

Table89. Amount of reinforcemeiiased on the UL&onventional model)

Locationl 3699 29,0 0,0439 1,757 13792,2 9,7 75857,1
Location2 7626 59,9 0,0336 1,342 10536,4 7,4 57950,3
- 3927 30,8 0,0479 1,916 15043,6 10,5 82739,5
- 2513 19,7 0,0119 0,475 3728,4 2,6 20506,3
] 5,491 43100,6 30,198 237053,2

Table90. Amount of reinforcemeiased on the UL&dvance model)

Locationl 3121 24,5 0,0371 1,482 11637,2 8,2 64004,4
_ 7150 56,1 0,0315 1,258 9877,9 6,9 54328,4
- 3927 30,8 0,0479 1,916 15043,6 10,5 82739,5
- 2513 19,7 0,0119 0,475 37284 2,6 20506,3
] 5,132 40287,0 28,227 221578,6

]
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Table91 Amount of reinforcement based on the SLS (conventional model)

10674
3927

2513

83,8
30,8

19,7

0,0470
0,0479

0,0119

1,879
1,916

0,475

7,196

22971,9

ARCADIS

14747,2
15043,6

3728,4

56491,1

10,3
10,5

39,580

126345,4

for natural and
built assets

81109,6
82739,5

20506,3

310700,8

Table92. Amount of reinforcement based on the GA&anced model)

14472,9 79600,9

7472 58,7 0,0329 1,315 10323,0 7,2 56776,7

3927 30,8 0,0479 1,916 15043,6 10,5 82739,5

2513 19,7 0,0119 0,475 3728,4 2,6 20506,3
5,550 43567,9 30,525 239623,3677

In the table below thenvironmentabata set is shown for different impact categorié®se values are derived
fromacase studgft he Tu Del ft T Matarial and EcéldgicaEEhdinediag

Table93. Environmental data set for the differénmpact categorief22].

Shadow prize (Euro) per kg equiva 0,16 0,05 30 0,09 0,03 0,0001 0,06 2 4 9
Global Ozone layer Fresh water
Abiotic warming depletion aquatic Marine aquatic|Terrestrial |PhotochemicalAcidificati |Eutrophicatiol
t category Unit  |depletion  |(GWP100) |(ODP) Human toxicity |ecotox. ecotoxicity ecotoxicity |oxidation on n
Unit kg Sb eq kg CO2eq |kg CFC-11eq|kg 1,4-DBeq |kg 1,4-DB eqglkg 1,4-DB eq [kg 1,4-DB eqkg C2H4 kg SO2 eqglkg PO4--- eq

Concrete mix:

Concrete C20/25 (CEM Il kg 2,71E-04 9,33E-02 4,42E-09 1,03E-02 2,17E-03 3,57E+00 1,81E-04 7,40E-06 2,22E-04 3,94E-05
Concrete C35/45 (CEM IIl) kg 2,79E-04 9,55E-02 4,58E-09 1,05E-02 2,19E-03 3,64E+00 1,85E-04 7,62E-06 2,29E-04 4,06E-05
Concrete C45/55 (CEM I-CEM kg 3,05E-04 1,07E-01 4,88E-09 1,12E-02 2,28E-03 3,80E+00 2,01E-04 8,24E-06 2,44E-04 4,29E-05
Concrete C55/67 (CEM I-CEM kg 3,31E-04 1,18E-01 5,19E-09 1,19E-02 2,37E-03 3,96E+00 2,17E-04 8,86E-06 2,60E-04 4,53E-05
Concrete C30/37 (CEM IIl) kg 2,76E-04 9,45E-02 4,50E-09 1,04E-02 2,20E-03 3,63E+00 1,83E-04 7,53E-06 2,26E-04 4,02E-05
Steel types:

Steel S460 heaw duty kg 1,56E-02 1,82E+00 5,66E-08 6,02E-01 4,57E-01 4,27E+02 1,08E-02 1,08E-03 6,16E-03 1,32E-03
IPE 450 steel profile kg 1,27E-02 1,49E+00 5,65E-08 6,59E-01 6,33E-01 5,90E+02 2,75E-02 8,47E-04 5,16E-03 1,05E-03
Steel sheet kg 1,57E-02 1,83E+00 7,84E-08 3,79E+00 1,48E+00 1,30E+03 3,16E-02 9,31E-04 7,61E-03 1,37E-03
Steel reinforcement for concre kg 1,54E-02 1,79E+00 7,17E-08 3,81E+00 1,49E+00 1,32E+03 3,18E-02 9,27E-04 7,38E-03 1,34E-03
Timber type:

GL28h kg 3,86E-03 6,08E-01 6,68E-08 2,62E-01 2,73E-02 6,32E+01 1,45E-03 2,36E-04 6,77E-03 7,69E-04

In the tables below, the@ footprint of the optimized reinforcement based on the SLS is given. These
results are derived by multiplying the amount of steel and concrete with the environmental data set given in
Table93

]
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Table94. Shadow cost concrete and steel (conventional approach (SLS))

Shadow prize (Euro) per kg ua

equivalents 0,05

Impact category Global warming  Total Shadow
(GWP100) costs

kg CO2 eq Euro ()

kg 1075553,951 5

kg 556579,3159 U 2

| v 8

Table95. Shadow costoncrete and steel (advanced approach (Ste&hforcement optimized)

Shadow prize (Euro) per kg ua

equivalents

Impact category Global warming Total Shadow costs
(GWP100)

Unit kg CO2 eq Euro (0)

Concrete C30/37 (CEMIII kg 1077692,919 U

Steel reinforcement for concrete kg 429253,4797 U

a 75.:@
Table96. Shadow cost concrete and steel (advanced approach-(&u&yeteoptimized)

Shadow prize (Euro) per kg a

S IVEENS

Impact category i Global warming Total Shadow costs
(GWP100)

Unit kg CO2 eq Euro (u)

Concrete C30/37 (CEM I 836875,0658 U

Steel reinforcement for concrete 556579,3159 U
a

for natural and
built assets

]
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Appendix 1l
3.1. 2D Scia report

3.11. Load case&D model
In thisparagraphthe load caseapplied to the 2D model are shown.

LC2-17 Earth pressure (fundamental)

(]
(Y
:
( . og 0.00
’ | % 38 DI
\¢ i
=369 T -36.90
= : Loy —2%,
T ,‘}_.u T ] _f T _—‘328(?9?

Figure 66. 2D model: LC21-Earth pressure(fundamental)

LC2-1- Earth pressure (extreme low water levels)

o
C
o
I §,38 ]
igﬁ li
| 40 75 oy 2420
L'l’ 1] 'L ¥ '||f Y. r ¥ .;]' i‘%'.%

Figure 67. 2D model: LC21-Earth pressure (extreme low water)
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LC3- Water pressure
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Figure 68. 2D model: LC3water pressure

LC4-1- Terrain load above the deck

199965 0
15569

SEa
g
-

fehy

[
S

Figure 69. 2D model: LC41- Terrain load above the deck
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LC4-2- Terrain load above thelief floor

z s RmD I S for natural and
built assets

@ <1750, ~20,00
o ’ o o™
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Figure 70. 2D model: LC42- Terrain load above the relief floor

LC4-3- Terrain load back of wall C

00
R
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|
e ':"_ 20,0C
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R : e 1280
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Figure 71. 2D model: LC43- Terrain load back of wall C
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z s RmDI for natural and
built assets

LC5- Bollardload

g —102,30

A

Figure 72. 2D model: LCEBollard load

LC6- Fender load

2,14

30,4040 P

-30,40
30,40

A

Figure 73. 2D model: LCéFender loads
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LC7-1- Crane load (groundside rail towards water)

ARCADIS

natural and
assets
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Figure 74. 2D model: LC71- Crane load (ground side rail towards water)
LC7-4- Crane load (waterside rail towards water
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Figure 75. 2D model: LC74- Crane load (waterside rail towardsater)
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LCS8- loads from the substructure

3 | |

= “‘350, OOI

K$ —136,00

Figure 76. 2D model: LC8 Substructural loads

3.1.2. Internal force2D model
In this paragraphthedistribution of thenternal forceof the relief floorbased on the ULS and SloSthe
2D modelare shown.

Values: M:

Linear calculation

Class: All ULS

Coordinate system: Member
Extreme 1D: Section
Selection: B1, B3, B4
Selected sections: Inputted
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Figure 77. Bending moment relief floor based on the ULS (2D model)
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Values: N

Linear calculation

Class: All ULS

Coordinate system: Member
Extreme 1D: Global
Selection: B1, B3

Selected sections: Inputted

i 525.03 kN

-253,73kN |

[

Z X

Figure 78, Normal force relief floor based on the ULS (2D model)

Values: Vy

Linear calculation

Class: All ULS

Coordinate system: Member

Extreme 1D: Section

Selection: B1, B3, B4

Selected sections: Inputted
/i)

X

2
£z
0 ©
~ & Z Z
NO o~ Lo}
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<
[}
—~ @ ]
g :
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Figure 79. Shear force relief floor based on the ULS (2D model)
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Values: Mz

Linear calculation

Class: All SLS

Coordinate system: Member
Extreme 1D: Section
Selection: B1, B3, B4
Selected sections: Inputted
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Figure 80. Bending moment relief floor based on the W28 model)

Values: N

Linear calculation

Class: All SLS

Coordinate system: Member
Extreme 1D: Global
Selection: B1, B3

Selected sections: Inputted

330,47 kN

-54,36 kN

Figure 81. Normal force relief floor based on the SLS (2D model)
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3.2. 2.5D Scia report

3.2.1. Load cases 2.5D model
In this paragraph, the load cases applied to the 2.5D model are shown.

LC2-11 Earthpressure (fundamental)

Figure 82. 2.5D model: LC2L- Earth pressure (fundamental)

LC2-2- Earth pressure (extreme low water levels)

X

Figure 83. 2.5D model: LC2- Earth pressure (extreme low watevels)
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LC3- Water pressure

Figure 84. 2.5D model: LC3Water pressure

LC4-1- Terrain load above the deck

Figure 85. 2.5D model: LC4L- Terrain load above the deck
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1sultancy

on & Cor
built assets

Desi
for natural and

A ARCADIS

Terrain load back of the wall C

LC4-2- Terrain load abee the relief floor

4.04 s\~
AR

Figure 86. 2.5D model: LC4- Terrain load above the relief floor

LC4-3- Terrain load back of the wall C

Figure 87. 2.5D model: LC48-

LC5- Bollard load
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Figure 88. 2.5D model: LCBollard load

LC6- Fender load
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Figure 89. 2.5D model: LCH-ender load
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LC7-1- Crane load (groundside rail towards water)

ke

X

Figure 90. 25D model: LC71- Crane load (ground side rail towards water)

LC7-4- Crane load (waterside rail towards water)

Figure 91. 2.5D model: LC#- Crane load (waterside rail towards water)
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