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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 warming. The aim is to use less materials
and/or use different design solutions.

These reinforced structures are designed in a conventional way and the internal forces are determined by
performing a Linear Elastic Analysis. The reinforcement is calculated using the internal forces and is based on
the Eurocode 1992 -1-1. The conventional approach includes various assumptions that affect the amount of
concrete and steel used, which influences the CO; footprint, structure reliability, and costs. In order to know
the effects of these assumptions, advanced nonlinear calculations are carried out using volume elements.

Making use of the reference project “Biomassakade Engie”, some general modeling assumptions are made to
simplify the analysis. For the conventional approach, a 2D and 3D model is designed using Scia-Engineering
in which the relief floor is examined. Modeling in two-dimensional space is done with beam elements, and in
three-dimensional space shell elements are used. The use of shell elements in three-dimensional space is also
called 2.5D. The critical locations are identified, 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 the combi-wall (location 2) where
the hogging bending moment is governing. At both locations, an actual and artificial reinforcement set is
designed in ldea-Statica using the governing internal forces of the 2D model based on the Ultimate Limit State
(ULS) and Service Ability Limit State (SLS) separately.

The advanced approach is done using the guidelines provided in RTD 1016-1:2020. The optimization is carried
out at the critical locations based on the verification of the strength (ULS) and verification of the crack width
(SLS). The advanced approach for verifying the strength is done according to the GRF method, in which the
design value of the load P, is computed by dividing the ultimate load P, with the global resistance factor y,.
For the crack width verification, an indirect method provided in the RTD 1016-1:2020 guidelines, and a direct
method using the slip curve is used. The indirect method is a multiplication of the average strain of the
reinforcement &g with the maximum crack spacing S 4, and the direct method a summation of the relative
displacement (slip) by adopting a bond-slip model.

A 3D model with a length of one meter is built in Diana FEA using volume elements and a physical nonlinear
analysis is performed at the critical locations with the conventionally designed reinforcement to meet the ULS
and SLS. Performing the advanced approach for verifying the strength, the ULS unit check is less than the
ULS unity check of conventional approach at locations 1 and 2, which mean that the structure is safe and there
is room for optimization.

Performing the advanced approach using the indirect method for verifying the crack width, the SLS unity
check is less than the conventional SLS unity check at location 2 but not at location 1. By adopting a bond
slip-model, measuring the crack spacing from the analysis, and using the indirect method, the SLS unity check
is less than the conventional SLS unity check at both locations. When the direct method is used for verifying
the crack width, the SLS unity check is less than the SLS unity check using the indirect method. Based on the
results of the crack width verification means that there is room for optimization.

Using the favorable optimization results, two design 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 on the ULS, 7% less steel is being used, and optimizing the geometry
8% less concrete. When optimizing the reinforcement based on the SLS, 23% less steel is being used, and
optimizing the geometry 22% less concrete.

Taking a look at the CO; footprint, optimizing the reinforcement based on the ULS results in 2% less CO>
emission and optimizing the geometry in 7% less emission. Optimizing the reinforcement based on the SLS
results in 8% less CO, emission and optimizing the geometry in 15% less emission. These results are based on
a relieving 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 walls, this is in line with
their ambition to reduce the footprint and with national goals to limit global warming. The aim is to use less
materials and/or use different design solutions.

Quay walls are earth-retaining structures at which ships can berth and transfer goods. Larger quay walls consist
of a combined retaining wall from steel tubes and intermediate sheet piles. On top of this steel structure, a
robust concrete relieving platform is 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 structure. The 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 Figure 1 the quay wall of Engie that is used as reference in this thesis is shown.
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Figure 1. Cross-section quay wall with relieving platform [2]

Building activities lead to the 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 emission of CO; and other
greenhouse gases such as CHa4, N2O, and CFCs. Although CO; is commonly mentioned in discussions and
publications, this should imply that the effect of other greenhouse gases is also considered and that all are
related to and expressed as CO.- equivalents. Aside from global warming, a variety of other environmental
effects, known as environmental impact categories, have an impact on the environment [3].




1.1. Problem description

The concrete relief floor of the quay with the front wall is constructed in massive, reinforced concrete with
large dimensions resulting in sections approximately 35 meters in length containing 1000 m®concrete. These
reinforced structures are designed in a conventional way and the internal forces are determined by performing
a Linear Elastic Analysis using conventional software such as SCIA-Engineering. The reinforcement is
calculated using the internal forces and is based on the Eurocode 1992 -1-1.

The linear analysis is presumed to be a lower-bound 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 method is at the safe side.

Some of these assumptions are the following:

e Plane cross-sections remain planar and normal to the neutral axis of the member before and after
deformation (Euler Bernoulli hypothesis).

o Deformed beam angles (slopes) and displacement of the structure are small with respect to the
dimensions.

e The stress-strain relationship is linear, meaning that the stiffness remains constant and does not change
when the material starts to crack.

e The material does not experience any plastic deformation or creep during loading.

These assumptions do affect the amount of concrete and steel being used, which influences the CO; footprint,
the reliability of the structure, and also the costs.

The problem statement for this master thesis is the following:

“It is unknown how large the effects of the conventional method’s assumptions are on the amount of concrete
and steel being used and can only be investigated using nonlinear advanced calculations.”

Figure 2. Overview example conventional model [4]

Research guestions
The primary research question related to the problem is as follows:

“To what extent can the amount of steel and concrete of the quay wall be reduced by optimizing the
reinforcement or the dimensions using nonlinear advanced calculations based on volume elements?

The following sub- research 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 advanced way?
Il.  Which limit state, SLS or ULS, is governing when determining the reinforcement using the
conventional approach?
I1l.  How to optimize the reinforcement or dimensions based on the SLS and ULS using the advanced
approach?




IV.  How much does the conventional and advanced design differ in terms of the amount of steel and
concrete?

V.  Which design strategy offers a more effective design in terms of the CO; footprint? Optimizing the
reinforcement or the geometry?

Research Objective
The following research objective is defined:

“To determine to what extent the use of concrete and steel is reduced by further optimizing the reinforcement
or the dimensions of the quay wall based on the limit states using nonlinear advanced calculations based on
volume elements ”.

1.2. Scope of the study

In the context of the project “Biomassakade ENGIE”, additional Cargo shipments of wood pellets are expected
for the purpose of co-firing the biomass of the powerplant of ENGIE which is located in Maasvlakte
Rotterdam, where the beerkanaal merges into the Missisippihaven, next to the EMO.

As a result of this development, the Port of Rotterdam asked Arcadis to design a new retaining structure M7
(approx. 220m) at the EMO terminal, that should be built in line with the existing M6 Quay.

The newly designed quay wall is used as a reference where the main focus of this study lies in the relieving
platform (superstructure) of the quay. The quay wall was never built because the project was cancelled.

In Figure 3 an overview of the location of the quay wall of ENGIE is shown.
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Figure 3. Overview location quay wall at EMO-site




1.3. Research approach

First, a literature study is performed on the design and loads acting on the quay wall, conventional and
advanced modeling strategies, linear/nonlinear analysis, and safety formats.

Subsequently, the research phase begins, which is divided into two stages, namely the modeling and
optimization stage. The modeling phase is separated into two models: conventional approach and advanced
approach.

For the conventional approach a 2D-model is built using Scia-Engineer, followed by a 3D model, also called
2.5D model. Using these models, the critical locations are identified, and the reinforcement is calculated
conventionally with the use of Idea Statica at these locations.

For the advance approach, a 3D model of the quay wall with a length of one meter is built in Diana FEA. A
linear elastic analysis is performed to compare result of the results of the advanced model with the conventional
model. Next, the conventional designed reinforcement and the governing load combinations at the critical
locations are modeled in Diana FEA, and a physical nonlinear analysis is performed based on the ULS and
SLS-conditions. For the SLS, the crack width is determined with and without using a bond-slip model. These
findings enable us to determine whether further optimization of the structure is possible or not.

After the optimization rate is gained from the physical nonlinear analysis, the optimization stage begins. This
is carried out to determine if the optimization rate is correct by optimizing the reinforcement or the geometry.
The geometry is also optimized to get a better design insight in terms of reducing the CO; footprint.

Lastly, the comparison stage begins where amount of reinforcement, concrete and the CO, footprint are
compared between the conventional and advanced model.

In Figure 4 a summary of the research procedure is given.
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Figure 4. Research approach




1.4. Structure of the report
This thesis consists of eight chapters.

In the first chapter, the introduction is given. The problem statement, research objective, research questions,
and the scope of the study are also explained in this chapter.

The second chapter contains a part of the theoretical background, which consist of information about the design
and loads acting on the quay wall, modelling strategies, linear/nonlinear analysis, safety formats, and the crack
width development. Theoretical background about the strength and crack width verifications using the
advanced approach is given in chapter four.

The third chapter contains information about the conventional approach. The modeling assumptions are
explained and a 2D and 2.5D model is built using Scia — Engineering. A linear analysis is then performed to
determine the internal forces, which are then used to calculate reinforcement conventionally using the software
package ldea Statica. In Idea Statica the reinforcement calculations are based on NEN-1992-1-1.

The fourth chapter contains information about the advanced approach. A 3D model is built using Diana FEA,
and the modeling assumptions for performing a linear and nonlinear analysis are explained. A linear analysis
is carried out, followed by a physical nonlinear analysis to determine if optimization is possible using the
advanced approach.

In the fifth chapter, the reinforcement and geometry are optimized based on the optimization rate of the ULS
and the SLS gained from the advanced approach. This is carried out to determine if the optimization rate is
correct.

In the sixth chapter, the amount of steel, concrete, and CO. are compared between the conventional and
advanced approach.

The general conclusion and recommendations are given in chapter seven and eight separately. The references
and appendices can be found at the end of the thesis.




Theoretical background

2.1. General quay walls

Quay walls are earth-retaining structures where a ship can berth and transfer goods. This saves space and
increases port efficiency compared to situations where there is a slope. Cranes, trucks, and trains can get close
to the ship, and the freight can be managed easily.

There are different types of quay walls, such as:

- Gravity walls

- Sheet pile walls

- Structures with relieving platforms
- Open Berth quays

For this thesis, a structure with relieving platform will be examined.

2.1.1. Structures with relieving platforms

The presence of a relieving platform in this type of quay significantly reduces the horizontal load on the front
wall. The relieving platform ensures that forces are distributed both horizontally and vertically concerning the
superstructure. The foundation system used for these structures provides both horizontal and vertical stability
to the quay wall and consists of a load-bearing sheet pile wall (combi-wall) on the waterside and usually a
system with tension piles and compression piles on the landside. The connection

between combined wall and superstructure consists of an eccentric hinge with a steel saddle, thus reducing the
bending moments in the wall [1]. Also, using a hinge connection result in a system that is more statically
determined. In some cases, horizontal anchoring is used instead of a tension pile system. The concept of the
saddle connection between the combi-wall and superstructure is shown in Figure 5.
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Figure 5. Principle saddle connection between combi wall and superstructure [2]
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Figure 6. Quay wall with hollow box relieving platform (left) and L-shaped relieving platform (right) [1]

Figure 6 illustrated two different kinds of quay walls with a relieving platform. The use of a relieving platform
primarily reduces active earth pressure on the uppermost part of the sheet pile wall. The most significant effects
are cost savings on sheet piles due to a reduction in bending moment and pile depth. When the relieving
platform is located on or just below the level of the quay deck, the reduction is mostly limited to the surcharge
of crane, storage, and traffic loads. The earth pressure-reducing effects are much greater when deeper relieving
structures are made [1]. Using deeper relieving structures, the ground water is a limited factor. Below the
groundwater level, the active earth pressure increases less, while it becomes more complex to install the floor
there. Consequently, a deeper relief floor requires a larger front wall.

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

e Permanent loads (remain constant over time):
e The self-weight of the superstructure
e The earth pressure and water pressure that result from the weight of the soil at various water
levels
e Loads resulting from the substructures (anchor/ pile forces)
e Variable loads (varies over time):
e Loads caused by earth pressures as a result of terrain loads
Mooring loads such as bollard — and fender loads
Crane loads
Temperature loads
berthing, traffic, and surcharges behind the superstructure
e Pile and anchor forces
e Accidental loads (low chance of occurrence):
o Loads as a result of extreme water levels
Collision loads (ships)
Ice loads
Seismic loads
Pile and anchor forces

2.2. Modeling strategies
In this paragraph the modeling strategies for the conventional and advanced approach are explained.
2.2.1. Conventional modeling strategies

For the conventional approach a 2D model is built using beam elements, and a 3D model using Shell elements.
The use of shell elements in three-dimensional space is also called 2.5D. This is carried out in chapter 3.




Beam elements

Beam elements are structural elements that meet the requirement that the dimensions perpendicular to the
element axis are small in comparison to the length of the element. Axial deformations, shear deformations,
curvature, and torsion are all possible in beam elements, which allows them to characterize axial force, shear
force, bending moments, and torsional moments [5].

Most classical beams are two-node straight elements. The behavior of beams under axial stresses and bending
is modeled by the Euler-Bernoulli beam theory. This theory is a simplified version of the linear elastic theory
that enables the calculation of the load-carrying and deflection properties of beams. The two primary
assumptions of the Euler-Bernoulli theory are [5]:

e The plane sections remain plane
This assumption implies that any section of the beam that was planar prior to its deformation
will remain plain when the beam deforms. Also, any section of a beam that was perpendicular
to the neutral axis before deformation will stay perpendicular to the neutral axis after
deformation. Figure 7 illustrates the plane sections remain plane assumption.

Neutral

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

Figure 7. Plane section remain plane assumption [5]

e Deformations of the beams are small
This assumption has the following benefits:
- If xis the point along the length of the beam and A(x) is the deflection of the beam at
X, then the slope 6 of the beam is:

0 =

dA(x)

- 2.1)

If the slope is small, the square of the slope is twice as small and can be considered to

be zero.
2 _ (9000)\? _
02 =(£2) ~0 (2.2)
Additionally, for small angles, the following approximations are acceptable.
sinf = 0 (2.3)
cosf =1 (2.4)

The Euler-Bernoulli beam theory results in the following equation based on the assumptions given above:
9’A M
Where,

2
% = Second derivative of the deflection of the beam concerning location x along the beam
M = internal bending moment in the beam at location x
E = Young’s modulus

| = the moment of inertia
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Shell elements

Shell elements are mathematical simplifications of volume elements, explained in chapter 2.2.3. Shell elements
can save a lot of time because they allow you to model thin features with fewer elements than volume elements.
They are also easier to mesh, and they are less likely to cause negative Jacobian errors, which can happen when
employing extremely thin solid features [6]. In Table 1 the properties of shell elements are shown.

Table 1. Properties shell elements

Shell elements

T

3D (curved shell elements)
2D
3D
3D
3 translations and two rotations (ux,Uy,Uz, ox.@y)
Linear, quadratic, and cubic
Numerically integrated

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

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

e Thick shell elements (straight normal)
- Can consider stresses throughout the thickness of the shell in the direction normal to
the middle surface.
- Transverse shear deformation is included.
e Thin shell elements (zero-normal-stress)
- Do not consider the stress in the direction perpendicular to the shell surface
(0, = 0).
- Thickness (t) must be small in relation to the largest dimensions (h) in the plane of the
element (t/h ratio) [7].

2.2.2. 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 systems of equations (large computational time), these elements are usually applied
only when other elements are unsuitable or would produce inaccurate analysis results [7]. Additionally, using
solid elements gives a closer representation to reality compared to beam and shell elements.

Solid elements are characterized by the following properties:

e The stress situation is three-dimensional.

¢ Loading can be done in any way you choose.

e The dimension in three axial directions X, Y and Z are of the same order of magnitude.
In Table 2 the properties of volume elements are shown.
Table 2. Properties volume/solid elements

Volume/solid element

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

]
TUDelft



3D
Displacement (ux,Uy,uz)

Isoparametric mapping from global (xyz) coordinate
system to a (&n) local coordinate system.
Numerical integration

2.3. Linear and-nonlinear analysis

Linear elastic analysis

A linear elastic analysis is an analysis where a linear relation holds between applied forces and displacements.
In practice, this applies to structural problems where stresses remain in the linear elastic range and where the
deformations have a small impact on the force direction of the used material. In a linear elastic analysis, the
model’s stiffness matrix is constant, and the solving process is relatively short compared to a nonlinear analysis
of the same model. Therefore, for a first estimate, linear static analysis is often used before performing a fully
nonlinear analysis [8].

Nonlinear analysis

A nonlinear analysis 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 contact nonlinearity. These effects result in a stiffness matrix that 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 solver [8].

- Material nonlinearity
Material nonlinearity involves the nonlinear behavior of a material in which material properties are
functions of the state of stress or strain (e.g., nonlinear elasticity, plasticity, cracking, creep) [9].

- Geometric nonlinearity
When performing an analysis involving geometric nonlinearity, the constitutive and equilibrium
equations consider how the structure’s geometry changes as it deforms. The deformation is large
enough that the equilibrium equations must be written concerning the deformed structure (e.g.,
buckling slender column, deformation of a cable). Also, the loads may change direction as they
increase [9].

- Contact nonlinearity
Contact nonlinearity in a system can occur if kinematic constraints are presented in the model. By
constraining a model’s movement, one can limit the kinematic degree-of-freedom [8].
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Figure 8. Material-vs geometric-vs contact nonlinearity [9]

The relationship between the load and the displacements is defined by the stiffness matrix for the structural
system. In short, the stiffness matrix remains constant when completing a linear analysis, whereas this is not
the case for a nonlinear analysis, which is a significant distinction between linear and nonlinear analysis. Also,
calculating a linear system uses significantly less computational effort and cost than solving a non-linear
system. Nonlinear analysis, on the other hand, can provide information about the structure's real behavior.
While residual hidden capacity in structures is frequently present when a linear analysis is performed, these
capacities become visible in a nonlinear analysis [10].




2.4. Safety formats according to the fib 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 value depends on all relevant design
parameters [11].

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

- Probabilistic safety format*
The probabilistic safety format (sometimes referred to as fully probabilistic design method) allows us
to explicitly include the reliability requirements in terms of the reliability index (B) and the reference
period (T). This may be used for structures to be designed and for existing structures 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 data [11].

- Partial safety factor 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 sufficient margin during a defined period of time [11].

- Global resistance format®
In the global resistance format the resistance is considered on a global structural level, as compared to
local verification of sections with partial safety factors. It is especially suitable for design based on
nonlinear analysis, where verification of limit states is performed by numerical simulations [11].

The objective of the non-linear analysis is to simulate the real structural behavior and to evaluate the
representative value of the resistance. Because of this the global resistance format (referred to as the global
resistance factor method) is used to verify the safety of the structure. More 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 from the fib Model Code 2010. The
estimation of the crack width is based on the standard example of a prismatic reinforced concrete bar under
axial tension illustrated in Figure 9.
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}/’ 1 = uncracked stage
N} L7 @ 2 = crack formation stage
-7 3 = stabilized cracking stage
@ ol 4 = naked steel
o § = yielding of reinforcement
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Figure 9. Simplified load - strain relation for a centrically reinforced member subjected to tension*

! Section 4.4 of the fib Model Code 2010

2 Section 4.5 of the fib Model Code 2010

3 Section 4.6 of the fib Model Code 2010

4 fib Model Code 2010: Figure 7.6-2: Simplified load- strain relation for a centrically reinforced member subjected to
tension.




Four stages are identified concerning the behavior under increasing tensile strength:

- The uncracked stage (1): in the first linear branch the concrete is uncracked. In 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 load N is reached, the crack formation starts. In

this stage, the tensile strength of concrete has been reached, which causes cracks to develop.
Once the concrete cracks, the perfect bond between the concrete and steel dissolves. The steel stress
increases due to the redistribution of stresses until all of the tension is transferred to the steel. The bond
stresses will be reintroduced further from the crack at the steel-concrete interface. As a result, the steel
force is transferred to the concrete through bond stresses caused by slip between the concrete and the
steel due to a difference in deformations after cracking [10]. When there are no longer any undisturbed
areas due to the formation of cracks, the tensile strength of concrete can no longer be reached between
the cracks, preventing no new cracks to appear.

- The stabilized cracking stage (3): after the completion of the crack formation stage the force N
increases. In this stage, no new cracks are formed, but the existing cracks are widened due to the
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 stage (5): in this stage, the yield strength of steel has been reached. Also, the
reinforcement concrete beam behaves fully plastic in this stage.

The N - ¢ relation of the steel reinforcement is shown by the dotted line (4) [11].

The first crack will form at the weakest 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 tensile strength for the first crack and to end with the mean
tensile strength for the last crack [11].

2.6. Bond-slip model according to the fib Model Code 2010

When concrete cracks the tensile force is carried by the reinforcement. The stress on the reinforcing bars causes
them to activate bond stresses, which transfer the force to the surrounding concrete. The steel force is gradually
transferred 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 spacing of transverse 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 regions [11].

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 cross-sections tension forces are transferred across the crack by the reinforcing steel. In
general, the absolute displacements of the steel us and the concrete u. adjacent to a crack are different.
Due to the relative displacement (slip), s = us — uc bond stresses are generated between concrete and
reinforcing steel [11].

The bond stress-slip relationship is modeled according to Figure 6.1-1 in the fib Model Code 2010 as seen in
Figure 10. This is typically determined using standardized pull-out experiments, which must be viewed as a
simplification in comparison to actual conditions within the slipping length [19]. The bond stress—slip
relationship depends on a considerable number 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 stress—slip curves for confined and unconfined concrete presented in Figure 10 can
be considered applicable as an average formulation for a broad range of cases [11].

The parameters of the bond-slip relationship are defined based on Table 6.1-1 in the fib Model Code 2010,
which depends on the failure mode, pull-out, or splitting. Splitting failure will occur if splitting cracks can




reach the exterior surface before the steel rebar is pulled out. Two types of bond stress—slip 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 stirrups [20]. Additional information about
the bond-slip model can be contained in the fib Model Code 2010.
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Figure 10. Bond-slip relationship according to the fib Model Code 2010

The bond-slip backbone curve consists of four sections. When pull-out failure is considered the first section
spans from a slip of 0 up to s1, and it is expressed as a power function with an exponent o until it reaches the
maximal bond stress Tomax. From s1 through s2, a constant value Tomax IS used. The bond stress decreases linearly
from s2 to s3 until it reaches the ultimate bond-slip stress tvr. Beyond s3, a constant value of tvr iS considered.
When spitting failure is considered the first section spans from a slip of 0 up to s1, and it is expressed as a
power function with an exponent o until it reaches the peak value of the bond strength in a spitting failure
mode denoted as thuspiit. Additionally, s1 and s2 coincide, and the bond stress decreases linearly between 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 bond-slip parameters are determined in appendix Il.




Conventional approach

In this chapter the concrete relief floor is modeled in a conventional way in 2D and 3D space. Modeling in
two-dimensional space is done with beam elements, and in three-dimensional space, shell elements are used.
The use of shell elements in three-dimensional space is also called 2.5D. Following that, the results of the
internal forces of the two models are compared. The reinforcement is also calculated conventionally according
to NEN-EN-1992-1-1. Also, the reports of Engie are used as reference for modeling the relieving platform.

3.1. Model description

The relieving platform consists of a hollow box system (wall A, wall B, deck), a concrete relieving floor, and
a back wall (wall C). The substructure consists of a combi-wall and bearing piles to ensure vertical stability,
and anchors to provide horizontal stability. Additionally, using a hollow box system reduces the soil weight
on the combi-wall.

In Figure 11 the different structural elements in the model are shown.
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Figure 11. 2D cross-section conventional model (Scia)

In the case of Engie, the dimensions of the different concrete elements are given in Table 3, which will also be
used in this thesis.

Table 3. Dimensions relieving platform

750 5.000
750 5.000
600 5.000
1250 16.700
750 4.775

The top part of the tube is at NAP +5.00 m and the bottom at NAP -2.00 m. The top of the relief floor is at
NAP +0.25 m and the bottom at NAP -1.00 with a thickness of 1.25 meters and a total width of 16.7 meters.
In reality, the relieving platform consist of six sections with a total length of approximately 220 meters. For
simplicity reasons, only one section is modeled with a length of 40 meters. The water levels are given in chapter
3.2.3.

In Figure 12 the geometry of the relieving platform with the dimensions is shown.
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Figure 12. Geometry of Engie relieving platform

3.2. Modeling assumptions relieving platform

In this paragraph, the assumptions for modeling the relieving platform are explained. In 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 well-known material in the hydraulic engineering field because of its strength and resistance to
extreme conditions. However, the development of cracks in hydraulic structures requires 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 manage this phenomenon
because this heat formation can cause cracks to emerge during the hardening process [12].

The concrete mix, execution, and curing affects the concrete's strength. During loading, the stiffness of
concrete can change. Cracked concrete has an effective stiffness that is about 1/5-1/3 of uncracked concrete.
1/5 applies to the effective membrane stiffness, and 1/3 to the effective bending stiffness.

For the design of the quay wall of Engie, cracked concrete with concrete class C30/37 is used. As a starting
point, this will also be used for the conventional approach in this thesis. In Table 4 the concrete properties are
shown.

Table 4. Concrete properties

2500 32837 30
2500 20000 30

The concrete requirements shown in Table 5 are based on NEN-EN 1992-1-1.
Table 5. Concrete requirements

Corrosion induced by carbonation XC4
Corrosion induced by chlorides XD3
Corrosion induced by chlorides from sea water XS3
Freeze-thaw attack with or without de-icing agents XF4
Chemical attack XA2

S4
Minimum 45 mm
In-situ 50 mm

B500B
Follows from environmental exposure conditions 0.22 mm




The concrete cover and crack width are determined using NEN-EN-1992-1-1, which is explained in Appendix
I. In environmental class XC4, the National Annex to Eurocode 2 allow a maximum calculated crack width of
0.22 mm. If the relief floor is permanently under water (XS2), it is acceptable to depart from this standard.
This is due to the extremely low probability and potential consequences of corrosion. Prof. Polder states that
a maximum crack width of 0.4 mm as an upper limit is permissible [13]. In the case of Engie, the relief floor
is not permanently under water (XS3) during extremely low water levels, so deviating from the norm is not
permissible. In this thesis, the crack width of the National Annex to Eurocode 2 will be used, which is 0.22mm.

3.2.2. Interaction supports with the substructure

The substructure consists of combi-walls, bearing piles, and horizontal anchors spread over various distances.
The interaction of the relieving platform with the substructure is modeled using inclined springs with a certain
stiffness and different angles. The connection of the inclined spring supports with the superstructure is
simulated by the forces occurring in the head of the combi-wall and vibro-pile. The stiffness, angle of the
springs, and the forces resulting from the piles are calculated with the geotechnical software “Plaxis”, obtained
from the geotechnical report of the quay wall of Engie [14], and will be used in this thesis. In Table 6, the
parameters of the substructural elements are given.

Table 6. Parameters substructure

10.2 240 24 3730
16 100 10 2280
16 24 0 2735

3.2.3. Loading on the relieving platform
The loads acting on the relieving platform are obtained from Engie design report [2]. The loads acting on
relieving platform of Engie are also applied to the relieving platform examined this thesis.

Earth pressure
The self-weight of the earth as well as surcharges are the sources of earth pressures.

In addition 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 are activated. The maximum friction between “earth and structure” is
Ea % tan(§).

For determining the earth loads, the following assumptions are made:
Table 7. Assumptions for determining the earth loads

18 kN/m?
20 kN/m?®
10 kN/m?®
0.5

0.33

30°
2/38

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
are the result of differences between the outside water level (OWL) and the groundwater level (GWL). The
water pressure difference can be minimized if the quay wall is equipped with a reliable drainage system [1].

In the case of the quay of Engie, the design is based on an existing drainage system that monitors groundwater
levels on the quay's landward side. For simplicity reasons, only the fundamental and extremely low water
levels are considered, because it is stated in the handbook of CUR 211 that these are often governing. In Table
8 the applied water level is shown.




Table 8. Applied water levels Engie

NAP -1.00 m NAP —0.50 m 0.50 m
NAP -2.35m NAP -1.35m 1.00 m
NAP -1.50 m NAP +0.06 m 1.56 m

An example of how the water pressure is determined is shown below.

Fundamental case:

GWL: NAP —-0.50m

OWL: NAP —-1.00 m

Top side floor: NAP +0.25 m
Bottom side floor: NAP -1.00 m

Water pressure against bottom of the relief floor (behind combi wall): (—0.50—1.00)x10=5%
Water pressure against bottom of the relief floor (front combi wall): (—1.00—1.00)x10=0%

Water pressure against Wall C: > = 1.25 %~
s"#ﬁ?\
A T
NAP +0.25 - il
NAP - 0.50 it e ———— >— 5 kN/m2
NAP-1.00 —QWL . 4 - : T

Figure 13. Water pressure relieving platform

Terrain loads

Terrain loads are active on the quay as a result of the cargo (containers and bulk products). In the case of Engie,
a uniform distributed terrain load of 40 kN/m? from the front of the quay to 22.3 meters from the quay is used,
followed by an increasing distributed terrain load ranging from 40 kN/m? to 230 kN/m? on 45.1 meters and
then descending to 0 kN/m? at 72.7 meters, as illustrated in Figure 14.
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Figure 14. Surface loads assumed for “ENGIE” [2]

Also, in the case of Engie, the methodology of CUR 166° has been used to determine whether the increasing
terrain load has an effect on the back wall of the concrete relieving platform. In Appendix 1, the calculation

> Handbook of CUR 166 - Chapter 4.5.4. Influence of top loads




procedure of the horizontal earth pressure is shown. From the results is stated that the earth’s pressure on the
back of the quay is limited. A uniform earth pressure of 20 kPa is therefore assumed across the entire height
of the wall and a maximum vertical friction force of 7.28 kPa.
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Figure 15. Horizontal ground pressure with limited top load é(methodology of CUR 166)

Mooring loads
The mooring loads consist of bollard, and fender loads and do not occur together. Figure 16 shows a front view

of the quay of Engie, including the distances between the bollards and fenders.
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Figure 16. front view quay of Engie [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 the water displacement caused by the ship. In Table 9 the characteristic values of the bollard

load are given.
Table 9. Characteristic values of the bollard load” for ships

100
300
600
1000
1500
2000

The typical water displacement of ships at the Engie quay wall is less than 2,000,000 kN, 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 two-dimensional space, the redistribution of the loads should be considered. The bollard
load is linearly redistributed through the superstructure over an angle of 45 °. The redistribution line load is

6 Handbook of CUR 166 - Figure 4.40 - Horizontal ground pressure with limited top load
" Handbook of CUR 166 - Table 3.2 - Characteristic values of bolder loads




determined by the height of the wall, the width of the deck, and the distance between the two pairs of bollards,
as shown in Figure 17.
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Figure 17. Redistribution of the bollard load in the wall and deck

T

The height of the wall is 5 meters, the height of the deck is 4 meters and the distance between the bollard pairs

is 2 meters. This results in a line load of ((sz()lfg;):g(s;i)z’iz) —~= 102.3%” spread in the wall over a distance

of 22 meters.

The value of the fender loads is chosen according to the ROK standards. In the case of Engie, the fenders have
a width of 0.76 meters with a uniform distributed load of 400 kN/m?2,

The distribution of the fender loads is almost identical to the distribution of the bollard loads. In the case of
the fenders, the redistribution of the load is spread only over the wall of the superstructure over an angle of 45
%, as shown in Figure 18.
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Figure 18. Redistribution of the fender loads

This results in a surface load of = 30.4% spread in the wall over a distance of 10 meters.

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 are large. These loads include the weight of
the crane, the weight 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
horizontal movements. The horizontal crane load ranges 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 meters from the front of the quay with a
vertical line load of 600 kN/m and a horizontal load of 90 kN/m over a length of 20 meters parallel to the quay.
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Figure 19. location of the vertical crane loads Engie [2]

Loads from substructure

The external forces resulting from the interaction of the substructure with the relieving platform are obtained
from the geotechnical report of Engie [14]. In Table 63 of appendix I, the interaction loads that occur from the
substructure are shown.

Wind loads
Wind loads occur at the quay's front wall. Due to the permanently available earth- and water pressure this load
can be neglected.

Currents
Currents caused by passing ships are not taken into consideration (not governing). The 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 variances between the
components of the structures.

Ice loads

The type of structure, the ice's features, and the environment in which the ice developed all affect how much
force the ice generates. The value of the ice load is chosen according to the handbook of CUR 1668. In the
case of Engie, an ice load of 250 KN/m is applied at the waterline.

Collison loads (ships)
In the case of Engie, the quay must bear a load of 10000 kN spread over an area of 5.0 x 5.0 meters (400
kN/m?) operating at a level from NAP -2 m to NAP +5 m.

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 structure, half the live load should
be added. The actual seismic load due to an earthquake will depend on the magnitude of the earthquake, the
type of structure, and the soil conditions in the adjacent area. In the case of Engie, seismic loads are not
considered at the location of the quay.

3.2.4. Summary loading

For simplicity reasons, only the fundamental and extremely low water levels are considered for this thesis. The
water pressure resulting from the extremely low water levels is ignored, because the effect on the superstructure
is limited. Also, the temperature loads, collision loads, ice loads, and seismic loads are neglected.

In appendix 11, the loading on the relieving platform for the 2D-and 2.5D model is given. In the table below
a summary of the vertical and horizontal loads that are used for modeling the concrete superstructure in 2D
and 2.5D are shown.

8 Handbook of CUR 166 — Chapter 3.2.5. Ice loads




Table 10. Summary applied loads (2D and 2.5D)

Vertical loads

Terrain loads

Earth pressures (due to terrain load
- friction force)

Crane loads

Water pressure (uniform - upward)
Earth pressure (fundamental -
uniform)

Earth pressure (fundamental —
friction force)

Earth pressure (accidental -
uniform)

Earth pressure (fundamental -
friction force)

Horizontal loads

Earth pressures (due to terrain load)
Crane loads

Bollard loads

Fender loads

Water pressure (triangular)

(NAP -1,00 — NAP -0,50)

Earth pressure (fundamental -
triangular)

Earth  pressure (accidental -
triangular)

w
N
o1
p)
i
=
g,
E
<
Q
QD
17
7]
D
»

2D
40 kN/m?
7.28 KN/m?

400 kKN/m
5 kN/m?
85.50 kN/m?

11.26 kN/m?
83.10 kN/m?

11.26 kN/m?

20 kN/m?
60 kN/m
102.30 kN
30.4 kN/m
0-5kN/m

0 — 54 kN/m?

0 —54 kN/m?

ARCADIS

2.5D
40 kN/m?
7.28 kN/m?

600 KN/m
5 kN/m?
85.50 kN/m?

11.26 kN/m?
83.10 kN/m?

11.26 KN/m?

20 kN/m?
90 KN/m

1,500 kN / 750 kN

400 kN/m?
0-5KkN/m

0 — 54 kN/m?

0 — 54 kN/m?

for natural and

In NEN-EN 1990, the structure is divided into three consequence/reliability classes with different safety levels

expressed as a reliability index. The safety class is characterized between structures that cause economic loss

and those that cause human injury.

Table 11. Reliability classes and design life according to NEN-EN 1990 table B2 and table 2.1

Description of reliability classes Reliability
index (§
RC1/CC1 p=3.3
Consequence of failure:
- Risk of danger to life is negligible
- Risk of economic damage is low

RC2/CC2 B=

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

RC3/CC3 B=

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

Normally in the Port of Rotterdam quay walls are categorized with safety class RC2/CC2, which will be used

50

50

50

Design life in

in this thesis. The quay wall is predicted to last at least 50 years. The danger of human injury is quite low, but
the chance of economic harm is extremely high due to the port's purpose (processing of cargo). At present, the

Port of Rotterdam tends to move towards RC1/CC1.

3.2.6. Load combinations

The load combinations according to NEN-EN-1990 are applicable in the design of the quay wall. The

characteristic value of the loads multiplied by a partial safety factor results in the design value of these loads.
With these design values, the Ultimate Limit State (ULS) and Serviceability Limit State (SLS) loading

]
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combinations can be determined. The Ultimate Limit State is the design for the safety of the structure and the
Serviceability Limit State refers to the condition under which a building can still fulfil its function.

Table 12. Load combinations according to NEN-EN-1990
Limit state Combination type Case Combination

ULS Fundamental 6.10a >ye. Gk + Zyq . wo,i . Qki
6.10b >v6. Gk + +y0 . Qk1+ Zy0Q . wo,i . Qki
Accidental 6.11a/b Gk + Ad+y11 . Qi+ 2wz, . Qi
SLS Frequent 6.15b 2Gk + w11 . Qka+2wy2,i . Qi
Quasi-permanent 6.16b 2Gk + Zy2ii . Qi

Gk Characteristic value of the permanent loading

Qk1 Characteristic value of the variable loading

Qi characteristic value of the simultaneously occurring variable load i

Ad Accidental loading

YG Partial factor for permanent loads, which also considers model uncertainties and dimensional deviations
YQ Partial factor for variable loads

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

Y1 Reduction factor related to the frequent value of a variable load

Y2 Reduction factor related to the quasi-permanent value of the variable load factor

) Summation

Partial loading factors (y)
For the fundamental combinations, the loading factors are based on consequence class 2 (CC2) and are
determined according to NEN-EN 1997-1-1 and NEN-EN 1990° .

Table 13. Partial loading factors (y) fundamental combinations

Consequence class Al A2
6.10a 6.10b 6.10a/b  Other Retaining construction
Unfavorable Unfavorable Favorable Unfavorable Favorable Unfavorable Favorable

v 135° 1.20 0.90 1.00 1.00 1.00 1.00
o 15° 05" 0.00 1.30 0.00 1.10 0.00

Note: () For fluid 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 applies to geotechnical loads on a geotechnical construction. These actions include forces from mooring,
berthing and horizontal crane loads.

The factors in column A2 applies to geotechnical loads on geotechnical constructions, not being a foundation. With the factors under
“other”, the stability of the quay wall is checked and with the factors under “retaining construction” the strength itself (calculation and
verifying of bending moment, shear force etc.) [15].

For the accidental combinations, the loading factors according to NEN-EN 1990 are applicable.
Table 14. Partial Loading factors accidental combinations'®

Loading 6.11a/b 6.11 a/b

Yo 1 1
¥Q 1 1

Reduction factors ()
The reduction factors (y) are given in Table 15 according to the handbook of CUR 211.

Table 15. Recommended values of w-factor for combinations of variable actions on quay walls'*

Combination Frequent value Quasi static value

Uniform terrain load (cargo: containers, bulk

® Table NB.4 — A1.2(B) — Design values of actions (STR/GEO) (set B)

10 Table NB.10 — A1.3 — Design values of loads for use in accidental and earthquake load combinations.

11 Handbook of CUR 211 - Table 6.5 Recommended values of y-factor for combinations of variable actions on quay
walls.
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Ship ramp loads (roll 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 1.0 1.0
1.0 1.0 1.0
Differential settlement 1.0 1.0 1.0

Environmental/ Meteorological loads (wind, 0.7 0.3 0
waves, current, temperature, ice)

The partial loading factors and reduction factors used for the quay wall of Engie will be used for this thesis.
Also, a simplification of the load combinations is applied, where the surface load or mooring loads are
governing, which is given in the table below. Notice that the mooring loads (bollard- and fender loads) do not
occur together. Also, when the water level is extremely low, there is no upward water pressure working on the
superstructure. In the table below, the load combinations applied to the conventional model are given.

Table 16. Load combinations (ULS)

Load combinations (ULS)

L C1- Self weight
L C2-1- Earth pressure (fundamental

ULS 1-2 ULS 2-1 ULS 2-2

L C2-2- Earth pressure (Extreme low water
LC3- Water pressure (fundamental

LC4- Terrain load

1 - -
- - 1.05 1.50 -
LC7- Crane load (towards water side + [MKeo] 0.90 0.90 0.90 0.60
ground side or waterside rail
LC8-loads substructure

1.00 1.00 1.00

2
0
0
5 1.05 1.50 1.05

= =

.00
0

0

(&)

1.50

=
o
o

1.20 1.20 1.20 1.00

—
m
=2
@
-
=
-
o
o
o
O
o
3
=)
>
Q
=
<)
>
w
~—~
%)
r
(%)
N—r

Load combinations (frequent SLS1 SLS 2
LC1- Self weight 1.00 1.00

L C2-1- Earth pressure (fundamental 1.00 1.00
L C3- Water pressure (fundamental 1.00 1.00
L C4- Terrain load (governing 0.50 0.50
LC5- Bollard load 0.30 -
LC6- Fender load - 0.30
LC7- Crane load (towards water side + ground si 0.60 0.60
or waterside rail

LC8- loads substructure 1.00 1.00

3.3. 2D-model vs 2.5D-model

In this paragraph the concrete relief floor is modeled in a conventional way in 2D, and 3D space with the use
of the software package SCIA-Engineering. Modeling in two-dimensional space is done with beam elements,
and in three-dimensional space, shell elements are used. The use of shell elements in three-dimensional space
is also called 2.5D. Following that, the results of the internal forces of the two models are compared. In
paragraph 2.2 some background information about modeling with beam and shell- elements are given.
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Figure 20. 2.5D-conventional model (Scia Engineering)

In the 2D model, the loads are applied per unit length, while in the 2.5D model it is spread over the entire
length of the quay (40 meters). Modeling in two-dimensional space does not consider the redistribution of the
loads, such as the bollard loads, fender loads, and crane loads acting on the quay wall. This is carried out by
dividing the applied loads, which are redistributed through the superstructure over an angle of 45 °, with the
redistribution distance.

The relief floor will be examined in this thesis, because of the significant internal forces that occur, it is the
most crucial structural component of the relieving platform. For the applied load cases, the results of the
reaction forces and bending moments for the 2D and 2.5D models are shown in appendix I. This is carried out
to check the accuracy of the models. For simplicity reasons, the non-linear behavior of the anchors, combi-
walls, and vibro-piles are ignored.

In the 2.5D model, the reaction force per unit length is calculated by dividing the result by the center-to-center
distance of the substructural element to compare the accuracy with the 2D model. The center-to-center
distances of the substructural elements are given in Table 6 of chapter 3.2.2.

The conclusions drawn from the data in appendix | indicates that the result of the 2D and 2.5D model 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 three-dimensional space gives a 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 design bending moment and design normal force.

3.4. Reinforcement conventional design
In this paragraph, the reinforcement is calculated conventionally based on the internal forces of the relief floor
of the relieving platform according to NEN-EN-1992-1-1 with the use of the software package Idea-Statica.

In the 2D and 2.5D report given in appendix I11, the figures and values of the bending moments, normal forces,
and the shear forces of the conventional 2D and 2.5D model are shown.

In chapter 4, an advanced model 3D model per unit length is built. Because of the small depth of the model,
the 3D model is most comparable to the 2D model. Implicitly it is assumed that when the entire quay wall is
modelled, the 2.5D model will be the most comparable due to the extra torsion.

For the relief floor, the "positive"” side of the moments creates tension at the bottom side of the floor (sagging
bending moment), while the "negative" side creates tension at the top side (hogging bending moment).
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Figure 21. location governing sagging(left) and hogging (right) bending moments to determine the reinforcement (ULS)

The location of the maximum design bending moments of the relief floor for the Ultimate Limit State is shown
in Figure 21. Here it can be noticed that the sagging bending moments govern at a distance of 10,1 meter from
the exterior surface of wall A (location 1), and the hogging bending moments at the combi-wall (location 2)
and vibro-piles (location 3). Locations 1 and 2 are the most critical part for the top and bottom reinforcement
of the relief floor and will be modeled in an advanced way in chapter 5.

In the tables below, the ULS and SLS results of the internal forces for the 2D and 2.5D models at the critical
locations are shown. For the 2.5D model, the average result of the design bending moments is used, and the
governing result is used to calculate the normal and shear forces.

Table 18. Bending moment 2D model (ULS)

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

Relief floor 4,775 -3200 0 530

_ 10.100 -327 1634 530

I 15189 -1500 0 530

Table 19. Bending moment 2D model (SLS)

Structural element  Distance My+ My- Ned

m kNm KkNm kN
Relief floor 4.775 -1800 0 350
D 15489 -1000 0 350

Table 20. Shear force 2D model (ULS)

Ved
Structural element KN

Relief floor
(Between wall A and B) 610
Relief floor
(Between wall B and C) 1060
Table 21. Bending moment and normal force 2.5D model (ULS)

Structural Distance
element m

Relief floor 4.775

SO 1589

nd
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Table 22. Bending moment and normal force 2.5D model (SLS)

4.775 -1850 0 450
10.100 -200 1110 450
15.189 -1200 280 450

Table 23.Shear force 2.5D model (ULS)

531
800

In the tables below, the reinforcement for the 2D model is calculated at the critical locations. In appendix | an
explanation is provided about which limit state condition is governing when determining the amount of
reinforcement. The result indicates that the SLS condition (crack width) is governing when considering the
crack width of 0.22 mm from National Annex of the Eurocode 2. When considering the crack width of 0.4 mm
stated by Prof. Polder [13], the ULS condition (strength) is governing.

In this thesis, the crack width norm of the National Annex of the Eurocode 2 is considered and will be used to
determine the amount of reinforcement needed.

As a starting point, a base main reinforcement layer has been modeled for the top and bottom of the relief floor.
For the top layer @25 — 125 has been used and for the bottom layer @20 — 125 as base reinforcement. Hereafter,
additional reinforcement has been added at crucial locations until the crack width conditions are satisfied. A
strong enough shear reinforcement has been estimated to prevent shear failure in the optimization phase
described in chapter 4. When determining the reinforcement, the technical execution is not considered.

Table 24. Main reinforcement relief floor per meter quay at the critical locations (conventional 2D model)

Combi- -3200 550 -1800 350 Layer 1: @25 125 10674 68% 100%
wall

Layer 2: @32— 120

Vibro-  -1500 550 -1000 350 Layer 1: @25 —-125 5580 60% 98%
pile
Layer 2: @16 — 110
Between 1630 550 1030 350 Layer 1: @20- 125 6485 59% 95%
wall B
and C

Layer 2: @25- 125

Taking a look at Table 24 it can be noticed that the SLS conditions are governing, and less reinforcement is
needed to satisfy the ULS conditions. Because the primary goal of this thesis is to optimize the amount of
reinforcement and the geometry using an advanced calculation based on the ULS and the SLS, an artificial
reinforcement set has been determined until the ULS conditions are between 95 and 100%. The SLS condition
is neglected in this case. The SLS condition is likewise accomplished using the crack width of 0.4 mm stated
by Prof. Polder [13].

In Table 25, the main reinforcement where the ULS condition is governing is given where it can be observed
that no additional reinforcement is needed at the vibro-piles to satisfy this condition.
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Table 25. Main reinforcement relief floor per meter quay at the critical locations (ULS governing)

SLS
unity check

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

Combi-wall Layer 1: @#25- 125 96.1% 152%

] Layer 2: @25- 150

[0 Vibro-pile Layer 1: @25 — 125 3506 87% 170%

Between wall B Layer 1: @20- 125 3853 95.6% 170%
and C

I Layer 2: @16 150

Table 26. Shear reinforcement per meter quay (conventional 2D model)

Ved Shear reinforcement Reinforcement Shear capacity
kN area [mm?

Relief floor 1060 @20 - 300 1047 56%

Figure 23 illustrates the region over which the additional reinforcement of the relief floor is added. According
to NEN-EN-1992-1-1, the spreading distance at the supports can be determined using the ‘Shift rule’ of the

bending moment curve by summing up the distance a from the peak of the governing bending moment
the anchorage length (loq).

The following equations from the NEN-standards are used:

d=h—c—@MR —%a

braa =75 (75)
brad =4 \fpq
foa = 225 mM2fca
Where,
ar= spreading distance from the peak
d= effective height
c= reinforcement cover
PMR = diameter main reinforcement
a= distance between main and additional reinforcement
lod = anchorage length
Ibrgd =  the required anchorage length
al = the effect of the form of the bars assuming adequate cover
02 = the effect of concrete minimum cover
a3 = the effect of confinement by transverse reinforcement
a4 = the influence of one or more welded transverse bars along the design anchorage length
a5 = the effect of the pressure transverse to the plane of splitting along the design anchorage length
nl= a coefficient related to the quality of the bond condition and the position of the bar during
concerting
n2= related to the bar diameter
foa = the design value of the ultimate bond stress

with

(3.1)
(3.2)

(3.3)
(3.4)
(3.5)

The additional reinforcement at the bottom of the relief floor between walls B and C, which can be seen in

Figure 23 is added throughout the whole region.
Table 27. 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 1162.5 894 2202

Vibro-pile 15.189 1250 50 25 25 1162.5 1308 572 1880
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Figure 23. Reinforcement relief floor spreading distance of the additional reinforcement

12 NEN-EN1992 — Figure 9.2 - lllustration of the curtailment of longitudinal reinforcement, considering the effect of
inclined cracks and the resistance of reinforcement within anchorage lengths




Advanced approach

In this chapter, the concrete relief floor is modeled an advanced way in the three-dimensional space using
volume elements. Modeling is done with the use of the software package “DIANA FEA”.

DIANA stands for Displacement Method Analyzer and has been developed at the Dutch organization for
applied scientific research (TNO) since 1972. DIANA is a multi-purpose finite element software package that
is dedicated to a wide range of applications in Civil engineering including structural, geotechnical, tunneling,
earthquake, and oil & gas engineering. A width variety of engineering problems can be solved with this
program. Among other applications, the software is well equipped for the assessment of reinforced concrete.
Material aspects such as the cracking of the concrete, plastic yielding of steel, creep and shrinkage, aging, and
ambient influences, can also be considered in DIANA [7].

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

First, a linear analysis is performed to check if the results of the advanced model are close to the conventional
model. If this is the case, the advanced model has been modeled correctly. Hereafter, the reinforcement is
modeled, and nonlinear analyses are performed with the focus on the most critical parts of the relief floor
shown in chapter 4.3.

4.1. Linear elastic analysis advance model

To verify whether the structure has been modeled correctly and if the results of the conventional and advanced
models are comparable, a linear analysis has been performed. The load cases applied to the 2D model are
applied to the 3D model.

Figure 24. 3D model of the relieving platform (DIANA FEA)

4.1.1. Linear elastic modelling assumptions
In this paragraph, the modeling assumptions for performing the linear analysis are given. For the concrete and
steel, a linear elastic behavior is assumed. The material properties are given in Table 28.
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Table 28. material properties (concrete & steel)
Concrete

Linear elastic isotropic
20 GPa

0.2
.

Steel

Linear elastic isotropic
200 Gpa

03

0

For modeling, solid/volume elements® have been used with an element size that is calculated with respect to
the height of the relief floor. The element size is taken as 1/10 of the height (h), and results in 125 mm. The
element properties are given in Table 29.

Table 29. Volume/solid element properties
Element class Structural solid

Element type CHX60 — Brick, 20nodes (quadratic)

18

Shape dimensions

Topological dimension
Assumed stress field
Displacement field
Degree of freedom per node isplacement (ux,Uy,Uz)

Stress components OXX, OYY, 6ZZ, 6XY, OYZ, GZX

Interpolation scheme Isoparametric mapping from global (xyz) coordinate
system to a (§n() local coordinate system.

Integration scheme Numerical integration

w !
UU

w w
O O £

Singularity problems can be prevented by spreading the point loads and boundary conditions over a larger
surface. There are several ways to solve this, but in this case a distributed plate is used over the whole depth.
Because the distributed plate needs to be sufficient stiff, steel plates are used.

The area of the concrete and steel plates are connected using plane interface elements. The structural interface
elements'* describe the interface behavior in terms of a relation between the normal and shear traction and the
normal and shear relative displacements across the interface. The element and material properties of the
structural interface are given in Table 30 and Table 31.

Table 30. Plane interface element properties

Element class Structural plane interface

Element type Q24IF — plane quadrilateral, 4+4 nodes, 3D

£
AT

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

13 Diana manual 10.5 — Chapter 27. Solid elements
14 Diana Manual 10.5 — Chapter 35. Structural interface elements
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Table 31. Material properties plane interface element

Interface type 3D surface interface

Normal stiffness modulus 1e+07 kN/m3
Shear stiffness modulus 1e+06 kKN/m?3

In this thesis, the supports are modeled using spring connections®®. The 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 stiffness expressed
in KN/m. Additionally, with a face-to-face connection between the concrete and the environment and a stiffness
specified in kN/m3, boundary interfaces can be used. The element and material properties of the spring
connections are given in Table 32 and Table 33.

Table 32. Spring element properties
Element class Discrete translation spring/dashpot

Element type SP2TR — translation, 2 nodes
(9) robojokn (P) qizbjecemeuf (¢) arLeaz

“- e e T - -
x

T 5 x Iy
AN —= SNV o> AN —=

Degree of freedom per node Displacement (ux)

Table 33. Material properties spring element

Spring elements Stiffness
MN/m
Combi wall — vertical (z-direction) 240

Combi wall — longitudinal (y-direction 24
Vibro- pile — vertical (z-direction 100
Vibro- pile — longitudinal (y-direction 10
Anchors (x-direction) 24

4.1.2. Comparison between 2D - conventional and 3D advanced model
In this paragraph, a comparison is made between the linear elastic results of the 2D-conventional and 3D-
advanced models to determine the accuracy of the models.

In appendix I, the results of horizontal and vertical equilibrium of the external loading for the 2D-conventional
model and 3D-smarter model are shown for each load case. Here it is noticed that the forces are near to being
in equilibrium, indicating that the advanced model has been modeled correctly based on the load cases.

[ULS] [kNm] [kNm]

Mz- x=0.75 (At surface of ULS 1-2/4 -309.5 235.1 24.1%
wall A)

Mz- x=2.1 m (Bernoulli ULS 1-1/1 -982.8 909.4 7.5%

zone between wall A

and B)

Mz - x=4.025 (At surface ULS 1-1/1 -2084.7 1985.7 5.7%
wall B)

Mz+ x=0.75 (At surface of ULS 2-2/5 152.5 -180.1 18.1%
wall A)

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

15 Diana Manual 10.5 — Chapter 29. Spring and dashpot elements
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Mz- x=6.025 (Bernoulli ULS 1-2/12 -1781 1764.2 0.9%
zone between wall B
and C)
Mz- x=10.1(Bernoulli zone ULS 1-2/12 -327 326.3 0.2%
between wall B and C)
Mz- x=14.814 (At vibro- ULS 1-2/3 -1499 1582.9 5.6%
pile)
Mz- x=16.1 (At surface of ULS 1-1/23 -778.2 815.9 4.8%
wall C)
Mz+ x=10.1 (Bernoulli ULS 2-1/16 1633.9 -1635.2 0.1%
zone between wall B
and C)

4.1.3. Evaluation and discussion

The inaccuracy of the reaction forces between the 2D and 3D model is less than 5%. This concludes that the
reaction forces are equivalent between the models.

Looking at Table 34, it can be observed that the inaccuracy of the bending moments of the relief floor between
walls B and C is below 1%. In this region, the Bernoulli hypothesis of plane strain distribution applies (also
called B-region). At the surface of the walls, the inaccuracy is higher. This is due to the fact that in the 3D-
smart model Bernoulli’s hypothesis is inactive in the zone between the wall and the floor. This inactive zone
is called the discontinuity or distortion region (D-region) and is determined by 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
diagonal. Aside from the D-zones, there is also the fact that the dimensions of all structural elements are
realistically modeled, which causes the structure to react differently.

Also, notice that the inaccuracy of the bending moment of the relief floor between walls A and B in the
Bernoulli zone is below 10%. In appendix Il, a comparison is made on load combination level where the ULS
result has been calculated analytically. Here it can be noticed that the inaccuracy of 10% is a summation of
small differences that occur per load case. In Figure 25 the Bernoulli and distortion zones of the relief floor
are identified.

0-4,775 4,775 -16,7

] e —

2,002,775 6,025 — 14,85
B, i i
ermoulli zone Bernoulli zone 14,85 - 16,1

4,775 - 6,025
0.75-2,00 2,775 —4,025 Distortion zone |
Distortion zohe Distortion zone ] o
[ >

Distortion zone|
<+ —_— |

Figure 25. Bernoulli and distortion zone 3D model




4.2. Nonlinear approach

In this paragraph, the modeling assumptions for performing a nonlinear analysis is explained.

The Dutch Road Authority (Rijkswaterstaat) issued guidelines for nonlinear analysis of concrete structures
provided in RTD 1016-1:2020. These recommendations cover all forms of bridges (girder bridges, slab
bridges, box girder bridges, etc.), reinforced concrete, prestressed concrete, tunnels, and culverts. The safety
formats applied in RTD 1016-1:2020 and the fib Model Code 2010 are the same [16].

4.2.1. Reinforcement modeling approach smart model

A reinforced concrete structure in DIANA can be represented by plain concrete elements and steel
reinforcement bars or grids, each with its specific material properties. Cracking failure under tensile stresses
and crushing failure under compressive and shear stresses have been considered in the concrete material model.
For the steel reinforcement, Von Mises type elastic-plastic material models with user-defined hardening are
considered.

The following types of reinforcements is offered by DIANA:

- Embedded reinforcement®

The reinforcements are fully embedded in the elements in which they are located taking up no space
in the so-called mother element (do not allow relative slip). Additionally, neither do they influence the
mass of the element, nor do they have any degree of freedom of their own. Based on the displacement
of the mother element, the strains in the reinforcement are calculated. Between the steel reinforcement
and the concrete, a perfect bond is assumed, meaning that the displacement of the reinforcement node
is the same as the concrete element (no-slip). Also, after a crack develops, the tension in the steel is
transferred to the next element, causing another crack to develop.

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

integration point

Figure 26. Grid and bar reinforcement in solid element

- Bond-slip reinforcement®’
The deformation of the reinforcements may be different than the mother element in which they are
located (relative slip is allowed). This means that after a crack develops, tension transfer in steel is
restricted due to the slip. A certain distance is needed until a second crack is developed. The bond-slip
bars need to be specified for both the bond-slip interaction between the bar and the concrete as well as
the material behavior of the reinforcement bars [7].

4.2.2. Constitutive model concrete and steel

Constitutive models, also known as material models, are used in the finite element environment to specify the
constitutive behavior (stress-strain relationship) that is expected for the materials in the structure. The
recommendations for the constitutive model of concrete are determined according to guidelines provided in
RTD 1016-1:2020.

In Diana, cracking in concrete can be modeled using a smeared and discrete modeling approach. The advantage
of this smeared cracking model over a discrete cracking model is that cracks can form anywhere and in any
direction in the mesh. Within the smeared crack approach distinction can be made between fixed and rotating
crack models. In the fixed smeared crack model, the direction of the normal to the crack is fixed upon initiation
of cracks. Rotating crack models on the other hand allow the normal to the crack to rotate during the fracture
process [17].

According to the guidelines a total strain-based crack model (smeared cracking approach) with a rotating crack
is preferred for concrete, because it is not known in advance where the crack will start to develop in the model.

16 DIANA manual 10.5 — chapter 38.1. Embedded Reinforcement
17 DIANA manual 10.5 — chapter 38.2. Bond-slip Reinforcement




In this model, the stress-strain relationship is based on the total strain and is evaluated in the principal direction
of the strain vector.

Tensile behavior

The tensile behavior of concrete is modeled in Diana using a prescribed tension softening curve. According to
the guidelines it is recommended to use an exponential softening diagram. The following parameters need to
be defined:

- The Tensile strength ()
- The fracture energy (Gg)
- The equivalent length (heg)

(o
()

i1

hl.'q ¥
1 - £
=

Figure 27. Exponential softening diagram [18]

The ultimate strain parameter for exponential softening is given by:
Gr

hegxft

When the equivalent length is too large for softening materials, the post-peak response can show a snap-back

behavior. The descending branch of the softening diagram should not be too straight. The equivalent length

influences the softening behavior and should limited to:

&y = (4.1)

GrE,
heq < th—z (4.2)

Fracture energy (Gg)

The energy required to create a crack with unit area is known as fracture energy. It is a physical characteristic
that is independent of the size of the structure. The fracture energy is determined using the following equation
from the fib Model Code 10:

Gr =73 x 218 (4.3)

The equivalent length (heg)®

The equivalent length, also known as the crack-band width, is an important quantity in constitutive models
describing a softening stress-strain relationship.

Diana FEA offers three methods to determine the crack bandwidth (heg):

- Rots’ element-based method: The crack bandwidth depends on the size, shape, and interpolation
function of the used finite element. The default value for solid elements is heq = YV, where V is the
element's volume.

- Govindjee’s projection method: The crack bandwidth (heq) is defined as the projected length of the
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 it is recommended to use the method based on the initial direction of the cracks
and the element dimensions (Govindjee’s projection method).

18 Diana 10.5 Manual: Chapter 46.17.1.1. Crack bandwidth




Compressive behavior

According to the guidelines it is recommended to use a parabolic stress-strain diagram with a softening branch.
The softening branch is based on the compressive fracture energy (Gc) in order to reduce mesh size sensitivity
during compressive strain localization [18]. In order to account for tension-compression interaction and lateral
cracking, Vecchio and Collins' reduction model is adopted. The reduction curve's lower bound value is
indicated by the parameter .

1.2 Be
ac) ] = Vecchio and Collins

ay ac

f\:

- Mat
£9
Figure 28. Parabolic compression diagram and reduction of the compressive strength diagram [18]

The Compressive fracture energy is determined using the following equation from the fib Model Code 2010:
Ge = 250 X G (4.4)

For the steel reinforcement, an elastic-plastic material model with hardening has been used.

Material properties for the ULS and SLS verification

The material properties of concrete and steel for the ULS and SLS verification are determined according to the
guidelines provided in RTD 1016-1:2020. For the Ultimate Limit State verification, the global resistance
method is used, which is explained in paragraph 4.3.1. The objective of the nonlinear analysis is to simulate
the real structural behavior and to evaluate 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
resistance. When performing the GRF method the mean material properties (mean GRF) for calculating the
resistance are used [11]. For the calculation of the crack width in the Serviceability Limit State, the
characteristic value of the material properties has been used.

The correct input values of concrete and reinforcement steel are determined with the use of Table 85 and Table
86 given in appendix Il. The concrete and steel reinforcement material parameters for the ULS and SLS

verification are summarized below.
Table 35. Concrete material parameters for the ULS and SLS verification

Characterstic Mean GRF
31008 MPa 29373 MPa
2.02 MPa 2.6 MPa
0.135 N/mm 0.131 N/mm
30.0 MPa 25.5 MPa
33.7 N/mm 32.7 N/mm

Table 36. Reinforcement steel material parameters for the ULS and SLS verification

Characteristic Mean GRF
200000 MPa 200000 MPa
500 MPa 550 MPa
0.002 0.00275

540 MPa 594 MPa
0.05 0.05

In Table 37 and Table 38 a summary is given of the mechanical properties of the concrete and the steel
reinforcement.




Table 37. Summary mechanical properties of concrete

z ‘ R DI for natural and
built assets

Concrete C30/37 C30/37
Characteristic Mean GRF
Concrete and masonry Concrete and masonry
Total strain-based crack model Total strain-based crack model
31008 MPa 29373 MPa
0.2 0.2
2500 ki’ 2500 k¢
]
Rotating Rotating

Tensile curve Exponential Exponential

i i

2.02 MPa 2.6 MPa
0.135 N/mm 0.131 N/mm
Govindjee’s Govindjee’s
0.1 MPa 0.1 MPa

Compressive curve Parabolic Parabolic

Table 38.Summary mechanical properties of steel reinforcement

Reinforcement B500 B500

Safety format Characteristic
Material class Reinforcement

200000 MPa

Characteristic yield strength (fyk) 500 MPa

Stress confinement Selby and Vecchio

Material model Von Mises plasticity

Plastic hardening Total strain-yield stress

30.0 MPa 255 MPa

33.7 N/mm 32.7 N/mm

Vecchio and Collins 1993 Vecchio and Collins 1993
0.4 0.4

Selby and Vecchio

Mean GRF
Reinforcement

Von Mises plasticity
200000 MPa

-
|

f

550 MPa
1d strain strain (gyk 0.002 0.00275
540 MPa 594 MPa
0.05 0.05

4.2.4. Solution procedure nonlinear analysis

The equilibrium path is a graphical representation of the response (load-deflection) diagram that characterizes
the overall behavior of the problem. Each point on the equilibrium path represents an equilibrium point or
equilibrium configuration.

To find the solution to the non-linear analysis, a standard full Newton-Raphson algorithm is used to achieve
equilibrium between internal and external forces. This method is commonly used and updates the stiffness for
every iteration. The Newton-Raphson iteration method requires at least one iteration for determining when
equilibrium has been reached. In general, the unbalance forces will not be decreased exactly to zero, but a
tolerance must be established at which convergence is accomplished. The criterion is often a norm of the
unbalance force vector, the incremental displacement vector, or a norm based on energy [18].

]
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According to the guidelines provided in RTD-1016-2020, the convergence criteria, energy-norm together with
force-norm, is recommended. Load increments that satisfy at least one of the two norms are referred to as being
converged

Table 39. Convergence tolerance criteria according to guidelines provided in RTD-1016-2020

Convergence criteria Tolerance
Norm of the unbalance force 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 non-
convergence is supplied [18].

4.3. Limit state calculation using the advanced approach
In this paragraph, numerical analyses are carried out using Diana FEA. The calculation is done based on the
ULS and SLS-conditions according to the RTD-1016-2020 guidelines.

At the governing critical locations of the relief floor, which is explained in chapter 3.2, a nonlinear analysis is
carried out.

These locations are:

- Location 1: at a distance of 10,1 meter from the exterior of wall A (tension bottom side of the floor)
- Location 2: at the Combi-wall (tension topside of the floor)

In Table 40 a summary is given of the governing load combinations at the critical locations.
Table 40. Governing load combination for the bending moment at the critical locations

~ Location[m] Location 1 Location 2 Location 1 Location 2
_ ULS 2-1/16 ULS 1-2/4 SLS 1-2/11 SLS 1-1/3
INCT 1.20 1.20 1.00 1.00
e 1.00 1.00 1.00 1.00
- Lc22

e’ 1.00 1.00 1.00 1.00
L4 1.05

. Lca2 1.50 1.05 05 0.50
- Lcas 1.50 05
s 1.05 03

A Nor 2 R 0.90 0.6

. Lcr4 0.90 0.60
N e R 1.20 1.20 1.00 1.00

]
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4.3.1. Strength advanced verification

The ULS verification is done according to the GRF method explained in RTD-1016-2020. The consequences
of numerous uncertainties (of material properties, geometrical dimensions, etc.) are integrated into a global
design resistance and expressed by a global resistance factor. The design value of the ultimate load is regarded
as the design resistance Rq and is computed as follows:

Py

Rd = Pd = % (45)

Where P, represents the ultimate load that was determined by inputting the mean GRF mechanical parameters
into the analysis and the global resistance factor y,. According to the fib Model Code 2010, global resistance
factor is a multiplication of the partial safety factor of resistance (yr) and the model uncertainty factor (yrp).
The partial safety factor of the resistance is equal to 1.2.

The RTD-1016-2020 guidelines refers to a publication of Allaix (2020), who stated that “the global resistance
factor (yo) is equal to 1.4 and is based on a partial factor that accounts for uncertainties of the resistance model
of 1.15”. In the fib Model Code 2010, a lower value of 1.06 is used for the model uncertainty factor and results
in a global resistance factor of 1.27.

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. Because a sufficient reinforcement set for shear
has been chosen, only bending failure is expected. In a nonlinear analysis different strength for the concrete
and steel are used, which can cause sudden concrete crushing before yielding, or failure of the steel
reinforcement before crushing.

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

For the advanced strength verification, the conventionally designed reinforcement to meet the ULS has been
modeled in Diana FEA. The result of the physical non-linear analysis in terms of the load-displacement
diagram is shown in Figure 29.

Load-displacement graph at location 1
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Figure 29. Load - displacement graph at location 1 (820-125 + @16-150)

In Figure 29 it can be noticed that when the load stage of 75% is reached, the nonlinear effects are observed in
the structure. At a load stage of 75% the structure starts to crack and increasing the load to 142.5% the
reinforcement starts to yield. The maximal load is reached at a loading factor of 157.5%, which is 17.5% above




the global resistance factor of 1.4 for shear failure and 30.5% above the global resistance factor of 1.27 for
bending failure. The structure does not fail in shear, but in bending. This is established by taking a look at the
behavior of the stirrups, which do not yield when the maximal load is reached.

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 condition can be satisfied with less reinforcement. The ULS unity

check is equal to % %X 100% = 81%, which means that the structure can be optimized by about 19%.

Strength verification location 2
For the advanced strength verification, the conventionally designed reinforcement to meet the ULS has been
modeled in Diana FEA. The result of the physical non-linear analysis in terms of the load-displacement
diagram is shown in Figure 30.

In Figure 30 it can be noticed that the nonlinear effect is observed once a load stage of 35% is reached.
Hereafter, the structure begins to crack and increasing the load until 125% the reinforcement starts to yield.
The maximal load is reached at a loading factor of 1.4125%, which is 1.25% above the global resistance factor
of 1.4 for shear failure and 14% above the global resistance factor of 1.27 for bending failure. The structure
does not fail in shear, but in bending. 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 condition can be satisfied
with less reinforcement.

The ULS unity check is equal to #75 %X 100% = 90%, which means that the structure can be optimized by

1.
1.412
about 10%.

Load-displacement graph at location 2
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Figure 30. Load-displacement graph at location 2 (@25-125 + @25-150)




4.3.2. Crack width advanced verification

The crack width verification is based on the procedure given in the RTD-1016-2020 guidelines, which is also
referred to as the indirect method. When flexural cracks are present, the crack opening is calculated as follows:

w = Sr,maxgs (4-6)

Where &; is the average strain value of the main reinforcement in the cracked zone following from the analysis
and Sy nqx 1S the maximum crack spacing obtained using NEN-EN 1992-1-1. In appendix | the calculation of
the crack spacing is explained.

|
|

Figure 31. Crack spacing (Srmax) and crack width (wk)

Crack width verification at location 1
The crack width development at location 1 (Sagging bending moment) is examined followed by the crack
width development at location 2 (hogging bending moment).

For the crack width verification, the conventionally designed reinforcement to meet the SLS has been modeled
in Diana FEA. The result of the physical non-linear analysis in terms of the crack width development diagram
is shown in Figure 33.

In Table 41 the result of the crack width using formula 4.6 is shown. Between the two governing cracks in the
center of the relief floor, the mean reinforcement strain () value is determined for each load level. Hereafter,
the reinforcement strain (es) is multiplied by the distance between the cracks (Srmax) to get the crack width
(wK).

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

0.00100

S 0.00000

-0.00050
0.0 20000 40000 50000 80000  10000.0  12000.0  14000.0  15000.0  18000.0

Distance [mm]

Figure 32. Stabilized cracks at location 1 (left) and strain at the bottom reinforcement (180% loading)

Figure 32 shows the crack development at location 1, where flexural cracks are developed.
Table 41. Advanced crack width calculation at location 1 (reinforcement set @20-125 + @25-125)

load factor &s Sr.max [mMm] 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 1.82E-04 307 0.056
11 2.69E-04 307 0.083
1,2 5.50E-04 307 0.169
1,3 9.32E-04 307 0.286
14 1.04E-03 307 0.319
15 1.13E-03 307 0.346
1,6 1.21E-03 307 0.372
1,7 1.30E-03 307 0.398
18 1.38E-03 307 0.424
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Crack width development at location 1
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Figure 33. Crack width development graph at location 1 (reinforcement set @20-125 + @25-125)

Figure 33 shows that the cracks have not yet been fully developed when the structure is loaded at 100%. After
130% loading, there is a linear relationship between the crack width and the loading factor, indicating that the
cracks are fully developed.

Because the cracks have not yet been fully developed when the structure is loaded at 100%, the crack width at
this loading stage can be calculated as follows:

- Using linear extrapolation
- Reducing the tensile strength of concrete.
Using this method, the crack width will be stabilized at an earlier stage (at 100% loading).

The crack width at 100% has been calculated using linear extrapolation, shown in Figure 33.

For example, using the linear equation given in Figure 33 results in a crack width of 0.2726 x 1 — 0.00648 =
0.2078 mm at a loading stage of 100%.

Table 42. Crack width comparison IDEA and DIANA at location 1 (reinforcement set @20-125 + @25-125)

_ @20-125 + @25-125 6484 0.208 0.22 95%
_ @20-125 + @25-125 6484 0.2078 0.22 94%

In Table 42 the crack width value using the conventional and advanced approach is shown. From these results,
it can be concluded that the crack widths of both methods are comparable at location 1. To be sure that this is
the case a second analysis is performed with a different reinforcement set explained in appendix II.

20 00 00
TDAZ node 64646 [mm]

Figure 34. Load displacement graph location 1 (SLS)
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In Figure 34 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. The cracks are not yet fully developed at this loading stage.

Crack width verification at location 2

For the crack width verification, the conventionally designed reinforcement to meet the SLS has been modeled
in Diana FEA. The result of the physical non-linear analysis in terms of the crack width development diagram
is shown in Figure 36. For the crack width determination at location 2 the same procedure as for location 1 has
been used. Between the two governing cracks close to the surface of the wall of the relief floor, the mean
reinforcement strain (es) value is determined for each load level. Hereafter, the reinforcement strain (es) is
multiplied by the distance between the cracks (Srmax) to get the crack width (w).

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

0,00100
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Distance [mm]

Figure 35. Stabilized cracks at location 2 (left) and strain at the top reinforcement (right) (150% loading)

Figure 35 shows the crack development at location 2, where first a flexural crack is developed followed by
inclined flexural-shear cracks.

Table 43. Advance crack width calculation at location 1 (reinforcement set @25-125 + @#32-120)

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

Table 44. Crack width comparison IDEA and DIANA at location 2 (reinforcement set @20-125 + @25-125)

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

]
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In Table 44 it can be noticed that the crack width using the advanced approach is 15% less than the conventional
approach, which means that there is room for optimization. The SLS condition can be satisfied with less
reinforcement.

Crack width development at location 2
0,2000
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0,1600
0,1400
0,1200
0,1000
0,0800

Crack width [mm]

0,0600
0,0400
0,0200

0,0000
0 0,2 0,4 0,6 0,8 1 1,2

Loading factor

Uncracked stage —&— Crack fomation stage Stabilized crack stage
Figure 36. Crack width development graph at location 2 (reinforcement set @25-125 + @32-120)

Figure 36 shows that the cracks have been fully developed when the structure is loaded at 100%. Figure 37
illustrates that non-linear effects are active at a loading stage of 100%. It can also be noticed that cracks started
to develop at a loading stage of 60%.

TOAZ node 2683 (mm]

Figure 37. Nonlinear behavior at SLS stage (location 2)

4.4. Crack width advanced calculation using bond-slip model

In this paragraph, a numerical analysis is performed at locations 1 and 2 using a bond-slip model instead of
assuming a perfect bond between the reinforcement and the concrete. The difference is that slip is allowed
considering bond slip. The method for calculating the crack width using the guidelines provided in RTD-1016-
2020 is indirect. Using a bond-slip model and by summing the relative displacement at both sides of the cracks
results in a more direct estimation of the crack width. The bond-slip parameters are determined according to
the fib Model Code 2010, and the results are given in appendix I1.

The crack width is calculated using the indirect method provided in the RTD-1016-2020 guidelines at locations
1 and 2, followed by the direct method by summing the relative displacement (slip) at both sides of the cracks.

The indirect method has been carried out using the following two approaches for obtaining the maximum crack
spacing (Srmax):

- Using the formula provided in the Eurocode 2, as explained in appendix I.
- Measuring the distance between the two governing cracks in Diana FEA.
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Additionally, a mesh refinement is carried out to get as close as possible to the exact value of the crack spacing.
Initially, a mesh size of 100 mm (h/1.25) is used, and then the mesh is locally refined to 62.5mm (h/20). At
location 2 the calculation is carried out with a refined mesh size of 62.5 mm.

The crack width at 100% at location 1 has been calculated using linear extrapolation, shown in Figure 44.
Table 45. Comparison indirect method no bond slip vs using bond slip at location 1

@20-125+ @25-125 6484 307 0.208 0.22 94%

@20-125+ @25-125 6484 307 0.203 0.22 92%
©20-125+ @25-125 6484 301 0.1917 0.22 87%
@20-125+ @25-125 6484 281 0.1856 0.22 84%

According to Table 45, adopting a bond-slip model with crack spacing (Srmax) determined in accordance with
Eurocode 2 results in a slight decrease of the crack width, which is almost equivalent to the model without
bond slip. Measuring the crack spacing in Diana FEA results in a value of 301 mm, and adjusting the mesh
gives a value of 281 mm. Using bond slip and refining the mesh yields a value of 0.1856 mm for the crack
width and an SLS unity check that is 10% less than the conventional approach.

For the crack width determination at location 2 the same procedure as for location 1 has been used.
Table 46. Comparison indirect method no bond slip vs using bond slip at location 2

@25-125 + @32-120 10629 280 0.1864 0.22 85%
@25-125 + @32-120 10629 280 0.1827 0.22 83%
@25-125 + @#32-120 10629 250 0.1631 0.22 74%

According to Table 46, adopting a bond-slip model with crack spacing (Srmax) determined in accordance with
Eurocode 2 results in a crack width slightly less than the model without bond slip. Measuring the crack spacing
in Diana FEA gives a value of 250 mm, which yields a value of 0.1631 mm for the crack width. This results
in an SLS unity check that is 11% less than using a model without bond slip.

Figure 38. Crack width at location 1(150% loading) and location 2 (100% loading) using bond-slip model
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Figure 39. Steel strain at the bottom reinforcement (150% loading) and top reinforcement (100% loading)
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In Figure 38 it can be noticed that using a bond-slip model and reducing the element size gives a better
understanding of the crack development. At location 1, flexural cracks are developed and at location 2 flexural
cracks followed by inclined flexural — shear cracks.

In the previous results the indirect calculation of the crack width according to the guidelines provided in RTD-
1016-2020 is used. A direct estimation of the crack width is achieved by summing the relative displacement
(slip) at both sides of the cracks. Using this method will give the exact result of the crack width.
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Figure 40. Slip of the bottom reinforcement rebar (100% loading vs 150% loading)

In Figure 40 the slip curve of the bottom reinforcement rebar is shown, where it can be noticed that cracks are
not yet fully developed when the structure is loaded 100%. This can be established due to the very small value
of the slip at the bottom reinforcement.
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Figure 41. Slip of the top reinforcement rebar (60% loading vs 100% loading)

Looking at Figure 41 it can be established that cracks occur at the supports. A single crack occurs followed by
the development of more cracks when the load increases.

The crack width according to the slip-curve is determined at location 1, then at location 2. At location 1, the
cracks have not yet been fully developed when the structure is loaded 100%. The crack width is therefore
calculated using linear extrapolation, as described in chapter 4.3.2.




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

In Figure 42 the slip curve at a loading stage of 150% between the governing cracks at location 1 is given.
Using the finite element analysis with a smeared cracking model, the slip is spread over at least one element.
This causes the slip between the cracks to be connected with an ascending or descending line. In reality, the
crack is concentrated in the center of the crack surface, so instead of a gradual transition between positive and
negative slip values, both branches continue up to the center of the crack surface (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 of 0.2881 mm.

The same procedure described above is carried out at a loading stage of 140% and 130% to obtain the crack
width at 100% loading. Hereafter, the crack width at 100% loading is calculated using linear extrapolation,
which yields a result of 0.14 mm, illustrated in Figure 44. In comparison to adopting a model without bond
slip, this yields an SLS unity check of 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 crack surface is 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.
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Figure 43. Slip curve at the top reinforcement at location 1 (100% loading)

In Figure 44 and Figure 45 the crack width development at locations 1 and 2 between the no bond slip and
bond-slip model are shown.
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Figure 44. Crack width development using bond slip and no bond slip at location 1
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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 SLS unity check between the conventional and advanced
approach is given.

In Table 47 a summary of the ULS unity check between the conventional and advanced approach at locations

1 and 2 is shown.

@25-125 + @25-150 7944 96% 90%

Location2 |  @20-125 + @16-150 3853 96% 81%

Table 47. Summary ULS unity check (conventional vs advanced)

In Table 48 and Table 49 a summary of the SLS unity check between the conventional and advanced
approach at locations 1 and 2 is shown.

Table 48. Summary SLS unity check at location 1 (conventional vs advanced)

@20-125+ @25-125 6484 307 0.207 0.22 94%

@20-125+ @25-125 6484 307 0.208 0.22 94%
@20-125+ @25-125 6484 307 0.203 0.22 92%
@20-125+ @25-125 6484 281 0.1856 0.22 84%
@20-125+ @25-125 6484 = 0.14 0.22 62%

Table 49. Summary SLS unity check at location 2 (conventional vs advanced)

@25-125 + @#32-120 10629 280 0.219 0.22 100%
@25-125 + @#32-120 10629 280 0.1864 0.22 85%
©25-125 + @32-120 10629 280 0.1827 0.22 83%
@25-125 + @32-120 10629 250 0.1631 0.22 74%
@25-125 + @32-120 6484 = 0.155 0.22 70%
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4.6. Evaluation and discussion

Using the conventional approach results in an ULS unity check of 96% at both locations. Using the advanced
approach, the ULS unity check is reduced to 81% at location 1 and to 90% at location 2. This means that 19%
less reinforcement or concrete is needed at location 1 and 10% less at location 2. Compared to the conventional
approach, this is a reduction of the ULS unity check by 15% at location 1 and by 6% at location 2. The
optimization rate that is achieved is based on the assumptions of the quay wall of Engie.

It can also be noticed that at location 1 the ULS reduction is higher compared to location 2. In Diana FEA the
optimization percentage is directly related to the ULS unity check, which is directly related to the strength that
Diana FEA shows. In both cases it concerns bending, but in location 1 it is almost pure bending (V ~ 0), while
at location 2 the moment/shear ratio is different. Also, at location 1 the bending moment is spread over a wider
region compared to location 2. In the conventional approach, the shear force (V) and the course of the moment
line are not considered for checking the cross-section, while in the advanced approach, these factors are
considered. As a result, the maximum load at location 1 is reached at a later stage compared to location 2.
Based on the calculated ULS conditions the structure can be optimized at locations 1 and 2, which is
numerically examined in the next chapter.

Using the indirect method provided in RTD-1016-2020, the SLS unity check is reduced at location 2, but not
at location 1. This is because the nonlinear behavior of the structure is not completely active at location 1 when
the structure is loaded 100%, which is verified based on the load-displacement graph shown in Figure 46.

Nonlinear behavior locations 1 and 2
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Location 1 Location2 = = =100% loading

Figure 46. Load-displacement graph at locations 1 and 2 using the SLS

The conventional approach assumes a fully cracked cross-section when the tensile strength of the concrete is
reached. This is not the case for the advanced approach, which uses a tension-softening behavior, meaning that
the concrete still contributes after the tensile strength is reached. In Figure 47 the tensile behavior of the
concrete at locations 1 and 2 is shown.
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Figure 47. Tensile behavior of concrete at locations 1 and 2




Although the tensile strength has been reached at location 1, due to the softening behavior the concrete still
contributes when the structure is loaded 100%. The incomplete nonlinear behavior and the contribution of the
concrete results in cracks that are not yet fully developed. At location 2, the SLS unity check is 15% less than
the conventional approach, meaning about 15% less reinforcement is needed to satisfy this condition. Based
on the SLS conditions the structure can only be optimized at location 2, but not at location 1.

When using a bond-slip model, the crack width decreases. This results in a reduced SLS unity check at both
locations, implying that the structure can be further optimized with bond slip. When considering the crack
spacing of the Eurocode 2, the crack width between the bond-slip and no bond-slip models is comparable at
both locations. The optimization possibility is due to the measured crack spacing in Diana FEA. Also, directly
estimating the crack width based on the slip curve (direct method) provides the most favorable outcome. More
research should be carried out by further reducing the element size to get the exact crack spacing and also by
adjusting the bond-slip relationship curve of Figure 6.1-1 from the fib Model Code 2010. It is also
recommended that a different bond-slip model is used to investigate what the impact between the different
models is 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
convergence is 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 the computational 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 it preferable.




Optlmlzatlon phase

In this chapter, numerical analyses are carried out using the optimization rate for the ULS and SLS that is
established in the previous chapter. This is carried out to ensure that the optimization rate is correct and that
this result can be trusted. The analyses are done based on the optimization of the reinforcement and geometry
for the ULS, and the optimization of the reinforcement for the SLS based on the indirect method provided in
RTD-1016-2020 without using bond slip. The numerical analyses are not carried out using the optimization
rate obtained from using a bond-slip model, because more research should be done to obtain the exact crack
width. Also, the geometry is optimized for the SLS based on the direct method using Idea Statica.

5.1. Reinforcement optimization
In this paragraph, the reinforcement is optimized based on the ULS and the SLS using the optimization rate
that is calculated in the previous chapter.

5.1.1. Reinforcement Optimization based on the ULS

In this paragraph, a numerical analysis is performed where reinforcement at location 1 and location 2 is
optimized based on the ULS conditions. The reinforcement is optimized at location 1 followed by location 2.
From the results of the previous chapter, the reinforcement can be reduced by 19% at location 1 and by 10%
at location 2. The optimized reinforcement with the optimization rate for that reinforcement set is given in
Table 50.

Table 50. Optimized reinforcement set at location 1 and location 2
Reinforcement set Reinforcement area  Optimization

[mm?] rate
Location 1 ?16-125 + @16-125 3215 17%
Location 2 @25-125 + @20-120 6581 9%

At location 1, 17% less reinforcement has been used, which should give an ULS unity check close to 98%. For
the advanced strength verification, the optimized designed reinforcement to meet the ULS has been modeled
in Diana FEA. The result of the physical nonlinear analysis in terms of the load-displacement diagram is shown
Figure 48.
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Figure 48. Optimized load-displacement graph at location 1 (reinforcement set @16-125 + @16-125)




In the figure above the load-displacement graph for the optimized reinforcement set is shown. The maximum
load is about 3% above the GRF and the ULS unity check is % %X 100% = 98%. The same procedure has
been carried out at location 2 with 9% less reinforcement.
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Figure 49. Optimized load-displacement graph at location 2 (reinforcement set @25-125 + @20-120)

In Figure 49 the load-displacement graph for the optimized reinforcement set is shown. The maximum load is

about 3% above the GRF and the ULS unity check is 113?;5 X 100% = 97%.

5.1.2. Reinforcement optimization based on the SLS

In this paragraph, a numerical analysis is performed where the reinforcement is optimized at location 2 based
on the SLS conditions. The previous chapter stated that the reinforcement can be optimized by 15% at location
2, which means 15% less reinforcement can be used. A reinforcement set of @20-125 + @32-150 is considered,
which is about 13% less than the previous set. An SLS unity check close to 98% should be obtained using this
reinforcement set. For the crack width verification, the optimized designed reinforcement to meet the SLS has
been modeled in Diana FEA. The result of the physical nonlinear analysis in terms of the crack width
development diagram is shown in Figure 50.
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Figure 50. Optimized crack-development graph at location 2
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Table 51. Optimized crack width at location 2

10629 0.186 0.22 85%
9289 0.219 0.22 99%

In Table 51 the value of the crack width is shown for the optimized reinforcement set. The SLS condition of
the optimized reinforcement set is 99%, which is close to the predicted value.

5.2. Geometry optimization

5.2.1. Geometry optimization based on the ULS

In this paragraph, a numerical analysis is performed where the geometry of the structure at location 1 and
location 2 is optimized based on the ULS conditions instead of the reinforcement. At location 1, a maximal
loading factor of 1.575 is achieved, which results in a ULS unity check of 81%. To optimize the geometry an
opposite approach has been used where the height of the geometry has been reduced by about 18% instead of
the amount of reinforcement. The same procedure is carried out at location 2 with a reduction of the geometry
by about 8%. The internal forces change along with the geometry's dimensions.

In Table 52 the ULS unity check for the reduced geometry are shown. Also, a comparison is made between
the ULS unity check of the conventional, and advanced methods based on this reduction.

Table 52. Optimized geometry at location 1 and location 2 based on the ULS

1250 = @20-125 + #16-150 3853 96% 81%
1025 18% @20-125 + @16-150 3853 111% 96%
1250 = @25-125 + @25-150 7199 96% 90%
1150 8% @25-125 + @25-150 7199 105% 99%

From the result of Table 52 can be noticed that when the geometry decreases using the conventional approach,
the ULS unity check increases and becomes insufficient. The load-displacement graphs based on the optimized
geometry are shown in the figures below. As seen in Figure 51, the maximum load is 3.25% above the GRF,
resulting in an ULS unity check of 96%. In Figure 52, the maximum load is 2% above the GRF, resulting in
an ULS unity check of 99%.
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Figure 51. Optimized load-displacement graph at location 1 (h=1025 mm)
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Load-displacement graph at location 2 (geometry optimized)
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Figure 52. Optimized load-displacement graph at location 2 (h=1150 mm)

5.2.2 Geometry optimization based on the SLS

In this paragraph, the geometry of the relief floor at location 1 and location 2 is not numerically examined but
optimized using Idea Statica based on the SLS conditions instead of the reinforcement. Using the advanced
approach based on the direct method results in the most favorable outcome for the crack width. This results in
an SLS unity check of 63% at location 1 and 70% at location 2. The unity check using the conventional
approach is 95% at location 1, which is a difference of 32% compared to the advanced approach. At location
2 the unity check using the conventional approach is 100%, which is a difference of 30% compared to advanced
approach.

An assumption is made that the SLS unity check using the conventional approach should increase by 32% at
location 1, and by 30% at location 2 to achieve an SLS unity check of 100% using the advanced approach. As
a result, the SLS unity check using the conventional approach should be about 132% at location 1, and about
130% at location 2. The geometry is optimized until the SLS unity check mentioned above is achieved using
Idea Statica.

Table 53. Optimized geometry at location 1 and location 2 based on the SLS

Height Optimization Reinforcement  SLS unity ~ SLS unity

Location rate Reinforcement set area check check
[mm] [mm?] (IDEA) (Diana)
1 1250 - @20-125 + @25-125 7899 95% 63%
875 30% @#20-125 + @25-125 7899 132% -
2 1250 - @25-125 + @32-120 10674 100% 70%
975 22% @25-125 + @32-120 10674 128% -

Look at Table 53 it can be noticed that the geometry can be optimized by 30% at location 1, and by 22 % at
location 2.

5.3. Evaluation and discussion

From the result above it can be concluded that the optimization rate gives a good indication. Using the
advanced approach based on the ULS, reducing the reinforcement or geometry results in a maximal load close
to the GRF. To obtain an exact outcome on the GRF level, the structure must be precisely optimized depending
on the optimization rate.




Using the advanced approach based on the SLS, the reinforcement can be reduced by 15% at location 2.
Because the structure can only be optimized at location 2 and not at location 1 when a perfect bond is assumed,
the geometry is not optimized for the SLS. This is because the SLS condition at location 1 becomes insufficient
if the geometry is optimized based on the optimization rate at location 2.

Using the advanced approach based the SLS and the direct method result in the most favorable outcome. For
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 location 2 becomes insufficient if the geometry is optimized based
on the optimization rate at location 1.

Optimizing the reinforcement causes the bending moment resistance (Mgrq) in the ULS to decrease when
yielding is reached. As a result, the yield strength of steel is achieved at an earlier loading stage in Diana FEA,
which causes the maximum load to decrease. Additionally, the steel stress (os) in the SLS increases, which
results in an increase of the reinforcement strain () in Diana FEA. As a result the crack width increases.

Optimizing the geometry influences the internal forces, bending stiffness (EI), and section modulus (W) of the
structure. Due to the smaller level arm, the bending moment resistance (Mrg) in the ULS reduces when yielding
is reached. As a result, the yield strength of steel is achieved at an earlier loading stage in Diana FEA, which
causes the maximum load to decrease. The optimization of the geometry also has an impact on the shear
reinforcement, but since 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 Figure 53 the principle for determining the bending moment resistance using the equilibrium of forces when
yielding is reached is shown.

Ns=Aes fyd

Figure 53. Bending moment resistance using the equilibrium of forces

The optimization rate is utilized in the next chapter to compare the amount of steel and concrete used in the
conventional and advanced approaches.




Comparlson phase
In this chapter, a comparison is made between the advanced and conventional approach in the terms of the
amount of steel and concrete and the CO; footprint. Two design approaches are carried out: one that reduced
the quantity of steel by optimizing the reinforcement and another that reduces the amount of concrete by
optimizing the geometry. The optimization is carried out based on the ULS and the SLS, which consist of an
artificial and actual designed reinforcement explained in chapter 3.4. For the SLS, the optimization rate gained
using the direct method is used.

6.1. Comparison amount of concrete and steel
In the previous chapter, the optimized reinforcement and optimized geometry rate are given which will be used
in this paragraph. For 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. Reinforcement set distribution over the transverse direction of the platform

In this thesis the main reinforcement and the dimensions of the relief floor has been optimized. The total
amount of concrete and steel is determined based on the optimization of the main reinforcement at the critical
locations and the geometry. The amount of longitudinal reinforcement and stirrups has been neglected to get
a clearer understanding of the reduction rate.

For the conventional model, the main reinforcement at the top and bottom of the relieving platform runs along
the full length of the structure. The additional reinforcement at location 1(bottom side relief floor) is spread
over a distance of 11.875 meters and at location 2 (top side relief floor) over a distance of 4.4 meters. In the
advanced model, the reinforcement at locations 1 and 2 is optimized based on the ULS and the SLS while the
reinforcement is distributed similarly to the conventional model. In appendix I, the calculation of the amount
of reinforcement steel for the conventional and advanced approach is given.

The amount of steel is calculated based on the optimization of the main reinforcement, followed by the amount
of concrete based on the optimization of the geometry.

In Table 54 and Table 55 the total amount of steel and concrete used expressed in cubic meters and kilograms
for the conventional and advanced model by optimizing the reinforcement based on the ULS is shown. To get
the weight of the steel, the steel volume is multiplied by the weight of the steel per cubic meter, which is 7850
kg/m?®. To get the weight of the concrete, the volume of the concrete being used is multiplied with the weight
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of the concrete per cubic meter, which is 2500 kg/m?. In the tables below, the amount of concrete and steel
being used expressed in cubic meters and kilograms is shown.

Table 54. Amount of concrete and steel based on 40-meter quay (reinforcement optimized based on the ULS)

5.49 829.51 43100.6 2073773.70
5.13 829.87 40287.0 2074669.74
0.36 -0.36 2813.6 -896.04

Table 55. Amount of concrete and steel based on 220-meter quay (reinforcement optimized based on the ULS)

30.20 4562.30 237053.2 11405755.36
28.23 4564.27 221578.6 11410683.57
1.97 -1.97 15474.6 -4928.20

According to the results in Table 54, the advanced approach uses 2814 kg less steel than the conventional
approach. Using less steel results in additional space for concrete. Here it is clear that using less steel results
in 896 kg more concrete due to the additional open space. In Table 55 the amount of concrete and steel is
calculated using the entire length of the quay wall. The advanced approach uses 15474.6 kg less steel and
4982.2 kg more concrete compared to the conventional approach. This is 7% less steel being used compared
to the conventional approach.

For the optimization of the geometry, an opposite approach where the reinforcement remains constant has been
used, which is explained in the previous chapter.

Table 56. Amount of concrete and steel based on 40-meter quay (geometry optimized based on the ULS)

43100.58

829.51 2073773.70

1.15 5.49 43100.58 768 762,71 1865023.70

66,80 167000.00

Table 57. Amount of concrete and steel based on 220-meter quay (geometry optimized based on the ULS)

237053.17

4593 4562.30 11405755.36

1,315 30.20 237053.17 4225 4194.90 10487255.36

367.40 918500.00

According to the results in Table 56, it is clear that reducing the height of the geometry results is 167000 kg
less concrete. In Table 57 the amount of concrete and steel is calculated using the entire length of the quay
wall. The advanced approach uses 918500 kg less concrete compared to the conventional approach. This is
8% less concrete being used.
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For optimization based on the SLS, the same approach carried out for the ULS explained above has been used.
Table 58. Amount of concrete and steel based on 220-meter quay (reinforcement optimized based on the SLS)

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 in Table 58, the advanced approach uses 71078 kg less steel, which is a reduction of
23% compared to the conventional approach.

Table 59. Amount of concrete and steel based on 220-meter quay (geometry optimized based on the SLS)

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 in Table 59, the advanced approach uses 2525875 kg less concrete, which is a
reduction of 22% compared to the conventional approach.

6.2. Comparison CO; footprint

In this paragraph, a life cycle assessment (LCA) is performed to calculate the CO. footprint of the concrete
and steel. A life cycle assessment is a tool to quantify the environmental impact, in this case, the “global
warming potential”, which is expressed in “COz-equivalents”. The global warming 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 indication (ECI) value, a specific value in Euros is allocated to the unit
equivalent. The unit equivalent value for global warming potential is 0.05 €/kg CO, equivalents. This is the
value related to the costs required to compensate for the damage done to the environment. The total
environmental cost of a product is referred to as the “shadow costs” of the product [3]. The environmental
impact value of concrete C30/37 and reinforced steel are given in appendix Il, which is multiplied by the
amount expressed in kg.

A comparison is made between the CO. footprint of the concrete, and the steel based on ULS and SLS
optimization. The comparison is made between the conventional and advanced approaches, where the
reinforcement and the geometry are optimized. This provides knowledge on the best design procedure in terms
of the CO; footprint. The comparison is made between the conventional and advanced approaches where the
designed reinforcement is optimized.

In the tables below the calculated shadow costs for the ULS expressed in Euros are given.
Table 60. Shadow cost concrete and steel (conventional approach (ULS))

Shadow prize (Euro) per kg equivalents € 0.05
Impact category Unit Global warming Total Shadow costs
(GWP100)

kg CO2 eq Euro (€)
kg 1077770.265 € 53.888,51
kg 424649.3081 € 2123247
| € 7512098
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Table 61. Shadow cost concrete and steel (advanced approach (ULS)- reinforcement optimized)
Shadow prize (Euro) per kg equivalents € 0.05

Impact category Unit Global warming Total Shadow costs
(GWP100)
Unit kg COzeq Euro (€)
Concrete C30/37 (CEM III kg 1078235.949 € 53.911,80
Steel reinforcement for concrete kg 396928.6812 € 19.846,43
€ 73.758,23

Table 62. Shadow cost concrete and steel (advanced approach (ULS) - geometry optimized)
Shadow prize (Euro) per kg equivalents € 0.05

Impact category Unit Global warming Total Shadow costs
(GWP100)
Unit kg COz2eq Euro (€)
Concrete C30/37 (CEM 111 kg 969279.8631 € 48.463,99
Steel reinforcement for concrete kg 424649.3081 € 21.232,47
€ 69.696,46

CO2 footprint based on the ULS
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Figure 55. CO2-footprint between the conventional and advance approach based on the ULS optimization

From the results of Figure 55, it is clear that optimizing the reinforcement or the geometry results in a reduction
of the CO, footprint. Although the environmental impact of steel is greater than that of concrete, the reduction
in footprint achieved by optimizing the geometry is greater. This is because much more concrete is used than
steel. When compared to the conventional approach, optimizing the geometry results in €5.424,52 (6%) less
CO; emission, and optimizing the reinforcement in €1.362,75 (2%) less emission. This result is 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.

Also, a comparison is made between the CO; footprint 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
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Figure 56. CO2-footprint between the conventional and advance approach based on the SLS optimization

Looking at Figure 56, optimizing the reinforcement results in €6260 (8%) less CO emission, and optimizing
the geometry in €11934 (15%) less emission. This 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 the dimensions of the specific quay wall of Engie. The optimization is
performed using advanced calculations in Diana FEA with volume elements and by performing nonlinear
analyses based on the ULS and SLS. The expectation is that by using less material, the CO, emission will also
decrease.

The conventional approach consists of general assumptions, such as plane sections remaining 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 using the internal forces and is based on the NEN-EN-1992-1-1.

The results of this study lead to the following conclusions:

- The critical locations for the top and bottom reinforcement of the relief floor are identified, which are
at a distance of 10.1 meters from the exterior surface of wall A (location 1), and at the combi-wall
(location 2).

- When the reinforcement is calculated using the crack width of the National Annex of the Eurocode 2,
which is 0.22 mm, the SLS unity check governs. Using the conventional approach for designing the
reinforcement results in an SLS unity check of 95% at location 1, and 100% at location 2. Additionally,
an artificial reinforcement set is designed where the ULS unity check governs by neglecting the SLS
conditions. This is carried out to check whether the structure can be optimized based on the ULS. The
artificial designed reinforcement results in an ULS unity check of 96% at locations 1 and 2.

- The advanced approach for verifying the strength is done according to the GRF method explained in
paragraph 4.3. The design value of the ultimate load is regarded as the design resistance Ry and is
computed by dividing the ultimate load P, with the global resistance factor y,. 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 method explained in paragraph 4.3 and paragraph 4.4. The
indirect method is a multiplication of the average strain (&) with the maximum crack spacing (Sr.max),
and the direct method a summation of the relative displacement (slip) by adopting a bond-slip model.

- 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% at location 1 and by 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 for verifying the 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 results it can be concluded that the structure can be optimized at location 2, but
not at location 1.

Adopting a bond-slip model, measuring the crack spacing, and using the indirect method for verifying
the crack width results in a SLS unity check of 84% at location 1 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 the most favorable outcome




when used to determine the crack width. Based on the result above it can be concluded 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 approach in the terms of the amount
of steel and concrete based on the ULS and SLS optimization rate. For the SLS, the optimization rate
gained from the direct method is used. When optimizing the reinforcement based on the ULS, 7% less
steel is used, and when optimizing the geometry instead of the reinforcement, 8% less concrete
compared to the conventional approach. When optimizing the reinforcement based on the SLS, 23%
less steel is used, and when optimizing the geometry, 22% less concrete compared to the conventional
approach.

- Taking a look at the CO; footprint, optimizing the reinforcement based on the ULS results in 2% less
emission and optimizing the geometry in 7% less emission. Optimizing the reinforcement based on
the SLS results in 8% less emission and optimizing the geometry in 15% less emission. These 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 CO2emissions, it can be concluded
that optimizing the geometry instead of the reinforcement offers a more effective design strategy.

The main conclusion is that, based on the specific analyzed quay wall, optimization to reduce amounts of
reinforcement steel and concrete is possible using advanced calculations with volume elements and nonlinear
approaches.




Recommendations
The following recommendations are made based on the research presented in this thesis.

Failure mode and optimization

In this thesis, the main reinforcement is optimized based on bending failure. It is recommended for future
research to also optimize the longitudinal reinforcement based on bending failure and the shear reinforcement
based on shear failure.

In this thesis, for simplicity reasons only the relief floor is optimized. Future research can be performed if it
is also possible to optimize the walls. Also, when the cracks have not yet been fully developed, the crack width
is calculated using linear extrapolation. Another method to determine the crack width is to decrease the tensile
strength of the concrete, which can be performed in the future. By doing this, a comparison can be made
between the two methods.

In this thesis, the reinforcement has been optimized based SLS without bond slip. It is recommended for future
research to also optimize the reinforcement with a bond-slip model to determine if the optimization rate gives
a good indication. Also, the optimization of the geometry based on the SLS is not numerically examined. It is
recommended for future research to also examine the geometry numerically.

In this thesis, the optimization results are based on a specific analyzed quay wall. It is recommended for future
research to investigate if the same optimization rate is obtained if a different quay wall is examined.

Convergence criteria

Convergence is not reached for every step, and non-convergence 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 computational time. 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 bond-slip relationship curve of figure 6.1-1 from the fib Model Code 2010. It is also
recommended that a different bond-slip model is to be used to investigate what the impact between the different
models is on the crack width.

3D finite element model of the entire platform

In this thesis, a 3D model is built based on a relieving platform with a length of one meter. Although
optimization is possible, it is recommended for future research to build a 3D model of the entire length of the
relieving platform. By doing this, the spreading of the loads will be considered automatically, improving the
outcome of the internal forces in real-world applications.
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Appendices

Appendix I. Conventional part
In Appendix I, addition information about the conventional part is added that has been used in this thesis.
1.1. Conventional loading assumptions
The conventional modeling assumptions are derived from the reports of Engie. In this chapter, additional
information about the terrain load and substructural loads is described.
Terrain load
The horizontal load at the back wall of the quay is calculated using the formulas below, which is derived
from the report of Engie.

"l (230kPa — 40kPa)

Pl '_"'m“ (451-223)
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Figure 57. Horizontal load against the back of the quay [2]
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Loading substructures
In the tables below, the loads from the substructure are given. These results are derived from the substructural
report of Engie.

Table 63. Loading of the substructure [14]

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. Results 2D vs 2.5D model
In the tables below, the result of the reaction forces per load case and the bending moments for the ULS
between the 2D and 2.5D models are shown.

Table 64. Reaction forces per unit length (2D vs 2.5D)

[kN] [kN] [kN] [kN] [kN] [kN]
_ Combi- 672,3 2508,2 672,4 121,0 4518 121,1
wall
[0 Vibro-pile  129,9 317,2 139,1 40,1 92,2 40,4
[ Anchor 46,2 125,6 45,9 -161,1 -440,9 -161,2
Combi- 448,0 1694,0 454,1 80,6 307,5 82,4
[ Vibro-pile 5535 1264,0 554,4 158,7 358,8 157,4
[0 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 w272 62,6 275 7.8 -185 8,1
[ Anchor 41 11,1 4,1 14,2 38,9 14,2
Combi- 230,8 863,0 2314 416 1553 416
wall
[0 Vibro-pile  -478 -111,2 48,8 137 311 -13,6
[ 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 2098 4785 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 71 1,3 4,74 13
[0 Vibro-pile 60,1 140,7 61,7 17,5 39,7 17,4
[0 Anchor -29 795 29,1 101,2 2771 101,3
_ Combi- 421 1743 46,7 7,6 31,4 9,3
wall
[0 Vibro-pile  -138 -39,3 17,2 -4,0 113 -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 -493 111,0 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 3640 828,0 363,2 104,4 2375 104,2
[ Anchor 33,5 70,0 25,6 -116,8 -242,9 -88,8
Combi- 400,5 1347,9 361,4 721 2425 65,0
[0 vibro-pile  366,0 834,4 366,0 104,9 239,3 105,0
[0 Anchor 33,6 74,7 27,3 -117,0 -260,3 95,2
_ fvg“‘b" -141,1 5333 -143,0 -25,4 -96 -25,7
[0 Vibro-pile 171 392,7 172,2 49,1 109,7 48,1
[ Anchor -126,7 -350,3 -128,0 4419 1221,6 446,7

]
TUDelft



In the table below, the bending moment for the ULS of the relief floor between the 2D and 2.5D-models are
compared.
Table 65. Bending moment comparison 2D vs 2.5D (ULS)

Wall A -161,2 -170 5,5% 2365 2324 1,7%
wall B -3203 -3300 3,0% 0 0 0,0%
Sfeitin -327 3238 1,0% 16339 1660,3 1,6%
wall B and C

Vibro-pile  -1498,3 -1566,4 4,5% 0 0 0,0%
Wall C -710 7403 4,3% 655,2 700 6,8%

The conclusions drawn from the tables above indicate that the result of the 2D and 2.5D model 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 three-dimensional space gives a more accurate solution for determining the reinforcement. This
is because the 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. Concrete cover and crack width calculation

Between the reinforcement's area and the outside edge of the concrete is a space known as the concrete cover.
For the durability of the structure, the thickness of the concrete cover is very important. When cracking occurs,
the environment, such as corrosion, may have an impact on the reinforcement if the cover is too small. The
minimum requirement for the concrete cover and crack width depends on the environmental conditions and
exposure classes. In the picture below, the concrete cover and the maximal crack width is determined using
NEN 1992-1-1 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 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
X1, X02. X03 00T | Ww0iImm | Ag<75MPa

*  \por mileuklasse X0 en XC1 heeft de scheurwidie geen invoed op de duwrzaambeid; deze grens is
gestald om aen in hat algemesan asrvasrdbhaar uiterlk e verkrigan. Bif sbwezigheid van voonwaandan 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 NEN-EN-1992-1-1

The crack width is determined with the use of the software package ldea Statica which is based on the
guidelines of the Eurocode 2. The crack width is calculated according to chapter 7.3.4 of Eurocode 2 using the
following equation:

Wi = Sr,max(gsm - Scm) (I-l)
Where:

Wy : The design crack width

&m . The mean reinforcement strain

&m . The mean concrete strain between the cracks

Srmax - The maximal crack spacing

The following expression is used to compute the strain differential (g5, — €cm):

fcteff
Us_ktm(l"'“eps,eff) -

0,6 0.
(&sm — €cm) = B, =g, . (1.2)
Where:
O : The stress in the reinforcement
fetepr - The mean value of the concrete tensile strength
a, : Ratio modulus of elasticity: EES
psefrr - Effective reinforcement ratio: AAS
ceff
Acerr - Effective concrete area: he orrb

(h

heers : Effective height: min{("=2; 2,5(h — d))

b
d iy .
he 4¢ . !

(a) beam (b) slab

s
+d/2
e
o
-t

Figure 58. Effective concrete area




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

¢S,E
Sr,max = k3C + k1k2k4 pse: (|3)
With,
_ (n1¢§+n2¢§)
¢s,eq N (n1¢1+n2¢2) (I4)
Where,

c = cover of the main reinforcement.
bs,eq = the equivalent diameter of the reinforcing bars

n = Amount of rebars

The parameters for ki to ks are given in the table below.

k1 0.8 for high-bond 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 state calculation
In this chapter, the governing limit state is determined using the software package Idea Statica which is based
on the NEN-EN-1992-1-1.

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

- Itis considered that strain in 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 same as the 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 stress-strain diagrams.

- Reinforcement stresses are calculated in relation to strain from stress-strain
diagrams.

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

- Uncracked cross-section:
o The tensile strength of the concrete is not ignored.
o Concrete stress is directly proportional to the distance to neutral axis (linear
stress distribution).
o 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 to art. 7.1 (2) of the Eurocode 2 .
- Full cracked cross-section:
o The tensile strength of the concrete is ignored.
o Concrete stress is directly proportional to the distance to neutral axis (linear stress
distribution).
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o Reinforcement stress is directly proportional to the distance to neutral axis (linear stress
distribution) [21].
The difference between the uncracked-and cracked stage lies in the tensile strength of concrete.

To determine the reinforcement, the internal forces (bending moment, normal force, and shear force) of the
relief floor at location 1 (sagging bending moments) are used and applied in idea-statica. In the table below,
the ULS and SLS results are shown.

Table 66. ldea-statica results (Wnorm= 0,22 mm) (SLS & ULS)

Myd- (ULS) Myd- (SLS) Reinforcement Area total Strength Crack width
(bottom relief floor) [mm?] capacity (SLS)
1630 1030 @20 — 125 + @25 — 125 6485 58.5% 95 %
- . . . . 58.5
The minimum reinforcement needed to satisfy the ULS-condition is: Too X 6485 = 3794 mm?.

The minimum reinforcement needed to satisfy the SLS-condition is: % X 6485 = 6161 mm?.

From the results above it can be concluded that the SLS-condition 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 consequences of corrosion, it is acceptable to depart from
this standard. A maximum crack width of 0.4 mm as an upper limit is considered permissible [13].

Table 67.1dea statica result (wrno= 0,4 mm) (SLS & ULS)

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

1630 @20 - 125 + @25 — 6485 58.5%
125

Table 68. Minimum reinforcement (norm vs TNO)

‘Norm 022 3794 6161
FINOT 04 3794 3379

In Table 68, the difference between the amount of reinforcement needed to satisfy that crack-width condition
is shown. From these results, it can be concluded that considering a crack width of 0.4 mm the ULS condition
iS governing.

1.5. Governing load combinations (2D model)

The load combinations for the governing bending moments around the longitudinal axis, shear forces, and
normal forces of the relief floor in the ultimate and- serviceability limit state is shown in the tables below.
These results are derived from the 2D - Scia report given in appendix 111 and will be applied to the smarter
model.

For the relief floor, the "positive" side of the moments creates tension at the bottom side of the floor, while the
"negative" side creates tension at the top side.

Table 69. Governing load combination for the bending moment of relief floor A-B (ULS)

Structural element Relief floor A-B
Bending moment (Mz) Mz- 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)

]
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Load combination ULS 1-2/4 ULS 1-1/1 ULS 1-1/1 ULS 2-2/5

LC1 1,20 1,20 1,20 1,20
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 1,50 1,50

LC4-2 1,05 1,50 1,50

LC5 1,50 1,05 1,05
LC6 1,50
LC7-1 0,90
LC7-4 0,90 0,90 0,90
LC8 1,20 1,20 1,20 1,20

[Lca
[Lco1
[Lc22
[Lcs
[Lca1
[LC42
LC4-3
[Lcs ]
[Lce
et
[LC7-4
[Lcs |

Table 70. Governing load combination for the bending moment of relief floor A-B (SLS)
Structural element Relief floor A-B

Location [m] x=0,75(at surface wall x=2,1 (Between wall x=4,025 (at surface x=0,75 (at surface
A) A and B) wall B) wall A)
SLS 1-1/3 SLS 1-1/3 SLS 1-1/3 SLS 1-2/4
1 :
LC2-1 1 1
LC3 1 1 1 1
05 05 05
05 05 05
LC4-3
LC5 0,3 0,3 0,3
02
LC7-1 0,6
06 06 06
LC8 1 1 1 1
Table 71. Governing load combination for the bending moment of relief floor B-C (ULS)
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

1,50

0,90
1,20

1,50

0,90
1,20

1,05

1,50

0,90
1,20

Table 72. Governing load combination for the bending moment of relief floor B-C (SLS)

Structural element

Relief floor B-C

ARCADIS

1,50

1,05

1,20

for natural and
built assets

1,50
1,50

1,05
0,90

1,20

Bending moment

(M2) Mz-

Location [m]

Load combination

C
LC2-1
LC2-2

C
LC4-1

(SN

o
3,

LC4-2

o
Ul

LC4-3
C

LC6

LC7-1

- - -
a1 W =
[

o
w

LC7-4
LC8

o
o

(Y

SLS 1-1/3

x=4,775 (at
surface wall B)

Mz-

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

SLS 1-1/10

0,3

Mz-

x=14,184 (at

vibro pile)

SLS 1-1/2

[SESE

[uny

Mz-

x=16,1 (at
surface wall C)

SLS 1-1/7

0,5

0,3

Table 73. Governing load combinations for the normal forces of relief floor A-B and B-C (ULS)

Normal force (Nx)

Load combination

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

L
o N
(42}

=
[3)

LC7-1
LC7-4

NXx-
ULS 2-2/6

Relief floor A-B

Relief floor B-C

NXx+

ULS 1-2/9

1,2
1

1
1,05

1,5

Mz+

x=10,1 (between
wall B and C)

SLS 1-2/11

0,5
0,5

0,3
0,6

]
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Table 74. Governing load combinations for the normal forces of relief floor A-B and B-C (SLS)

Structural element

Normal force (Nx) NXx- Nx+
1 1
IS 1 1
I 1 1
IS 05
[Lc42 05
[Lcs 03
I

LC8 1 1

Relief floor A-B Relief floor B-C

Table 75. Governing load combination for the shear forces of relief floor A-B and B-C (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

- e
N

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

H B-5
o o1 o1
o1

= o
N ©

[Lce1 0]
jLes 00000000 ]
[Lca2 0]
[Lc43 0000000 ]
jLcs 0]
jLce 00000000 ]
[Lc74 ]

LC1- Dead load

Relief floor B-C
Vz+

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

1,2
1

1
1,5

LC2-1 - Earth pressure - Fundamental combination GWS: NAP -0,5m / OWL: NAP -1,0m
LC2-2 - Earth pressure- Incidental extreme low water GWS: NAP -1.00m / OWL: NAP - 2.35m
LC3- Water pressure - Fundamental combination GWS: NAP -0,5m / 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. Advanced part

In Appendix Il addition information about the advanced part is added that has been used in this thesis.

2.1. Comparison 2D vs 3D model (linear elastic analysis)

2.1.1. Based on Dummy load
In order to check whether the 3D-model has been successfully modeled. a dummy load of 10 KN has been
applied to the top of wall C of the 2D conventional and 3D advanced model.

1 —

[inear elasfic analysis
Dur

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

Table 76. Comparison dummy load (2D vs 3D model)

unit Element 2D-model 3D-model Accuracy

Horizontal reaction kN Combi-wall 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 Combi-wall 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 B-C 41,25 -41,69 0,9%

In the table above, the reaction forces, bending moments, and displacement of the 2D and 3D-model are shown.
Since the result’s accuracy is below 5%, it can be concluded that the 3D model has been modeled correctly
based on the dummy load.

2.1.2. Based on the load cases
In the table below the results of horizontal and vertical equilibrium of the external loading for the 2D-
conventional model and 3D-smarter model are shown for each load case. Here it is noticed that the forces are
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near to being in equilibrium, indicating that 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 gives
a better distribution of the loading on the area.

Table 77. 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]
ng'l""e'ght 858,350 835,300 2,7% 0 0 0,0%
?_rggf’ld S 1023700 1036000  1,2% 161,800 162,000 0,1%
Vli’gtgrl A 160,000 -61,500 2,5% 1,250 1,250 0,0%
Terrain load
above < 191,000 191,000 0,0% 0 0 0,0%
profile (LC-4-1
Terrain load
above relief floor REENE{] 453,000 0,5% 0 0 0,0%
LC-4-2
Terrain back of
the quay (LC-4- X 43,680 0,1% 120,000 120,000 0,0%
3
Bollardiload 0 0 0,0% 102,300 102,300 0,0%
LC5
0 0 0,0% -212,800 -212,800 0,0%

Fender load

LC-6

(irg[‘f_'load 800,000 800,000 0,0% 60,000 60,000 0,0%
C[""C'{‘;_'Zad 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

Hereafter, a comparison is made between the linear elastic results of the 2D-conventional and 3D- advanced
model to determine the accuracy of the models. In the tables below the reaction forces, the bending moments,
the normal forces, and the shear forces for the 2D-and 3D model that occur from the governing load
combinations given in appendix | are shown.

Table 78. Reaction forces (2D vs 3D)

Horizontal Error

reaction

Load case Structural Vertical Vertical Error Horizontal
element reaction reaction reaction

Self-weight Combi-wall
| Vibropile
]

Anchor 46,2 45,2 2,2% -161,1 -157,7 2,1%

Cleltalel elgesis Combi-wall — 448,0 450,0 0,4% 80,1 81,0 1,1%

LC2-1
[ Vibro-pile 5545 563,2 1,6% 158,7 161,3 1,6%
I Anchor 22,2 23,0 3,6% 715 -80,3 3,6%
B e sl Combi-wall - -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%
Combi-wall  230,8 230,8 0,0% 41,6 41,6 0,0%
above duct

profile (LC-4-1
[ vibro-pile -47,8 478 0,0% 137 137 0,0%
I Anchor 8,0 8,0 0,0% -27,8 -279 0,4%

Terrain Lol Combi-wall 2122 2144 1,0% 38,2 38,6 1,0%
above relief floor
LC-4-2

]
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[ vibro-pile 209,8 210,3
L Anchor 288 283
A Al eeee i Combi-wall 5,7 53
the quay (LC-4-
3
L Vibro-pile 666 67,0
. Anchor -28,6 -28,6
Bollard Loz Combi-wall 42,1 421
LC-5
[ Vibro-pile  -138 -137
S Amchor 283 283
Sepelap el (60 Combi-wall — -7,31 -7,3
6
L Vibro-pile  -493 -49,3
. Anchor 56,6 56,6
©lgle el (Be Combi-wall  402,6 403,1
7-1
[0 Vibro-pile 364,0 363,5
L Anchor 335 335
el eeel(Be Combi-wall — 400,5 402,2
7-4
[0 vibro-pile  366,0 364,3
DO Anchor 336 335
Substructural Combi-wall
loads (LC-8 -141,1 -141,1
[ Vibropile 171 171,1
I Anchor -126,7 -126,8
Table 79. Bending moments 2D vs 3D-model (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 wall
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 B
and C)
Mz- x=10,1(Bernoulli ULS 1-2/12
zone between wall B
and C)
- Mz- x=14,814 (At vibro- 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 B
and C)

0,2%
1,7%
6,2%

0,6%
0,1%
0,1%

0,7%
0,0%
0,1%

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

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

0,5%
0,3%

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

60,2
-100,3
1,0

19,1
100
7,6

-4,0
98,7
1,3
-14,3
-197,4
724
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

[Knm]
235,1

909,4

1985,7

-180,1

2737

1764,2

326,3

1582,9

815,9

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

-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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Table 80. Bending moment 2D vs 3D (SLS)

[SLS] [Knm]

Mz - x= 0,75 (At surface SLS 1-1/3 -129,7 122,9 5,2%
wall A)
x= 2,1 (Bernoulli SLS1-1/3 -529,2 485 8,4%
zone between wall A
and B)

Mz - x=4,025 (At surface SLS 1-1/3 -1195,5 1119 6,4%
wall B)

Mz- x=4,775 (At surface SLS 1-1/3 -1531,4 1508,2 1,5%
wall B)

Mz- x=6,025 (Bernoulli SLS 1-1/10 -733,6 716,1 2,4%
zone between wall B
and C)

Mz- x=14,814 (At vibro- SLS 1-1/2 -998,2 1060,6 6,3%
pile)

Mz- x= 16,1 (At surface SLS 1-1/7 -445,4 481,9 8,2%
of wall C)

Mz+ x=10,1(Bernoulli SLS 1-2/8 1029,3 -1028,9 0,0%
zone between wall B
and C)

Table 81. Normal forces 2D vs 3D-model (ULS)

[ULS] [Knm] [Knm]
ULS 2-2/4 -253,7 -260,1 2,5%

- NX + ULS 1-2/3 525,1 531,8 1,3%
Table 82. Normal forces 2D vs 3D-model (SLS)
[ULS]

SLS 1-2/4 -54,4 -62 14,0%

- NX + SLS 1-1/3 330,5 336,3 1,8%

[Knm]

Table 83. Shear forces 2D vs 3D - model

[ULS] [Knm] [Knm]
Ved- x=4,025 (At ULS1-1/1 -608 590,5 2,9%
surface  wall
B)
Ved+ x=4,775 (At ULS1-1/8 1060,9 -1047,4 1,3%
surface  wall
B)

Table 78 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 at Table 79 and Table 80, it can be observed that the inaccuracy of the bending moments of the relief
floor between walls B and C is below 2% (B-region). At the surface of the walls, the inaccuracy is higher (D-
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Also, notice that the inaccuracy of the bending moment of the relief floor between wall A and B in the Bernoulli
zone is below 10%. In the table below, the governing ULS result for the bending moment for relief floor A-B
at a distance of 2,1 meters is shown. From this table, it can be concluded that the inaccuracy is caused by small
differences per load case.

Table 84. Inaccuracy between wall A and B (ULS 1-1/1)

et 12 2856 34,92
_ 1 42 55,7 42 55,7 13,7
_ 15 129,5 135 194,25 202,5 8,25
[Lca2 0 15 72 84,2 108 126,3 183
fEes 7 1,05 187,4 206,5 196,77 216,825 20,055
_ 0,9 110,7 106,7 99,63 96,03 36
Les | 12 0 0 0 0 0
] 891,33 982,955 91,625

In the figures below a comparison is made between the governing internal forces of the relief floor between
the 2D-conventional and 3D-advanced model. The relief floor is split into two sections by walls A and B (relief
floor A-B) and B and C (relief 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

]
TUDelft
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A ARCADIS

Figure 60. Comparison internal forces at relief floor A-B between conventional and advanced model

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 -———
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Figure 61. Comparison internal forces at relief floor B-C between conventional and advanced model
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2.3. Assumptions nonlinear analysis
The material parameters of concrete and steel are determined according to the safety format given in RTD
1016-1:2017.

Table 85. Correct input values for safety format of concrete®

fc [MPa] fee [Mpa] E: [Mpa] Ge[Nmm/ mm?]  Gc [NTm/
mm

\EEURNEESVC W fom = for + Af Foom = 03(fom)s 5 = (f_m)§ Gr = 0.73 f5® Gc = 250 G
for concrete grades < €50 o C°5 10
Form = 2.12In(1 + 0.1(fmn) fup = ZUSLD RS
for concrete grades >C50
LA o« = fom — Af  for = 0.7fum Foe\s Gr = 0.73 f*°
Eqi=Eq (E)

= 0.85 2 1 G, = 0.73 £018
Mean GRF fcm,GRF fek fctm,GRF — O-S(fcm,GRF)3 E,;=Eq (fcm,GRF)B i7 fcm,GRF

for concrete grades < €50 10

fctm =212 ln(l + 0-1(fcm,GRF)
for concrete grades >C50

Design =ﬁ =ffk.min 1 G =0-73f0'18

Table 86. Correct input values for safety format of steel?
fy [MPa fi [Mpa Ec [Mpa

v=20.6 ym Es

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

:Steel B500 parameters according to characteristic safety format
> Es = 200000 fiic:= 300 fir = firk; fik:= 1.08-500 : fi = fik; epsilon[s] = % epsilon[t] == 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

19 Table 1 of Annex A from the RTD 1016-1:2017 guidelines
20 Table 2 of Annex A from the RTD 1016-1:2017 guidelines

]
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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

2.4.1. Strength advanced verification

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

ARCADIS s

In this chapter the behavior of the stirrups when the maximum load is reached is shown.

Figure 62. Behavior of the stirrups when the maximum load is reached using the conventionally designed reinforcement (left is

location 1 and right is location 2)

]
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Figure 63. Behavior of the stirrups when the maximum load is reached using the optimized designed reinforcement (left is location 1
and right is location 2)

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

2.4.2. Crack width advanced verification

In this chapter the crack width development at location 1 using a reinforcement set of @20-125 + @#32-200 is
determined. The conventional calculated reinforcement where the SLS condition is governing is modeled in

Diana FEA. Hereafter, a physical non-linear 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 - 0,0776
0,35
0,3
0,25
0,2
0,15
0,1
0,05

0 =
0,05 0 02 0,4 06 08 1 1,2 14 1,6 18 2

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

Figure 65. Crack width development reinforcement set @20-125 + @32-200
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Table 87. Crack width comparison IDEA and DIANA reinforcement set @20-125 + @32-200

Calculation Reinforcement Reinforcement wk wk SLS
method area [mm2] [diana] [norm] condition

IDEA @20-125 + @32-200 6534 0.219 0.22 100%

DIANA @20-125 + @32-200 6534 0.2132 0.22 97%

In the table above it can be noticed that the crack width using the advanced method is 3% less than the
conventional. Because the difference is slight, it can be concluded that the crack width between the
conventional and advanced approaches is comparable.

2.4.3. Bond-slip model

The bond-slip parameters are determined according to table 6.1.1. of the fib Model Code 2010 as seen in the

table below.
Table 88. Parameters defining the mean bond stress—slip relationship of ribbed bars according to table 6.1.1. of the fib Model Code
2010
1 2 3 4 5 6 2 Edit material
Name (Fib mode! code 2010)_Spitting/stirrups|
Pull-out (PO) Splitting (SP) Aspects to indlude
[ Thermal effects [ Maturity effects
Es < &y Ey < &y [ Anchor [ pamping
Good All Good bond cond. All other bond cond. &/ Renforcement bar
bond other - - - </ Bond-slp interface
cond. | bond |Unconfined [ Stirrups |Unconfined | Stirrups o st o &
cond. R—— f
Thmax 2'5\{[‘(.”! 125\{'{[ - 2. 5\{;,:1” 2. SVT(‘H: 1'25\{7:1" 1,25\{]"(‘,,, Bond-slip inter face failure model CEB-FIB 2010 bond-slip function
5lip parameters
- _ 0.25 0.25 0.25 . 30.25 aximum shear stress TAUmax®
Tou,split 7.0- @ 8.0- @ 5.0- M j55. @ ! feartress TAS 52 M
V55 Y155 Y155 2 55 Utmate shear stress TAUF®
Linearized initalsip section s0*
st [LOmm (L8 mm (s(Tpgpiid  (Soupii)  [STugpiid ST pti)
sz 20mm (3.6 mm |5 51 51 51 Featie iy seciens2”
N T ~ b D Relative slip section 53
§3 Celear Celear 125, 0.5¢c1ear 1.2 0.5¢c1ear Exponent slpha®
a 04 0.4 0.4 0.4 0.4 0.4
Reset state parameters on material change O
Tof 0.407,,4,(0.407;,4,|0 0'4Tbu..;pﬁ:‘ 0 0-"""»’.‘:11,&,-1!1.‘ T

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 loading the reference value 1, 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 (Error! Reference source not found. according to figure 6.1.1 of the fib Model Code 2010) [

11]:
Tp
Tp
Tp

Tp =

be

S\&
= Thmax (H)

= Thmax

= Thmax — (Tbmax - be)(S —52)(5§3 —s2)

, where the parameters are given in Table 88.

for0<s<sl
forsl1<s<s2
fors2 <s <s3

fors3<s

For the main reinforcement good bond conditions and a splitting-stirrups bond-slip model is assumed. The
parameters are determined below with the use of maple.
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023
taw_bu_split 2= 8- ( ‘f;—?] :
tau_bu_split_2 == 8.882820456

tan_f 2 = 04 tau_bu_split_2;
tau £ 2= 3553128182
-

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. Comparison conventional and advanced approach in terms of the CO; footprint

The amount of reinforcement expressed in cubic meters and kilograms for the ULS and SLS are shown in the
table below for the conventional and advanced approach. This is calculated based on the reinforcement
distribution.

Table 89. Amount of reinforcement based on the ULS (conventional 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 74 57950,3
- 3927 308 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

Table 90. Amount of reinforcement based on the ULS (advanced model)

| Locationl 3121 245 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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Table 91. Amount of reinforcement based on the SLS (conventional model)

10674
3927

2513

83,8
30,8

19,7

0
0

0

,0470
,0479

,0119

1,879
1,916

0,475

7,196

22971,9
147472
15043,6

3728,4

56491,1

ARCADIS

10,3
10,5

39,580

1263454

for natural and
built assets

81109,6
82739,5

20506,3

310700,8

Table 92. Amount of reinforcement based on the SLS (Advanced 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 37284 2,6 20506,3
5,550 43567,9 30,525 239623,3677

In the table below the environmental-data set is shown for different impact categories. These values are derived
from a case study of the Tu Delft course “CIE4100 — Material and Ecological Engineering”.

Table 93. Environmental- data set for the different impact categories [22].

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 [Photochemical |Acidificati [Eutrophicatio
t category Unit  |depletion (GWP100) (ODP) Human toxicity |ecotox. ecotoxicity ecotoxicity |oxidation on n
Unit kg Sb eq kg CO2 eq kg CFC-11eq |kg1,4-DBeq kg 1,4-DBeq |kg1,4-DBeq kg 1,4-DB eq |kg C2H4 kg SO2eq |kg 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 CO; 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
Table 93

]
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Table 94. Shadow cost concrete and steel (conventional approach (SLS))

Shadow prize (Euro) per kg €
equivalents 0,05
Impact category Global warming Total Shadow
(GWP100) costs
kg CO2 eq Euro (€)

1075553,951 €  53.777,70
556579,3159 €  27.828,97
€ 81.606,66

Concrete C30/37 (CEM 11 kg
Steel reinforcement for concrete kg
|

Table 95. Shadow cost concrete and steel (advanced approach (SLS)- reinforcement optimized)

Shadow prize (Euro) per kg € 0,05
equivalents
Impact category Global warming Total Shadow costs
(GWP100)
Unit kg CO2 eq Euro (€)
Concrete C30/37 (CEM 111 1077692,919 € 53.884,65
Steel reinforcement for concrete 429253,4797 € 21.462,67
€ 75.347,32
Table 96. Shadow cost concrete and steel (advanced approach (SLS)- concrete optimized)
Shadow prize (Euro) per kg € 0,05
equivalents
Impact category i Global warming Total Shadow costs
(GWP100)
Unit kg CO2 eq Euro (€)
Concrete C30/37 (CEM 111 836875,0658 € 41.843,75
Steel reinforcement for concrete 556579,3159 € 27.828,97
€ 69.672,72

]
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Appendix 1
3.1. 2D Scia report

3.1.1. Load cases 2D model
In this paragraph, the load cases applied to the 2D model are shown.

LC2-1 — Earth pressure (fundamental)

w
N
:
| - 29 0,00
i \ 53,’;_58 " SIS
| 00 00 &
*ﬁ'a I | i -
36,90 T _36.90
i III N L \ - N
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| .‘}_-‘I | | hE’ | —2819?
Figure 66. 2D model: LC2-1-Earth pressure(fundamental)
LC2-1- Earth pressure (extreme low water levels)
o
—
o
i 3,38 ]
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M | o
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Figure 67. 2D model: LC2-1-Earth pressure (extreme low water)
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LC3- Water pressure
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Figure 68. 2D model: LC3-water pressure

LC4-1- Terrain load above the deck
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Figure 69. 2D model: LC4-1- Terrain load above the deck
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LC4-2- Terrain load above the relief floor
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Figure 70. 2D model: LC4-2- Terrain load above the relief floor
LC4-3- Terrain load back of wall C
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Figure 71. 2D model: LC4-3- Terrain load back of wall C
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LC5- Bollard load

g —102,30

A

Figure 72. 2D model: LC5-Bollard load

LC6- Fender load

2,14

30,4040 P

-30,40
30,40

A

Figure 73. 2D model: LC6- Fender loads
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LC7-1- Crane load (groundside rail towards water)
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Figure 74. 2D model: LC7-1- Crane load (ground side rail towards water)
LC7-4- Crane load (waterside rail towards water)
o 3
C} [
- O
g o
ﬂ.
<+ |
|
@ —-60,00 '
ey
| 1;-1 | Fany
| _{ [ E/

Figure 75. 2D model: LC7-4- Crane load (waterside rail towards water)

%
TUDelft



LC8- loads from the substructure

3 | |

“350, Ool

o —136,00

Figure 76. 2D model: LC8- Substructural loads

3.1.2. Internal forces 2D model
In this paragraph, the distribution of the internal forces of the relief floor based on the ULS and SLS of the
2D model are 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
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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 ULS (2D 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.
LC2-1 — Earth pressure (fundamental)

Figure 82. 2.5D model: LC2-1- Earth pressure (fundamental)

LC2-2- Earth pressure (extreme low water levels)

X

Figure 83. 2.5D model: LC2-2- Earth pressure (extreme low water levels)
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LC3- Water pressure

Figure 84. 2.5D model: LC3- Water pressure

LC4-1- Terrain load above the deck

Figure 85. 2.5D model: LC4-1- Terrain load above the deck
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Terrain load back of the wall C
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LC4-2- Terrain load above the relief floor
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Figure 86. 2.5D model: LC4-2- Terrain load above the relief floor

LC4-3- Terrain load back of the wall C

Figure 87. 2.5D model: LC4

LC5- Bollard load
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Figure 88. 2.5D model: LC5-Bollard load

LC6- Fender load
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Figure 89. 2.5D model: LC5-Fender load
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LC7-1- Crane load (groundside rail towards water)

Figure 90. 2.5D model: LC7-1- Crane load (ground side rail towards water)

LC7-4- Crane load (waterside rail towards water)

Figure 91. 2.5D model: LC7-4- Crane load (waterside rail towards water)
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LCS8- loads from the substructure

Figure 92. 2.5D model: LC8- loads from the substructure

3.2.2. Internal forces 2.5D model
In this paragraph, the distribution of the internal forces of the relief floor based on the ULS and SLS for the
2.5D model are shown.

Values: myp+

Linear calculation

Class: Alle UGT 96.21
Extreme: Global

Selection: E10, E16

Location: In nodes avg. on macro.
Rotation of the planar system: -1200.00
LCS-Member 2D -1500.00

-1800.00
-2100.00
-2400.00
-2700.00
-3000.00
-3300.00
-3600.00
-3900.00
-4200.00
-4500.00
-4883.79

-600.00
-900.00

myp+ [kNm/m]

Figure 93. Design bending moment on the positive surface based on the ULS (3D model)
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Values: myp+
Linear calculation
Class: Alle UGT
Course: Average
Extreme: Mesh
Selection: Snede2
Location: In nodes avg. on macro.
Rotation of the planar system:
LCS-Member 2D

Figure 94. Average design bending moment on the positive surface of the combi-wall based on the ULS (3D model)

Values: myp+
Linear calculation
Class: Alle UGT
Course: Average
Extreme: Mesh
Selection: Snede4
Location: In nodes avg. on macro.
Rotation of the planar system:
LCS-Member 2D

Figure 95. Average design bending moment on the positive surface of the Vibro-piles based on the ULS (3D model)

103

Delft



z s RmDI for natural and
built assets

Values: myp-

Linear calculation s

Class: Alle UGT . 1758.70
Course: Average i 1400.00

Extreme: Mesh ~

myp- [kNm/m]

Selection: E10, E16, Snede22, 120000
Snede24 B . 1000.00
Lﬁacation: In nodes avg. on Macre o < 800.00
Qtatlon of t ) ~ > 5 600.00
400.00
200.00
0.00
B
£
g
Figure 96. Design bending moment on the negative surface based on the ULS (3D model)
Values: nyp —_
Linear calculation £
Class: Alle UGT 3465.66 Z
Extreme: Mesh 3000.00 =
Selection: E10, E16 a
Location: In nodes avg. on macro. 270000 iy &
Rotation of the planar system: 2400.00
LCS-Mem 2100.00
1800.00
1500.00
1200.00
900.00
600.00
300.00
-0.00
-300.00
-758.82

Figure 97. Design normal force based on the ULS (3D model)
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Values: nyp —
Linear calculation [
Class: Alle UGT 3455,66 z
Extreme: Mesh 000,00 =
Selection: E10, E16, Snede3 170000 e
Location: In nodes avg. on macro. 240,00 =
Rotation of the planar system: '
LCS-Member 2D 2100.00
1800.00
1500.00
1200.00
500,00
&00.00
300,00
-0.00
-300.00
— EXIE3 75882
: j‘ 7
iiiéigiiﬁé 5§ L
SAsReTangar 3
Figure 98. Design normal force distribution based on the ULS (3D model)
Values: qmaxb =
Linear calculation 15174.65 £
Class: Alle UGT 1000.00 g
Extreme: Mesh
Selection: E10, E16 200.00 )
Location: In nodes avg. on macro. 700,00 &
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Figure 99. Shear force based on the ULS (3D model)
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Values: Qmaxb

Linear calculation

Class: Alle UGT

Extreme: Mesh

Selection: E10, E16, Snede3
Location: In nodes avg. on macro.
Rotation of the planar system:
LCS-Member 2D

5&95&333‘2%&%;“;5& 5

Figure 100. Shear force distribution based on the ULS (3D model)

Values: myp+

Linear calculation

Class: Alle FREQ

Extreme: Mesh

Selection: E10, E16

Location: In nodes avg. on macro.
Rotation of the planar system:

Figure 101. Design bending moment on the positive surface based on the SLS (3D model)
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Values: myp+ l ™, e N
Linear calculation 1 i

Class: Alle FREQ 3
Course: Average
Extreme: Mesh

Selection: Snede2 <f
Location: In nodes avg. on macro.-
Rotation-of the planar system: \
LCS-Member 2D =

AT

Figure 102. Average design bending moment on the positive surface of the combi-wall based on the SLS (3D model)

Values: myp+
Linear calculation
Class: Alle FREQ
Course: Average
Extreme: Mesh
Selection: Snede4
Location: In nodes avg. on macro.
Rotation of the planar system:
LCS-Member 2D

Figure 103. Average design bending moment on the positive surface of the Vibro-piles based on the SLS (3D model)
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64.12. 2D internal forces; m_yD-

Values: myp-
Linear calculation T
Class: Alle FREQ 1109.93 -
Course: Average
Extreme: MestglJ 1000.00 g
Selection: E10, E16, Snede22, 900,00, a
Snede24 800.00 E
Location: In nodes avg. on macro. 700.00 {— -
Rotation of the planar system: 600.00
LCS-Member 2D 500.00
400.00
300.00
200.00
100.00
0.00
Figure 104. Design bending moment on the negative surface based on the SLS (3D model)
Values: nyp —
Linear calculation 13
Class: Alle FREQ 2535.28 E-
Extreme: Mesh 2200.00 =,
Selection: E10, E16 a
Location: In nodes avg. on macro. 2000:00 ) &
Rotation of the planar system: 1800.00
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Figure 105. Design normal force based on the SLS (3D model)
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Values: nyn

Linear calculation

Class: Alle FREQ

Extreme: Mesh

Selection: E10, E16, Snede3
Location: In nodes avg. on macro.
Rotation of the planar system:
LCS-Member 2D

Figure 106. Distribution of the design normal force based on the SLS (3D model)

3.3. lIdea Statica Results

In the figures below, the Idea Statica results of the 2D model between walls A and B (location 1), at the combi-
walls (location 2), and the vibro-piles (location 3). The reinforcement is calculated based on the conditions
where the SLS and ULS are governing. This is carried out because the main objective of the thesis is to

optimize the structure based on both conditions.

Reinforced cross-section: R 1

o -q--?--q-
|
|
R EE
T |

Concrete: C30/37

Age: 280d

Reinforcement: (B 500B)

25-125 mm (3927mm?), z = 563 mm
220-125 mm (2513mm?), z = -565 mm
25-125 mm (3927mm3), z = -513 mm
Links:

3,33216 - 200 mm

Cover:

Upper edge: 50 mm

Lower edge: 50 mm

ata

Overall Capacity N-M-M  Shear Interaction Crack Width Flexural Slenderness  Detailing

Overall
A Nea Meay Mg, Ved
R — ) kNm)] KNm kNI
Crack Width 3500 1030,0 0,0
Neg Meq,y Meg 2 Ved
LR K] (kNm] (kNm] KN]
Capacity N-M-M 550,0 1630,0 00
Shear 550.0 1060.0

Figure 107. ldea Statica reinforcement calculation at location 1 based on the SLS

Tea Value

[kNm] %] Check
947 OK
Teq value
k] %] Check
585 OK
0.0 736 OK

2535.28
220000
2000.00
1800.00
1600.00
1400.00
1200.00
1000.00
E00.00
00,00
400.00
200.00
0.00
-200.00
-400.00
-676.45

Project Data
Froject

Coge: EN 1992-1-1
National Annex:  Dutch

Design Working Life:50 years

Current section and extreme

Section: s1

Extreme: S1-E1
Design Member: M 1

Wember Type:  One-way slab
Exposure ClassXC3, XD1

ryp [kN/m]

=Y

Current section check

Current section status:(7)

Current extreme status:(7)
Check Value Status
Cap: 585 (V)
She: 736 @
Inter. 83,8 (]
Crac 947 (]

Flexi 0,0 ®

Current extreme forces

ULS  Freq
N[N 550,0 3500
My [khim] 1630,0 1030,0
Mz[Hm] 0,0 00

Wy [k 0,0 00
vzl 10800 00
T [ktim] 00 00
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X Project Data
Reinforced cross-section: R 1 Project:
z Code: EN 1382-1-1
i Concrete: G30/37 National Annex: Dutch
| Age: 28,0d Design Working Life:50 years
A Reinforcement: (B 5008)
Current section and extreme
. | * ©25-125 mm (3927mm3), z = 563 mm
£20-125 mm (2513mm?), z = -565 mm et 2l
| 2-120 mm (6702mm?), z = 509 mm Design Member: 1 1
. Links: Member Type:  One-way slab
| 3,33016 - 200 mm Exposure Class:XC3, XD
1 Cover: z
Upper edge: 50 mm T hiar
Lower edge: 50 mm E |
< -4y
Z - - 1 — - —| —=¥ j &
| Current section check
Current section status:(0)
! Current extreme status:()
| Check  Value  Status
l l L Cap: 680 (]
. . L . L] . She: 76,5 o
A T Inter 88,2 (v}
Crac 99,7 @
Flexi 0,0
L 1000 I, )
A 7 Current extreme forces
Freq
= N[k S50,0  350,0
] My [kNm] -3200,0 -1300,0
Overall  Capacity -MM  Shear Inferaction  CrackWidth  Flexural Slendemess  Detaiing Wzltim 00 00
L v 00 00
Vz[N] 10800 00
T telim] 00 00
Overall
. Neg Mgy Megr Vea Teq Value
CEEU BN 2 IN] ] WNml DNl D) 1 Check
Crack Width 350,0 -1800,0 00 997 OK
Nea Meq, Meq 2 Veg Tea Value
R [kN] WM Km0 kN (] ek
Capaciy N-M-M 550,0 -3200,0 0,0 680 OK
Shear 550.0 1060,0 0.0 765 OK e

Figure 108. Idea Statica reinforcement calculation at location 2 based on the SLS

Reinforced cross-section: R 1
z
I

B |

Concrete: C30/37
Age: 280d

N Reinforcement: (B 500B)
. q . o ’n- . '1 ] 525-126 mm (3827mm3), z = 563 mm
- " ¢ - 520-125 mm (2513mm?), z = -565 mm
| 216-110 mm (1828mm3), z = 517 mm
. Links:
| 3,33016 - 200 mm
i Cover.
Upper edge: 50 mm
Lower edge: 50 mm
=1
2 — [ [ S Y
|
|
|
. L . 0 0 . L .
U
|
I, 1000 I.
£ o
ata
Overall ‘Capacity N-W-W ‘Shear Interaction Crack Width Flexural Slenderness Detaiing
Overall
i Neg Meq, Meg, Vea Tea Value
Governing type of check i T iy 5 i) i Check
Crack Width 350,0 -1000,0 00 979 OK
Neg Meay Me.2 Vea Teg Value
ycecichec [kN] [kNm] [kNm] [kN] [kNm] [%] Check
Capacity N-M-M 550,0 -1500,0 00 600 OK
Shear 550.0 1060.0 00 725 OK A2

Project Data
Project

Code: EN 195211
National Annex.  Duteh
|Design Working Life:50 years.

Current section and extreme

Section 51

Extreme: 51-E1
Design Member: M 1

lember Type:  One-way siab
Exposure Class:XC3, XD1

o A

Current section check

Current section status:(Z)
Current extreme status:(7)
Check  Value
60,0
725
200
979
00

ooooo

Flexi

Current extreme forces

Freq
N KN 5500 3500
My [khim] -1500,0 -1000,0
MzIm 00 00
Vy [k] 00 00
vzl 10600 00
T ki) 00 00

Figure 109. Idea Statica reinforcement calculation at location 3 based on the SLS
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: : Project Data
Reinforced cross-section: R 1 Project:
z Code: EN 1982-1-1
) Concrete: C30/37 NationalAnnex:  Dutch
| Age 28,04 Design Working Life:50 years.
EN— Reinforcs
einforcement: (B 500B) =
Current section and extreme
. '] . qu * o "‘ . 5125 mm (3927mma), !
0-125 mm (2513mm2), e
e reme: S1-E1
| 6-150 mm (1340mm2), z = -517 mm Design Member: M 1
. Links: Member Type:  One-way slab
| 3,33916 - 300 mm Exposure Class:XC3, XD1
1 Caver: f
Upper edge: 50 mm o0 T
Lower edge: 50 mm |
-] -] d- -]
2 - - — - — ¥ | =y
|
bl o
I Current section check
. Current section status:(7)
! Current extreme status:()
Check Value Status
-L . . Cape 36 ©
. . . She: 96,1 (/]
A ] Inter. 96,1 @
crac 1898 @
Flexi 0,0
L 1000 |, °
4 4 Current extreme forces
Freq
5 N [kN] 550,0 350,0
ata Wy kNl 16300 1030,0
Overal  CapaciyW-M-M  Shear nferaction  CrackWidth  Flexural Slendemess  Detaiing Wzlkim 00 00
N Wy [kN] 00 00
Vz[kN] 10600 0,0
T [kNm] 00 00
Overall
i Neg eay Megz £ Teg Value
Governing type of check IkN] kN KNI KN [kNm) %] Check
Crack Widih 350,0 1030,0 00 169.8 NotOK
Neg Meqgy Mgy : Ed Teg Value
iteck [kN] [kNm] [N kN] [N %] S
Capacity N-M-M 550.0 1630.0 00 956 OK
Shear 550.0 1060.0 00 9.1 0K -

Figure 110. Idea Statica reinforcement calculation at location 1 based on the ULS

lain s X
Reinforced cross-section: R 1
z
i Concrete: G20/37
. | Age:280d
N Reinforcement: (B 500B)
. '] * M) q . 0625-125 mm (3927mm3), z = 563 mm
el e ojije o | 620-125 mm (2513mm?), z = -565 mm
| ©25-150 mm (3272mm?), 513 mm
Links:
| 3,33216 - 200 mm
| Cover:
Upper edge: 50 mm
Lower edge: 50 mm
=1
o B R e e ad
[
|
|
. LA . -b CI) L .
U |
L 1000 I.
£ =
Jata
Overall Capacity N-hi-W Shear Interaction Crack Wwidth Flexural Slenderness Detailing
Overall
i Nea Meq, a2 Veq Tea Value
Governing type of check o Bis) e B T e Check
Crack Width 50,0 -1800,0 0,0 1521 Not OK
Neo Meq, Meq 2 Veq Tea Value
e [N] fiNm] k] [N] k] %) Check
Capacity N-M-M 550,0 -3200.0 00 9,1 OK
Shear 550.0 1060.0 0.0 716 OK e

info

Project Data

Project

Code: EN 1992-1-1
NationalAnnex:  Dutch
Design Working Life:S0 years.

Current section and extreme

Section s1

Extreme: S1-E1
Design Membar: 1 1

lember Type:  One-way slab
Exposure Class:XC3, XD1

Current section check

Current section status:(3)
Current extreme status:(2)
Check Vae Status

Cap: 95,1
Sher 716
inter 95,1
Crac 1521
Flext 0,0

Q0000

Current extreme forces

us  Freg
NN 5500 3500
My [k -3200,0 -1800,0
MzkNM 00 00
Vy [kH] 00 00
vzl 10800 00
TR 0 00

Figure 111. Idea Statica reinforcement calculation at location 2 based on the ULS
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1ain = % |nfo
0 Project Data
Reinforced cross-section: R 1 Project:
4 Code: EN 199211
i Concrete: C30/37 NatinalAmnzic  Duteh
| Age: 28,0 d Design Warking Life:50 years
— R ! .
einforcement: (B 500B) .
Current section and extreme
. '} . 'fn o o ’1 . 625-125 mm (3927mm?), z = 563 mm = =
o - ection
a20—125 mm (2513mm?), z = -565 mm Extreme: S1-E4
| Links: Design Member: 1 1
N 3,33816 - 200 mm Member Type: One-way slab
| Cover: Exposure Class:XC3, XD1
| Upper edge: 50 mm i
Lower edge: 50 mm OO
o [ -
2 —| — I — - -
|
|
s ).
| Current section check
Current section status:(2)
I Current extreme status:(7)
| Check Value Status
L - l caps 87 ()
. o N o . Shee 708 @
N ] Inter. 936 (V)
Crac 170,11 (x]
Flea 0,0
L 1000 I, °
4 i Current extreme forces
Freq
NN 5500 3500
Data My [KHm] -1500,0 -1000,0
Overall  Capacity MMM  Shear iieracon  CrackWidth Flexural Slendemess  Detaiing 0z k] X Y
L vy 00 00
VZINL 10600 0.0
[kl 00 00
Overall
i Neg Meq, Mgy, Veg Ted Value
Governing type of check s e e 5 ) %) Check
Crack Width 3500 -1000,0 0,0 70,1  Not OK
Neg Megy Meg, Ed Teq Vvalue
MO R K] KNml KN KN GNm D Check
Capacity N-M-1 5500 -1500,0 00 86,7 OK
Shear 550.0 1060.0 00 708 | OK e

Figure 112. Idea Statica reinforcement calculation at location 3 based on the ULS
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