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Preface

After two and a half years of following the Structural Engineering program at TU Delft, this thesis
marks the end of my academic journey in Delft. Working in collaboration with BAM Infraconsult bv, a
parametric model was built to examine the impact of parameters on the design of underwater concrete
floors. The study also assesses the potential for material savings through the incorporation of fibre
reinforcement. The developed model provided an opportunity to contribute to the advancements within
BAM Infraconsult in regard to parametric design. By further refining the model, a design tool was
created that can be used in future projects to determine economically optimized designs for underwater
concrete floors.

My first hands-on experience with an underwater concrete floor was on a tunnelling project where I did
a practical internship for my bachelor studies. On the first day, I was tasked with measuring how far
cuts of tensile elements were outside the execution tolerance. During my internship I witnessed the
entire execution process from casting underwater concrete floors to constructing tunnel elements in the
building pit. Ever since, I have been fascinated and eager to learn more about this subject. When Johan
Tuls approached me with this thesis opportunity, I was excited to take it on. It was a great chance to
delve into a topic I have been interested in for years and learn about a new parametric design approach
that will be important for the future of a structural engineer. I can say without a doubt that this
experience has taught me a lot and expanded my knowledge on multiple fronts.

I would like to express my gratitude to the graduation committee, Max Hendriks, Cees Blom, and Hans
Ramler, for their insightful advice and constructive feedback during my thesis period. Their support
elevated the quality of my work and provided me with a new perspective on the topic at times that it
was needed. A special thanks goes to Johan Tuls, who gave me the opportunity to work on this thesis
project that I truly enjoyed over the last nine months. Introducing me to the parametric design approach
has given me a more comprehensive skill set and I am confident that it will serve me well as I embark

on my career.

Pim van Starrenburg
Delft, March 2023
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Summary

In the construction of subsoil structures, a common challenge is the presence of a high groundwater
level in combination with the absence of a naturally impermeable layer or an environment susceptible
to settlements due to lowering the groundwater level. To overcome this issue, a building pit with an
underwater concrete floor (UCF) can be constructed. The UCF ensures structural rigidity and allows for
the building pit to be drained such that a dry and safe subsoil construction site is obtained.

The objective of this thesis is to investigate how design efficiency of underwater concrete floors can be
improved. In an effort to reduce material usage and achieve cost-effective structures, the following
research question was stated:

“What is the influence of design parameters and how can parameters be adjusted to improve design
efficiency of an underwater concrete floor, and fo what extent can the addition of fibre reinforcement
contribute to this optimization?”

A parametric model was developed to provide insight to the sensitivity of parameters and their impact
on design resistance. Furthermore, the model was utilized to examine under what circumstances
potential material savings can be obtained by implementing fibre reinforced concrete in UCF’s. This
was accomplished through the evaluation and comparison of the minimum required thickness based on
bending moment resistance in various scenarios, for both UCF’s and steel fibre reinforced UCF’s
(SFUCEF).

Results obtained with the parametric model established that, in order to enhance the bending moment
resistance of an uncracked UCF, increasing the nominal thickness becomes relatively more effective
compared to increasing the concrete strength class for higher normal forces. When utilizing a
compression arch to obtain bending moment resistance, the implementation of ribbed tensile elements
or an increase in nominal thickness are found to be the most suitable methods for increasing resistance.
For enhanced shear force resistance, increasing the nominal thickness over the concrete class provides
relatively more additional resistance for slender UCF’s. The results found that through the application

of ribbed piles, most punching shear force resistance can be obtained.

Three use cases for a SFUCF were identified using the parametric model. When centre to centre (c.t.c.)
distances larger than 4.4m are applied in combination with a substantial normal force, significant
material savings of up to 0.3m thickness are possible, which equates to a reduction of material usage by
30%. For situations where the effective height of the compression arch is small, it was also found that
material usage could be reduced by 30%. Perhaps the most significant use case for a SFUCF is when
the normal force is close to zero, and additional normal force cannot be obtained through membrane
action. In these situations, the application of a SFUCF can make an otherwise near impossible project
feasible.

As a new design approach, a cost-based optimization tool was developed using the parametric model.
An already executed UCF was evaluated using the tool, it was determined that a more cost-effective
design could have been achieved, with potential savings of up to 30% in costs.
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This thesis has made significant contributions to the field of civil engineering by providing detailed
insights into the impact of various parameters on the design of (SF)YUCF’s, thereby enabling more
informed decision-making when utilizing a traditional design approach and improving design
efficiency. Moreover, the thesis has advanced decision-making with respect to the incorporation of
steel fibre reinforcement in UCF’s. The parametric approach used in this thesis facilitates exploration
of the application of fibre reinforcement across a wide range of load cases and sets of parameters. This
allows more exact insight in scenarios where steel fibres provide additional value as well as the
quantification of their added value.

This thesis is also innovative in that it introduces a new design approach for (SF)UCF’s. The
optimization tool, which was derived from the parametric model, effectively bridges the two
disciplines of computer science and civil engineering, enabling the identification of optimal designs for
structural elements using computer-based methods.
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1. Introduction

In the construction of subsoil structures, such as parking garages or tunnels, the excavation of the
building site is a crucial stage in the execution process. One of the challenges faced in the Netherlands
is the presence of a high groundwater level. A method to address this issue is to artificially reduce the
groundwater level, which facilitates the excavation process without the need for temporary structures.
However, this approach may have adverse effects on nearby buildings, such as a loss of skin friction
along pile shafts [1]. To mitigate these issues, building pits are commonly constructed as a safer and
more effective method of creating a dry building site. To prevent leakage and upburst, natural
watertight layers or soil-injected layers may be used. In cases where these methods are undesirable or
not feasible, an underwater concrete floor (UCF) can be cast, which is an expensive but widely applied
method. Figure 1.1 depicts a typical cross-section of a building pit with a UCF.

Figure 1.1: cross-section building pit

The structural components of a building pit comprise retaining walls, tensile elements, and a UCF. The
UCF serves two functions; it creates a watertight boundary of the building pit and acts as a strut,
mitigating deflection of the retaining walls. As a result, large normal forces are introduced into the
UCF. To prevent upburst and counteract the vertical loads exerted by the hydrostatic pressure head and
heave, tensile elements are used. The UCF is cast after the soil between the retaining walls has been
excavated, and the concrete mix contains anti-washout admixtures preventing the mixture from
segregating when submerged [2]. Once the concrete has hardened, the water in the building pit can be
drained to create a dry building site.

The application of a UCF as a structural element is often temporary due to the absence of
reinforcement. Applying conventional reinforcement is a challenge due to the execution method and
large tolerances that should be accounted for. In addition, diver safety plays a role in opting not to use a
reinforced UCF. As a result, UCF’s often require large thicknesses or close centre to centre distances
between the tensile elements, which lead to high financial costs and significant material consumption.
By providing insight into efficiently altering the design parameters of a UCF, these disadvantages may
be mitigated.
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An alternative method for reducing material usage and cost of a UCF may be the use of fibre
reinforcement. The addition of fibre reinforcement enables equilibrium in the cross-section, even in the
post-cracking stage. As a result, more energy can be stored in the system and a more ductile response
can be obtained. Unlike conventional reinforcement, fibre reinforcement does not have the same
disadvantages concerning execution difficulties.

Recent advancements in hardware and software have provided civil engineers with accessible tools,
allowing for development of parametric models. By creating a parametric model for the design of a
UCF, a comprehensive understanding of the impact of design parameters can be gained. Furthermore,
the potential benefits of incorporating steel fibre reinforcement can be explored through data generated
using the parametric model. The design of a UCF is comprised of a set of parameters that define its
geometry and therefore, material usage and cost. An optimization tool based on the parametric model
can provide an efficient method for comparing design alternatives and finding the optimal set of
parameters for a specific project, based on cost. The desire of reducing material consumption and cost,
which are related, has resulted in the formulation of the following research question:

“What is the influence of design parameters and how can parameters be adjusted to improve design
efficiency of an underwater concrete floor, and to what extent can the addition of fibre reinforcement
contribute to this optimization?”

In the following section, the research question will be further elaborated. Furthermore, the main goal,
scope and methods of this research will be described.

1.1 Main goal

The research question gives rise to the primary objective of this thesis, which is to:

Create a parametric model of a (fibre-reinforced) underwater concrete floor in a programming language
to generate data that can provide insight into the influence of parameters and fibre reinforcement on the
design of a UCF, and to develop an optimization tool using the parametric model that can find the

optimal set of parameters for a specific case, based on price.

To accomplish the primary objective, the thesis has been divided into four parts. The main goal was
broken down into sub-goals expressed as secondary research questions. Each part of this thesis focuses
on a specific topic, with corresponding secondary research questions, which facilitates a step-by-step

approach to answering the main research question.

Part 1: Literature study & parametric model (chapter 2 & 3)
1. What is a suitable method to model a (fibre reinforced) UCF and how can the force distribution
be found in a parametric manner?
2. What failure mechanisms should be considered when verifying the resistance of a UCF and
what calculation procedure can be used?
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Part 2: Parameter influence on design efficiency (chapter 4)
3. What parameters influence the resistance of the failure mechanisms to be considered in the
design of a UCF and how can these parameters be altered to improve design efficiency in a
traditional design approach?

Part 3: Fibre-reinforced UCF (chapter 5)
4. How does the addition of fibre reinforcement influence the behaviour of a UCF and in what
scenarios can the addition of fibres be beneficial in terms of material savings or resistance
gain?

Part 4: Optimization tool (chapter 6 & 7)
5. How can a user-friendly tool be developed that chooses a set of parameters from a large pool,
based on cost, leading to the optimal design for a specific case?
6. How do the results of this new design approach, through the use of an optimization tool,
compare to an engineer-optimized design of an already executed UCF?

1.2 Relevance

The execution of numerous projects with UCF’s by BAM Infra highlights the significance of
understanding the impact of design parameters on the efficiency of a UCF design. Having a tool that
can determine the optimal set of parameters for a UCF design can aid in cost-effectively executing
projects and may accelerate the overall design process.

The parametric design of UCF’s can be the foundation for automating design calculations of larger
structures or even entire projects. By parametrizing the design calculations of various structural
elements in a building pit, they can be coupled. For instance, if tools are created to find the optimal
design for retaining walls and tension piles, they could be combined to find the optimal design for an

entire building pit.

Finally, it is important to note that concrete is a significant contributor to carbon dioxide emissions [3],
making it crucial to minimize its use and reduce its impact on the environment. By exploring ways to
optimize the design of UCF’s and reduce material consumption, this research can contribute to a more

sustainable future.

1.3 Scope

The scope of this study is limited to conventional UCF’s as defined in [4]. This means that UCF’s with
a minimum thickness of 800mm, that are confined by retaining walls and connected to tensile elements
spaced in a regular grid, are considered. The UCF’s analysed in this thesis will be modelled using a
one-dimensional beam approach and are intended for temporary use. Only the connection strength
between the UCF and tensile elements will be evaluated, not the tensile element’s bearing capacity.
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A specific concrete mix design will be used to determine the resistance of a fibre reinforced UCF. Mix
designs with other material properties are not taken into account. The optimization tool will only find
the optimal parameters based on cost, not other factors.

1.4 Methodology

The thesis is divided into four parts to address the main research question, as outlined in paragraph 1.1.
To answer the secondary research questions in parts 2-4, a parametric model for UCF design will be
developed which is based on information and calculation methods obtained through literature study.
The model will be verified.

The parametric model will be used to generate data, with which a sensitivity analysis will be performed
to examine the impact of various parameters on the design of a UCF. The parametric model is also used
to evaluate the benefits of fibre reinforcement. For a large number of load cases, a minimum required
thickness for both a conventional and fibre reinforced UCF will be calculated. Comparing the required
thicknesses leads to results regarding potential material savings that can be obtained by using fibre-
reinforcement. Chapters 4 and 5 present the results obtained from data generated though the parametric
model, which can assist an engineer who adheres to a traditional design approach for a UCF by
providing insights that can aid in making efficient design choices.

For part 4, an optimization tool will be developed using the parametric model. The tool can be used to
find an optimal set of parameters for the design of a UCF in a given case, based on cost. A distinction is
made between case-specific parameters and variable parameters. Iteration through a large pool of
variable parameters will be performed such that the optimal set of parameters is found for the specific
case. A calculation report will be automatically generated for the optimal set of parameters. Chapter 6
describes the iteration process and contains a manual for using the optimization tool. The optimization
tool provides the engineer with an additional and new design approach for a UCF that can aid in cost-

effectively executing projects and may accelerate the overall design process.
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2. Literature study

The literature study is divided into two sections. Section 1 covers general information on underwater
concrete floors, modelling of a UCF, and force distribution analysis. It also outlines the failure modes
that must be evaluated to ensure adequate resistance. Section 2 focuses on the use of fibre
reinforcement in UCF’s. Various types of fibres and the corresponding material properties are
discussed. Additionally, reference projects are analysed and a calculation method for a fibre reinforced
UCEF is set up.

2.1 Conventional UCF

2.1.1 Introduction

When constructing an underground structure, the most desirable method for creating a safe and dry
building site is through the reduction of the groundwater table and the use of sloped excavation.
Vertical retaining walls can be applied in case there is limited available space, such as sheet piled
walls, combi-walls, or diaphragm-walls. However, it is important to note that reducing the groundwater

table may have negative impacts on the surrounding environment and may not always be permitted.

A preferred solution for this problem is to place the retaining walls within a watertight soil layer. After
excavating the soil between the retaining walls, the water can be removed from the building pit and the
watertight layer will ensure a dry building site. In this manner, the surrounding groundwater table is
not affected. An obvious condition for this method to be successful is that there should be a watertight

soil layer present at the location.

In the absence of a watertight soil layer and if decreasing the water table is not feasible, an artificial
watertight layer can be applied. One option is to use an injection layer, however a more traditional and
more commonly used method is the implementation of an underwater concrete floor (UCF), of which
the modelling and verification of the corresponding failure mechanisms can be performed according to
the CUR-77 guideline [4]. Following excavation, a concrete floor with a relatively large thickness
(minimum nominal thickness of 800mm) is cast. The large thickness is necessary because of the brittle
behaviour of an unreinforced UCF and because of large execution tolerances. Upon hardening of the
concrete, the water can be removed from the building pit. As the UCF serves only as a temporary
solution due to difficulties with reinforcement, a reinforced construction floor must be cast on top to

provide permanent structural support. A distinction is made between 3 types of UCF’s:

o  Weight based UCF: This type of UCF relies solely on its self-weight to compensate the
upward hydrostatic load, including safety factors. However, this typically results in a very
thick and cost-inefficient design.

e UCF anchored to retaining walls: In situations where the UCF’s weight is insufficient, a
mechanical or friction-based connection between the UCF and retaining wall can provide
vertical equilibrium. However, this still often results in a thick and costly design for larger

spans.
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e UCF anchored to retaining walls and tensile elements: The load is compensated by the weight
of the UCF, as well as by the ability of retaining walls and tensile elements to transfer the
forces to the underlying soil layers through friction. A centre to centre distance of 2 to 3 meters
between the tensile elements is used [5]. This type of UCF is most commonly applied, as the
other two types are rarely feasible in practice.

Tensile elements

Three types of tensile elements, listed below, are considered in [4]. The type of tensile element used,
affects the force distribution in the UCF, and the connection between the tensile element and UCF
determines how much force can be transferred. The choice for a specific connection type may depend
on the necessity to transfer compression forces in the use-phase of the construction.

e Smooth piles: Steel hollow smooth piles can have a large stiffness depending on their
diameter. They are suitable to transfer compression forces in the use phase. The connection
between the UCF and pile is often not adequate to transfer large forces.

e Ribbed piles: Concrete or steel ribbed piles have ridges to create a better connection between
the UCF and the pile itself, such that large tensile forces can be transferred. This pile type is
also suitable to transfer compression forces.

e Anchor rods with dish anchor: This pile type is most commonly applied as it is often found to
be the most economical and easiest to execute. The thin shaft of the pile may lead to a
reduction of total material usage. The dish anchor creates a good connection between the pile
and UCF. However, the pile type is less suitable to transfer compression forces.

Execution methods

The soil between the retaining walls can be excavated using claws attached to a crane or excavator, or a
dredging machine. If the bottom of the building pit consists of a sand layer, the surface will be smooth
after excavation. This allows direct casting of the UCF. It is crucial to allow for a settling period

between excavation and casting, to ensure settling of small particles and sediment at the bottom.

For a soil layer consisting of clay or peat, the excavation surface may be comparatively less smooth. To
ensure a smooth surface for casting the UCF, it is necessary to excavate the soil to a deeper level and
apply an equalizing layer of sand or gravel. In the case of a peat layer, special care must be taken as it

can exhibit instability and is susceptible to heave as a result of excavation [5].

For casting underwater concrete, two methods are used in practice:
e Hop-dobber method

e Contractor and valve method

In the latter, concrete is dispensed through a vertical steel pipe. To prevent the concrete mix from
washing out, the end of the pipe must remain within the already cast concrete. This method is not
continuous and the tube will recoil when the bottom is opened, increasing the risk of washout. The
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diameter of the bottom of the pipe is smaller compared to the Hop-dobber method, making it more
appropriate for scenarios with tensile elements that are positioned close to each other.

In the Hop-dobber method, the bottom of the steel tube is fitted with a dish that has a diameter of
approximately 1.5m and floats on the surface of the concrete. The flow of concrete is lower for this
method, allowing for a continuous casting process, provided that there are no strutting frames or
obstructions at the bottom of the building pit.

Tolerances

As a result of execution methods and uncertainties, the actual level of the top and bottom of a UCF may
deviate from its intended level. These deviations must be accounted for as tolerances, leading to a
nominal and minimum UCF thickness as outlined in [4]. In design calculations for stress and strength,
the minimum thickness (h,,;,) should be used, while for stiffness purposes, the nominal thickness (h;om)
may be utilized. The tolerances are illustrated in figure 2.1, and the minimum thickness can be
calculated as follows:

1/2
hmin = hnom - (tOI%op + tOllzJottom)

UCF

\/ tokortom \/

Figure 2.1: Tolerances (4]

If the UCF is connected to tensile elements through dish anchors, an additional tolerance must be
considered for the resistance to bending moments and punching shear. The values for all relevant

tolerances can be found in table 2.1 and must always be verified during the construction process.

Table 2.1: Tolerances [4]

tolyottom toly, t0lanchorage

Soil: sand 150 mm - -

Soil: clay 350 mm - -

Soil: equalizing layer 150 mm - -
Execution: Hop-dobber method = 75 mm -
Execution: Contractor- en Ventiel -

method i 150 mm

Connection = = 100 mm
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Loads

When designing a UCF according to the CUR-77 guideline, four load cases must be considered. These
are combined using load combinations, in which the safety factors are determined based on the
consequence class of the UCF. The consequence class can be determined using [6]. In the formulas

below, peoncrete aNd Pwater €qual 23 kKN/m? and 10 kN/m? respectively.

e Loadcasel (LC1): Self-weight of the UCF: qgx = hyom * Peoncrete
e Loadcase2 (LC2): Upward water pressure: qwk = (Phead T Nnom) * Pwater
e Load case 3 (LC3): Horizontal strutting force Ngq, to be determined using a series

of computations described in [7].

e Load case 4 (LC4): Heave: q,x

For ultimate limit state (ULS) calculations, the normal force in the UCF should be taken equal to 0.9 *
Ngg, while the minimum value of quis; and qurs, may be used for the distributed load. However, when
checking for punching shear, qus, may not be taken into account. For serviceability limit state (SLS)
calculations, qs s may be used. The safety factors to be considered are listed in table 2.2.

Quis: = —09 * LC1 + vy * LC2 + yy, * LC4

quLsz2 = —09 + LC1 + (Yw - 0-1) * (toppit — topycr t hnom) * Pwater T Yh * LC4
gqss = —1.0*LC1 + 1.0 * LC2 + 1.0 * LC4

Table 2.2: Safety factors

Safety factor Yw Yn
Consequence class 2 1.2 1.35
Consequence class 3 1.3 1.5

Material properties

When designing a UCF, three concrete strength classes are considered, the properties of which are
listed in table 2.3. Higher strength classes are disregarded as they may result in issues with thermal
shrinkage [4]. In accordance with [8], an additional reduction factor shall be applied to the tensile and
compressive strength of the material due to the lack of reinforcement and therefore reduced ductility

properties of the UCF.
Table 2.3: Material properties

Strength class feta,pt [N/mm?] fea,p (N/mm?] f. [N/mm?] Ecm [N/mm?]
C20/25 0.80 10.7 20 27500
C25/30 0.96 13.3 25 29000
C30/37 1.07 16.0 30 31000
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2.1.2 Modelling a UCF

Following the design approach in [4], a UCF can be modelled as a 1D beam model. Depending on what
span of the UCF is considered, as well as whether or not sufficient friction can build up between the
UCF and retaining wall, the discretization to a model differs. This paragraph illustrates the different

beam models and describes in what situations they should be applied.

Short- and long span
A distinction is made between the short- and long span of a UCF, as illustrated in an arbitrary building

pit top view in figure 2.2:

Long span Short span

—d o —do b s

I 3| |
TRERERR R
S S e M S YN NG
it it Il Bl I %i—

Figure 2.2: Short- and long span of UCF (4]

Short span — uncracked beam model

The UCF is modelled as a continuous, uncracked beam supported by vertical springs that represent the
retaining walls and tensile elements. This beam model is utilized to evaluate the UCF’s capacity to
withstand bending moments, shear forces, and punching shear forces. The minimum of quis; and quis,
may be used to calculate the force distribution, however qus, is mandatory to calculate punching shear

force. Figure 2.3 depicts a beam model of a UCF with n fields.

0.9*Nq

X | % 0.25*hun
Z 2
$
> |
>k k: k k: k i Tk k,
field 1 field 2 field 3 field 4 field n
3 e tad > o » *
cte.=L L L L L
n*L

Figure 2.3: Non-slipping beam model

The bending stiffness of the beam is computed using h,,,, while the eccentricity of the normal force is
calculated using hy,;,. This eccentricity results in a bending moment at the edge of the UCF and
replicates the manner in which the deformed retaining wall applies the normal force onto the UCF. The
distribution of forces shall be calculated twice, using the method of variation of coefficients. In the
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scenario of »high stiffness” the stiffness of the tensile elements remains unchanged, while the stiffness
of the retaining walls is multiplied by the square root of 2. Conversely, in the scenario of ”low
stiffness”, the stiffness of the retaining walls remains unchanged, while the stiffness of the tensile
elements is divided by the square root of 2.

Boundary disturbance zone

The boundary disturbance effect is a result of stiffness differences between the retaining wall and
tensile elements, leading to significant bending moments in the UCF. It takes around 20m for this effect
to be dampened [4]. Narrow building pits may experience overlapping boundary disturbance zones,
resulting in increased bending moments.

Slipping beam model

In the event that the shear force at the edge of the UCF exceeds the maximum friction force attainable
between the retaining wall and UCF, a slipping beam model should be used to recalculate the force
distribution. The model should be adjusted to correspond with figure 2.4. All checks related to bending
moment, shear force, and punching shear force should still have sufficient resistance after altering the
model. It is important to note that in this beam model, the normal force is applied centrically.

049*Ned*mu T 0.9*Ned>xmu
R A R O
0.9"Neg | x
Z
field 1 field 2 field 3 field 4 fleld n
>
cte.=L L L L L

n*L

Figure 2.4: Slipping beam model

Short span — cracked beam model

If it is determined that the UCF does not provide sufficient bending moment resistance when calculated
with a continuous beam model, the UCF will crack. In this scenario, the UCF may be modelled as a
single span where a compression arch can offer additional bending moment resistance. The beam
model is illustrated in figure 2.5, it is supported by two simple supports (tensile elements) and is loaded
by a centrically applied normal force.

qEd

rrrrrrr ot

O.Q*NEdJF ANEd_> B o e——

c.t.c.

Figure 2.5: cracked beam model
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It is possible to account for an increase in normal force due to membrane action (AN.q4). When cracked
segments of the UCF rotate, it causes an increase in the length of the complete span. The retaining wall
can be modelled as a spring, causing additional normal force when compressed. In accordance with [4],
membrane action may only be considered if the pressure head relative to the top of the UCF is less than
10m, and should be reduced between 5-10m.

Long Span

The long span of a UCF can be modelled as a simply supported beam on two supports, loaded by a
distributed load equal to qs; s, provided that the conditions outlined below are satisfied. The conditions
depend on the method used to achieve bending moment resistance for the short span, where failure
mechanism A represents adequate bending moment resistance to prevent cracking of the continuous
beam model, and failure mechanism B represents adequate bending moment resistance through the
compression arch.

e Ifthe bending moment resistance of failure mechanism A was found to be sufficient:
o And: The stiffness of the retaining wall in the long span is smaller or equal to the stiffness of
the retaining wall in the short span;
o And: The normal force in the UCF along the long span is equal to or larger than the normal
force along the short span.

e Ifthe bending moment resistance of failure mechanism B was found to be sufficient:
o And: The centre to centre distances between the tensile elements along the long span are
smaller or equal to the centre to centre distances along the short span;
o And: The normal force in the UCF along the long span is equal or larger to the normal force
along the short span.

In case these conditions are not met, the long span should be considered in the same manner as the
short span.

JEd

rrrrrrr
>

< »
< >

Figure 2.6: Beam model if conditions are met
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2.1.3 Force Distribution

Reference [9] and [10] were used to set up a method for finding the force distribution using differential
equations according to Euler-Bernoulli beam theory. This paragraph gives a concise overview of how
to calculate the force distribution. A more detailed description can be found in annex B.

Figure 2.7 Positive directions of moments and shear forces

Positive directions for an arbitrary cross-section are taken according to [10] as in figure 2.7. For the sake
of simplicity, the f{x) symbols have been omitted in the relations between displacement, rotation,
bending moment and shear force.
4
ara) = B1+ )

d*w

dx3

d*w

dx?

dw

S dx

V= —FI=*

M= —EI %
Q=

Integration of the ODE gives n*4 unknown integration coefficients that must be solved, in which n is
the number of fields along the span of the UCF. Using boundary and interface conditions, a system of
equations was set up to find the integration coefficients. For the boundarysinterface a distinction is

made between a slipping beam model and a non-slipping beam model.

Non-slipping beam model
The boundary and interface conditions are derived using figure 2.8. The coordinate of the cross-

sections corresponds with the beam model in figure 2.3.

x=0 x=i"L=(1.n-1)"L X =n*L

0-25*0-9*Ned*hmnC _____$__t_ V1>M1 Mi Gll ____.F’.-_ V:DMM MHG _____¢—__>__ v)O-254‘0-Q*Ned‘rhmln

‘LWka lWi*kz lwn*k1

Figure 2.8: Boundary and interface sections for non-slipping beam model.
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o IC fori=1.

o IC: fori=1..
o IC fori=1...
o IC: fori=1...

won—1:
n—1
n—1:
n—1:

My_o = 0.9
Myep., = 0.9 %

ed * 0.25 * hmin
ea * 0.25 % hypin

Vizo = kq *wy

Viznsr = —kq xwy
Wi = Witq
Pi = Pit1
M; = Miyq

Vi=Vitr —ky xw;

The amount of unknowns is equal to the amount of boundarysinterface conditions, meaning all

unknows can be found.

Slipping beam model

The boundary conditions are derived using figure 2.9, the interface conditions remain unchanged

compared to the non-slipping beam model. The coordinate of the cross-sections corresponds with the

beam model in figure 2.4.

x=0

¢—>

0.9+N4+mu
e BC:
e BC:
e BC:
e BC:
e IC: fori=1...
o IC: fori=1..
e IC: fori=1..
o IC fori=1...

x=n"L

¢—>

V1 Vn D.Qsi\'ed*mu

Figure 2.9: Boundary sections for a slipping beam model

n—1:
n—1:
n—1:

n—1:

M,_o=0

My=p., =0

Vi=o0 = 0.9 % Ngq * i
Vi=nsr = —0.9 % Ngg *

Wi = Wiiq
Pi = Pis1
M; = M4

Vi=Vigr —ka xw;

This again results in n*4 boundaryvinterface conditions, which is sufficient for the determination of all

integration coefficient.
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2.1.4 Failure mechanisms

A number of design checks should fulfill along both the long- and short span. The beam model from
which the force distribution should be obtained to verify the failure mechanism is listed. A complete
description of each failure mechanism including formulas can be found in [4].

Checks for the UCF (short span + long span in case conditions are not met):

Failure mechanism B1: Beam model figure 2.3/2.4, Tensile resistance of UCF

Failure mechanism B2: Beam model figure 2.5, Compression arch resistance

Failure mechanism B3: Beam model figure 2.5, Compression arch incl. membrane action
Failure mechanism C1: Beam model figure 2.3/2.4, Bending shear fracture resistance

Failure mechanism C2a: Beam model figure 2.3/2.4, Tensile resistance of UCF

Failure mechanism C2b: Beam model figure 2.3/2.4, Tension shear fracture resistance

Failure mechanism C2c: Beam model figure 2.3/2.4, Main tensile stress resistance

Checks for the UCF (long span in case conditions are met):

Failure mechanism A:  Beam model figure 2.6, Tensile resistance UCF

Checks for the connection between UCF and tensile element

Failure mechanism G1: Beam model figure 2.3/2.4, Smooth pile connection

Failure mechanism G2: Beam model figure 2.3/2.4, Punching resistance concrete ribbed pile
Failure mechanism G3: Beam model figure 2.3/2.4, Punching shear resistance steel ribbed pile
Failure mechanism G4a: Beam model figure 2.3/2.4, Punching shear resistance dish anchor
Failure mechanism G4b: Beam model figure 2.3/2.4, Concrete compressive stress under dish
anchor
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2.2 Fibre reinforced UCF

2.2.1 Fibre reinforced concrete

Fibre reinforced concrete (FRC) is a composite material comprised of concrete and fibres that can be
produced from various materials. The purpose of adding fibres is to enhance the properties of the
composite after cracking. When the material cracks, the fibres are activated, thereby transferring
tensile stresses across the crack and providing additional toughness and residual strength. Furthermore,
the addition of fibres increases the ductility of the material, allowing for the formation of plastic hinges
and the application of plastic theory. This can result in redistribution of bending moments in the UCF
and the possibility of increased resistance or material savings. The concept of using fibres to improve
the behaviour of materials dates back to ancient times, such as the use of horsehair in mortar and straw
in mudbricks. The utilization of fibres in concrete dates back to the 1960’s, primarily in elastically
supported slabs, but also in several UCF projects [5]. These projects will be further elaborated in
section 2.2.3.

Ensuring equal distribution of fibres in the material while maintaining proper workability for execution
purposes is crucial for underwater concrete. Fibres can be incorporated into the concrete mix either
individually or in bundles, depending on the type of fibre used. Avoiding nesting of fibres is important
and is typically a risk when large aggregate sizes or high fibre dosages are used. It also depends on the
parameters of the fibre itself. The most essential parameters in characterizing a type of fibre are [5]:

e [ (length)/D(diameter) aspect ratio
e Shape (hooked, flat, waved, etc.)

e Material (tensile strength, modulus of elasticity)

It is important to distinguish between the function of fibre reinforcement in concrete on both the macro
and micro levels [11]. On the micro level, microcracks within the cement matrix can be mitigated by the
fibres. This is particularly relevant during the early stages of concrete, as the cement matrix shrinks
during the hydration process, leading to tension and microcracks caused by deformation restrained by
the rigid structure of aggregates. Adjacent fibres can prevent the expansion of microcracks by
absorbing tension forces around the crack’s tip (as depicted in figure 2.10, left). The greater the axial

stiffness of the fibre, the more effective it will be in preventing crack formation.

In the event that a fibre spans a crack, it serves as reinforcement (as shown in figure 2.10, right). This
applies to both micro and macro levels, with macrolevel referring to larger cracks caused by external
forces or bending moments. When functioning as reinforcement, factors such as bond strength, tensile
strength, and length-to-diameter ratio have a greater impact than the axial stiffness of the fibre. When a
crack occurs, the forces are entirely carried by the fibres spanning the crack and are transferred to the
concrete through the end of the fibre. If the fibre does not span the crack perpendicularly, it will
experience tension, shear, and bending loads. The extent to which the forces can be transferred to the
concrete is determined by the strength of the matrix, the shape of the fibre, and the bonding properties
between the concrete and the fibre. To prevent brittle failure of the concrete, the bond strength of the
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fibre should be sufficient to allow for slight deformation on both anchoring sides, enabling the fibres to
elongate and slip out of the matrix slightly before breaking.

Fibres embedded in the cement matrix have two modes of failure, and the specific mode that occurs
depends on the aspect ratio, anchorage, tensile strength, and bond strength of the fibre.

e Failure mechanism 1: pull-out of fibre from cement matrix

e Failure mechanism 2: rupture of fibre

The workability of the underwater concrete mix is critical due to the casting method used for UCF. The
addition of fibres increases the surface area of the concrete mix, thereby requiring a higher amount of
water. A study to a suitable mix design for a UCF in the Botlekspoortunnel revealed that the use of
plasticizers was necessary to preserve the desired workability [12]. The typical dosage of fibres,
particularly steel fibres, ranges from 30-35 kg/m?, which is equivalent to 0.39-0.45% of the volume [13].
The use of higher dosages may result in problems with nesting and workability.

When adding fibres to a concrete mix, they are meant to strengthen the concrete such that every
random volume-unit of the material has uniform properties. The size of the aggregates in the mix
affects the distribution of fibres, with larger aggregate diameters limiting the amount of fibres that can
fit in a particular volume unit. It is recommended that the largest aggregate diameter is smaller than
half of the fibre length [11]. For underwaterconcrete this leads to a maximum nominal aggregate size of
32mm as fibres are generally not longer than 60mm due to workability reasons.

Yield line o / Fibre /
Fibre

Yield line

Figure 2.10: Function of fibres on micro- and macro-level (11]
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Figure 2.11: Effect of aggregate size on distribution of fibres [11]
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2.2.2 Types of fibres

When selecting the type of fibre reinforcement to be used in the design of a concrete structure, several
factors must be considered. An evaluation of the properties and behaviour of various fibre materials
should be undertaken in order to make an informed decision on the most suitable fibre type for
application in a UCF. Some of the most commonly used or previously used fibre types include [14]:

e Steel fibre reinforcement
e Polypropylene fibre reinforcement
e (lass fibre reinforcement

e Asbestos fibre reinforcement

The use of asbestos fibres as an additive in concrete dates back to the early 1900s, however, its
utilization has become limited due to health hazards associated with inhaling its microscopic particles
[15]. Despite the hazardous nature, research on its influence on concrete continues to be conducted. An
experimental analysis on asbestos fibre reinforcement [16] found that it can significantly improve the
compression and flexural strength of concrete, with an optimum fibre dosage (based on volume) of
0.66% for flexural strength and 0.33% for compression strength. The use of asbestos in new products in
the Netherlands is forbidden by law as of 1993. Besides, the health hazards make it unsuitable for use in
UCEF’s in parts of the world where the application of asbestos is legal.

A type of fibre that is currently widely applied in a number of use cases is polypropylene fibres. One of
the advantages of polypropylene fibres is that it increases the fire resistance of concrete by making it
less sensitive to spalling. Besides, in projects where aesthetics play an important role, polypropylene
fibres can be applied as they are hardly visible. Both of these advantages are of less importance when
applied in a UCF. The effect of multifilament polypropylene fibres (micro, length of 1.8mm, aspect
ratio of 333), plastic polypropylene fibres (macro, length of 50mm, aspect ratio of 50) and steel hooked
fibres (macro, length of 50mm, aspect ratio of 50) on compressive strength, split-tensile strength and
workability was studied in [17]. Samples with 1%, 2% and 4% fibre dosage (based on weight) were
tested. It was found that for all three types of fibre, the compressive stress was slightly decreased after
28 days compared to regular concrete. The tensile stress of samples with 4% hooked steel fibres almost
doubled, while the macro-polypropylene fibres increased by a factor of 1.5. The micro-polypropylene
fibres only showed a slight increase. The addition of polypropylene fibres caused problems with

workability as they work as a thickening agent.

A fourth type of fibre that can be used to reinforce concrete is glass. An investigation on strength and
fire resistance properties of glass fibre reinforced concrete was performed in [18]. It was found that
adding 0.5% of volume of the concrete increased the compressive strength by 13% and the flexural
strength by 42%. The improved properties were even more noticeable with a higher dose of 1% by
volume: the compressive stress improved by 35% whilst the flexural strength improved by 75%. In [19]
a literature review was done on steel and glass fibre reinforced concrete. The most important
conclusions were that the use of glass and steel fibres increase the fundamental properties of concrete
but only showed positive results up to a certain point before the concrete starts to lose strength.
Besides, the brittleness of concrete could be improved with the addition of steel fibres, however not so
much with glass fibres.
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Based on the findings from previous research, it can be concluded that steel fibres exhibit the most
significant improvement in the performance of concrete. In a UCF, factors such as aesthetics and fire
resistance are of lesser importance, as it is a temporary structure that will eventually be covered by a
construction floor. Therefore, steel fibres are deemed the most appropriate choice for reinforcement in
a UCF. The following section will outline five reference projects where steel fibre reinforcement was
utilized in a UCF.

Figure 2.12: Steel fibres with hooked ends [20]
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2.2.3 Reference projects

This section outlines 5 examples of reference projects where a steel fibre reinforced underwater
concrete floor (SFUCF) was implemented. The purpose behind their use can provide valuable insights
for addressing the sub-questions and determining the conditions under which steel fibre reinforcement

can be beneficial.

Potsdamer Platz Berlin

In the heart of Berlin lies the Potsdamer Platz, in the 1990’s it is being transformed into a multi-
functional town centre with shops, high rise buildings and offices. The entire construction is built in a
single building pit with a length of 560m and a width of up to 280m, the total area is 70000m?. The
bottom of the building pit reaches far underground (9-18m), whilst the groundwater-level lies 2-3m
below the surface. Lowering the groundwater level was not an option because this could cause
disturbances in Berlin’s most important drinking water reservoir. For depths of up to 12m it was
possible to use a natural or artificial layer to seal the building pit, although for deeper parts a UCF was

Section | -1 « Station
2 7
P A 34,00 B C o

required.

31,00
= 26,80
20,50 m%mwd
16,60 g&\%%‘%% 17,60 7 Slotted wall
UWCS  Injected soil uwcs Injected soil
Station Daimler - Benz

|UWES = underwater concrete slab]

Figure 2.13: Cross-section (lefi) and top view (right) of building pit Potsdamer Platz [21]

It was shown by calculation that the bending moment capacity was too little to prevent brittle failure of
the floor, unless the thickness was increased. Based on experience gained by tests on steel fibre
reinforced construction floors [21], it was concluded that a SFUCF would be more suitable to take up
the differential displacements of the tensile elements because of its more ductile behaviour. To further
test the applicability, scale models of 3mx3mx0.28m with the addition of 60kg/m? and 40kg/m? Dramix
3D fibres, as well as unreinforced concrete were tested [21]. The conventional UCF showed a brittle
failure while both the SFUCF’s showed much more resistance and ductility. Eventually the tests had to
be stopped because the hydraulic jacks reached their maximum pressure output. The scale model with a
fibre dosage of 40 kg/m* showed more load carrying capacity than the 60kg/m* model, hence this
dosage was chosen to be applied in the full-scale UCF. The floor could be executed with a thickness of
1.3m instead of 1.5m because of the addition of steel fibres, which saved 4400 m* of concrete [5].
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Underpass Heinesoweg Zwolle

The city of Zwolle is located between a dense network of railway tracks, and in the late 1990s, an effort
was made to create safer infrastructure by replacing multiple railway crossings with grade-separated
intersections. One of these projects at Heinesoweg was completed under heavy time constraints due to
limited train traffic disruption. The construction included a slid-in-place reinforced concrete deck and a
SFUCEF to meet the tight schedule. [22].

A building pit was necessary for the construction of a sub-surface road and bicycle path. During the
execution phase, the railway tracks were temporarily removed, and soil excavation took place. Due to
high water levels near the surface and an unsuitable soil type for lowering the groundwater level, a
UCF was used to seal the building pit. Given the tight schedule, only a limited amount of piles could be
driven. This meant that large centre to centre distances had to be applied in the UCF. A SFUCF was
deemed the most cost-effective and best suitable method to address this challenge. Besides being the
most cost-effective, the increased ductility was also found to give better resistance to differential
settlements and alternating stresses caused by train loads.

Based on positive experiences with the Dramix 3D fibres in Potsdamer Platz, these fibres were also
applied at Heinesoweg. The dosage of fibres and workability of the concrete was closely monitored
during execution. At the building site, Bekaert also casted beam models to be tested in a laboratory.
The desired strength was confirmed to be reached.

Railway tracks = NAP +3320

N.A.P. .

25

|
i 7700 | .L 9700 6600 o

Steel piles diameter = 508mm
SFUCF, thickness=1.15m

Figure 2.14: Cross-section of building pit Heinesoweg [22]

Mauritshuis

For an expansion of The Mauritshuis in 2012, three sequential building pits were constructed. The
guaranteed normal force in the central building pit was close to zero. This was because of the safety
factors, deformation requirements and the shallow depth of the building pit [13]. At the time of
designing, the old CUR guideline was still applied, thus the positive effects of membrane action were
not considered. A minimum floor thickness of 1500mm was calculated, even though the upward
pressure was only 30 kN/m? By designing the UCF using a slipping beam model and taking into
account the improved material properties by applying steel fibre reinforcement, the floor thickness was
optimized to 900mm. An additional advantage was the shallower excavation depth, this meant that
deformation in the retaining walls was smaller and that risks of damage to neighbouring buildings was
decreased.
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Groninger Forum

The Groninger Forum is a 45 metre high building in the centre of the city of Groningen. A 5 layered
parking garage is located underneath the building and extends to a depth of 17m beneath the surface. In
order to construct the building and parking garage, a building pit of over 80m in length was excavated
(figure 2.15). It features a diaphragm wall with a rounded edge on the west-side. The pit is sealed by a
UCF which is connected to relatively flexible Gewi-piles and stiff tubex-piles. The latter piles are
placed in groups to serve as foundation underneath the stability cores of the building, however in the
execution phase they will also act as tensile elements. The UCF is loaded by a pressure head of 10m
[23]. Three major problems made it difficult to apply a conventional UCF [13]:

o The normal force in the UCF at the location of the rounded edge is very low because the
ground pressure is taken up as a ring force in the diaphragm wall;

e Large stiffness differences between the diaphragm wall, Gewi-piles and tubex-piles cause
differential deformations and large bending moments;

e Due to the large span of the building pit, through cracks because of shrinkage can cause
leakage.

Diaphragm wall

O Tubex
o Gewi

44m

Figure 2.15: Top view of SFUCF Groninger forum (23]

By adding steel fibre reinforcement, the floor was optimized to a thickness of 1000mm. MPZ-HT-
50/1.0 fibres with a dosage of 35 kg/m* were added to the concrete. These fibres are very similar to
Dramix 3D fibres with a length of 50mm and an aspect ratio of 50.

In an evaluation of the design of Groninger forum [23] it was found that it would have been practically
impossible to apply a conventional UCF when normal forces were completely neglected (conservative
approach). If the normal forces were halved, a minimum thickness of 1500mm would be required [24].
Based on calculations performed with the updated CUR-guideline, a conventional UCF would be
feasible and a minimum thickness of 1000mm would be required. This difference is explained by the

membrane action that could be taken into account.
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Botlekspoortunnel

In 1999, the Botlekspoortunnel project involved the construction of a building pit to accommodate the
tunnel boring machine. The building pit had a depth of 22 meters and was subjected to an extreme load
case, due to a pressure head of 18 meters [25]. The retaining walls were constructed using stiff combi-
walls, while the UCF was attached to relatively flexible Gewi piles. The design of the UCF was based
on the NS-guideline, which dictated that the tensile stress of the concrete should not be exceeded, a
challenging requirement given the significant stiffness difference between the combi-wall and tensile
elements. After good experiences at Potsdamer Platz, the feasibility of using a SFUCF was explored

for this project.

Prior to execution, a study was set up to the properties of the concrete mix to be used at this project.
The results of this study were made available for this thesis and form the basis of design calculations on
SFUCF’s performed in this thesis. This also means that results of this thesis are only 1:1 applicable to
the mix design that was used at Botlekspoortunnel. The mix design used was relatively standard but
has the addition of steel fibres and plasticizers. It had the following properties:

~ g 3.500+

- Strength class B25 (C20/25 equivalent) R e (s 5
- 300 keym® CEM 11I/B " | |
- 70 kg/m? fly-ash [T
- 30 kg/m?® hooked steel fibres with aspect ratio [:jg_c
60/0.75 18.220-
- Water/cement factor 0.58

- Maximum aggregate size of 32mm.
- Plasticizer 0.5%
- Superplasticizer 0.7%

- Airl% 22529

Figure 2.16: Cross-section of building pit Botlekspoortunnel [25]

| ca. 41.200-

After research, a successful solution with the addition of steel fibres was found. A maximum dosage of
30 kg/m? Dramix 3D fibres was used to reinforce the UCF as it was found that higher dosages would
have too much influence on the workability. The study existed of laboratory tests on sample beams to
find post-cracking material properties and to find workability properties. Besides, a model of the UCF
was casted (3x10m) to determine workability and distribution of fibres in practice, sample beams were
made from the concrete that was casted and these were also tested for strength values. Results of the
tests on workability and post-cracking tensile strength can be found in Annex D. The post-cracking

tensile strength values that were used for the design were:

fctm,eq300 =27 N/"”’n2

fctm,eqlso =25 N/"”’n2

These values will be applied in the calculation method for bending moment resistance of a SFUCF
further described in paragraph 2.2.4.
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2.2.4 Behaviour of a SFUCF

Steel fibres are only mobilised when cracking occurs, they serve their function in the post-cracking
stage by carrying tensile stresses across a crack, fibres give the concrete extra toughness and residual
tensile strength. Figure 2.17 [26] describes the effect of reinforcing concrete with fibres, a distinction is
made between “softening behaviour” (row A) and “hardening behaviour” (row B), of which the latter
guarantees plastic behaviour [13]. Column I shows an element under uniaxial tension, while column II
shows an element under pure bending. A construction element on macro-level is illustrated in column
III. In the figure, the arrows show that even though a structure may have softening behaviour under
pure tension or bending, it can still obtain hardening behaviour on macro-level, for example under an
acting normal force.

P2 P12

Fi2 P2

4
P +j j.:: f -

<
5
P el p

Figure 2.17: softening and hardening behaviour [26]

For a UCF to benefit from the addition of fibre-reinforcement, hardening behaviour should be
obtained. This means the plastic moment (M,) is higher than the cracking moment (M,,) such that an
ascending curve is present in the M-N-k diagram. The ratio MM, can also be defined as the
hardening factor. After cracking, a fine pattern of small cracks can be expected above the supports or in
the middle of the fields, acting as a hinge. Because of this post-cracking behaviour, moments can be
redistributed along the UCF. In theory, a chain reaction could occur where a plastic hinge forms above
each support and in the middle of each field. A mechanism with brittle failure will then form, which
should be avoided. Figure 2.18 shows hinges along the UCF after complete redistribution of bending
moments. If the load is increased and hinges will also form above the supports, brittle failure will

occur.

Two important conditions for the situation in figure 2.18 to form are:
1. The curvature in all hinges should remain below the pull-out curvature of the fibres.
2. The hardening factor may not be smaller than 1.0.

To confirm these boundary conditions, tests or extensive calculations have to be performed before
applying a SFUCF in a project.
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Figure 2.18: Hinges at the locations where M, was exceeded, reaching M., above the supports should be avoided to prevent
brittle failure. [5]

Stress-strain relationship

For describing the stress-strain relationship of fibre-reinforced concrete, the following diagram is used,
which is a simplified version of the stress-strain diagram given in [27]. The tests performed to
determine the post-cracking tensile strength for the concrete mix used in Botlekspoortunnel, which are
used as reference values in this thesis, were derived with the intent to use in correspondence with this

stress-strain diagram.

*

Fy
Enw E;
< pfpe— l;'l - for o0 o —>
¥l 'ﬂ_
v
Figure 2.19 Stress-strain diagram [5]

The symbols in the stress-strain diagram have the following definition:
£y = ultimate strain of steel fibres = 0.005
&pr = strain at cracking of concrete = fetapt /Ecm
&ppr = strain at yielding of concrete = fex /Ecm
Ehu = ultimate strain of concrete = 0.0035
v = compressive strength concrete, equivalent to f
for = tensile strength concrete, equivalent to ferq 1
B = reduction factor for tensile strength after cracking =0.37 * fermoeqzoo/ ferm
u = reduction factor for tensile strength at ultimate strain =~ = 0.37 * feim eq150/ feem

To obtain the values for fetm eq300 and fetm eq150, four-point bending tests were performed on sample

beams with a height and width of 150mm and a span of 450mm. An example of a load-deflection
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diagram obtained from a four-point bending test is illustrated in figure 2.20. The test results of the

reference concrete mix design can be found in Annex D.

Load/deflection diagram
for steel wire fibre reinforcement concrete

15 30 mm
Deflection

Figure 2.20 : Load deflection diagram

The absorbed energy during the displacement-controlled bending test has to be measured until the
beam reaches a displacement of 3mm. The energy is the product of the displacement and average load
(F) in the interval until 1.5mm or 3mm. Equivalent values for the post-cracking tensile strength can then

be calculated with:

fctm,eq300 = Fin300 * L/bh2

fctm,eqlSO = Finiso * L/bh?

Moment - Normal force - curvature diagram
Using the stress-strain diagram, a M-N-k diagram can be calculated and plotted to find the value of the
plastic moment and the maximum allowable curvature in a hinge. An example of a M-N-k diagram is

given below. The markings correspond with the stress and strain distribution illustrated in figure 2.22.

M-N-k diagram with h=1.0 m and N=500 kN

400 -
300
El
= —
E 4
S 200
100 A
o0
0 2 4 6 8
k[1/mm] 1e-5

Figure 2.21: example of M-N-k diagram
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Point 1 to 4 mark:

- 1: cracking of concrete

ey Y—fpr

- 2: pull-out of fibres starts.

Esv,u

#f br

3: partial pull-out of fibres

Efbr for
ﬁfbr
Esvu #fbr

4: crushing of concrete

| €
fbu
,,,,,,,,,,,,,,,,,,,,,,,,,, ot | o . 11
777777777777777777777777777777 & o V[Bfor
T S e T e

Figure 2.22: Points 1-4 in the M-N-k diagram

The M-N-k diagram shows that the ultimate strain of the fibres is reached earlier than the concrete
starts to yield. This means that there is a drop in bending moment resistance of the cross-section, after
which it will reach an asymptote equal to Ngg*h,i,/2 until the concrete crushes. To optimally utilize the
increased resistance of the steel fibres, pull-out should be prevented. This means that only the
ascending curve of the M-N-k diagram will be used and that the maximum allowable curvature of the
cross-section is equal to Kyuieu. This also means that all hinges must form before one hinge reaches this
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curvature limit. A few examples of M-N-k diagrams with various normal forces and post-cracking

tensile strengths are given in figure 2.23, where the maximum curvature is set to Kyyjiout-

M-N-k diagram with h=1.om

350 7
300
250 1
g 200 —— N=300kN/m, ftemeq3oo=2.7Mpa, fetmeqi50=2.5Mpa
% - —— N=0kN/m, ftemeq300=2.7Mpa, fctmeq150=2.5Mpa
E —— N=0kN/m, ftemeq3oo=0Mpa, fctmeqi50=0Mpa
150 7
100 -
50 7
oA

k[1/mm] 1e-6

Figure 2.23: M-N-k diagram for difterent normal forces and post-cracking strength

2.2.5 SFUCEF failure mechanisms
This paragraph describes a method to calculate the resistance of a SFUCF.

Bending moment resistance

The formation of plastic hinges above all supports and at all midpoints leads to brittle failure, which
should be prevented. The state just before the formation of a mechanism is depicted in figure 2.24 and
resembles a beam supported at both ends. In this case, the value of the moments at the supports is M,,.
The maximum resistance in terms of loading can be calculated through the formula below [22]. A safety

factor of 1.25 is recommended according to [5].

deEdmax = 8 * (Mp + Mcr/y)/ L?

Figure 2.29: Moment line just before brittle farlure [22]

(Punching) shear force resistance

The toughening behaviour of a SFUCF has a positive impact on (punching) shear resistance, as
explained in [13]. A calculation method for taking into account the effects of steel fibre-reinforcement
on the (punching) shear force resistance is described in [23]. This calculation method is based on results
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from a three-point bending test, this is not consistent with the reference concrete mix design test
results, as these were obtained through a four-point bending test. As a result, there is no appropriate
data to take into consideration the improved (punching) shear force resistance. Using the (punching)
shear force resistance of a conventional UCF is a safe approach, however, it is recommended to
conduct the three-point bending tests on the reference concrete mix design such that the improvements

can be taken into account.
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2.3 Reflection

The information gathered in the previous two paragraphs of the literature study was used to formulate
calculation methods for designing a UCF and a SFUCF. For the design of a conventional UCF, this
thesis builds upon previous research outlined in the CUR-77 Guideline [4]). While earlier research has
been conducted on the influence of design parameters on the resistance of various failure mechanism of
a UCF [29], the relevance of that study to this thesis is limited.

The process of discretizing a UCF into a 1D beam model is detailed in [4], but the method of computing
force distribution is not explicitly defined. In order to address this, a parametric calculation method to
determine the force distribution in a UCF was established using [9] and [10]. The calculation method
uses the Euler-Bernoulli beam theory.

The literature study has explored various types of fibres that can be utilized for reinforcing concrete,
and it was determined that the properties of steel fibre reinforcement are best suited for use in UCF’s.
Several earlier executed UCF projects incorporating steel fibres were reviewed to evaluate the
scenarios where fibre reinforcement could offer added value and potential material savings. The
Botlekspoortunnel project implemented a specific concrete mix design, for which supplementary data
regarding post-cracking tensile strength and workability properties was studied and is available within
BAM Infraconsult. This thesis builds upon the findings of that study and uses the concrete mix as a
reference for the remainder of the thesis.

All gathered information regarding the calculation method for a (SF)UCF is incorporated into a
parametric design model that will be further elaborated in the next chapter and that will serve as a

method of answering the main research question.
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3. Parametric design model for a (SF)UCF

Given the information that was obtained though literature study, a model was developed to address the
main research question and sub-questions outlined in section 1.2. The model allows to quickly perform
design calculation on a (SF)UCF and consists of various building blocks that represent the failure
modes of a (SF)UCF. These building blocks take input, perform a series of calculations or processes,
and produce output. The building blocks can be arranged in a desired sequence to generate the data
required to answer the research question. This chapter visualizes the process within these building
blocks and states the formulas used. The model’s output was verified, of which a summary is provided
in this chapter. The complete verification can be found in Annex A. The model consists of the
following building blocks:

e Force distribution e FM C1: Bending shear fracture

e Force distribution with slip e FM C2: Additional shear resistance
e FM B1: Tensile resistance e FM G: Punching shear resistance

e FM B2: Compression arch e FM BF: Bending resistance SFUCF

e FM B3:Compression arch with membrane

action

3.1 Conditions for using the model
The following conditions for using (results obtained from) the model are derived from the assumptions
made in the calculation method for a (SF)UCF.

e Euler-Bernoulli approach should be applicable for the case in which the model is used. This
means that each cross-section is assumed to remain perpendicular to the neutral axis. Euler-

Bernoulli does not take into account shear deformation.

e Normal force has a positive effect on the resistance of a UCF. Losses due to resistance between
the soil and tensile elements are not taken into account. Precaution should be taken when piles
with large cross-section and bending stiffnesses are used as these can decrease the normal
force in the UCF.

e For the bending resistance of a SFUCF, there should be enough rotation capacity for all hinges
to form. This means that no hinge may reach the curvature limit of fibre pull-out before all
other hinges have formed.

e The hardening factor of a SFUCF should be greater than one to guarantee plastic behaviour
and the formation of finely distributed cracks, rather than discrete large cracks.

o This model is only suitable to describe behaviour of UCF’s that serve a temporary function.

Moreover, some limitations of the model should be listed:

e The model is only suitable to calculate force distributions for UCF’s where a consistent centre
to centre distance between the tensile elements is used.
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Only one type of tensile element with identical stiffness can be used along the span.

FM BF can only be applied for the reference concrete mix design described in 2.2.3. This

means that concrete classes C25/30 and C30/37 can not be considered with the addition of fibre

reinforcement.

The bearing resistance of tensile elements is not taken into account.

This model is not suitable to describe behaviour of UCF’s that serve a permanent function.

A loss of punching shear resistance when punching cones are overlapping is not considered

and has to be checked manually.

3.2 Overview of parameters

Table 3.1 gives an overview of all parameters and in which building block they are active.

Table 3.1: Overview of parameters

Parameter Definition NS [ S B1 | B2 B3 C1 C2 FB
Ned Normal force in UCF X X X | x X X X X
Kk, Stiffness of retaining wall X
k, Stiffness of tensile element | x X
L Length of building pit X X
ct.c Centre to centre distance | X X X X X
tensile elements
¢ — class Concrete strength class X X X | x X X X
Nyom Thickness of UCF X X X | x X X X X
dEd Distributed load on UCF X X X X X
a, Rib length of pile X X
D Diameter of circular tensile
element
B Width of square tensile
element
p Depth of dish anchor X X
tolpottom Tolerance at bottom of UCF | x X X | X X X X X
toliop Tolerance at top of UCF X X X |x X X X X
tolanchorage Tolerance of connection X X
ks Membrane spring stiffness X
Phead Height of pressure head X
d Diameter of dish anchor
M Friction coefficient X
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3.3 Visualization of the model

The process inside the building blocks is visualized using flowcharts. Corresponding formulas can be

found in table 3.3. The definitions of the shapes in the flowchart are given in table 3.2. A visualization

of one of the building blocks (FM B2) was shown in this chapter. A complete visualization of the model

can be found in annex A.

-h -Ngy Table 3.2 Symbols and definition
e, Symbol Definition
- t0lhoom
- to! top
LC]I—
o Input/output
v
Ed
(formula 1)
- Process
Xfield
(formula 2)
v
Xsupport 1Q1
(formrﬁla 3) DeCISlon
. z
smooth pile? (formula 4)
ribbed z
concrete pile? (formula 5)
ribbed steel z
pile? (formula 6)
z
(formula 7)
(2
MRd
(formula 8)
Figure 3.1: Flowchart for building block B2
Table 3.3 Corresponding formulas to flowchart
# Formula source
1 Mgy = qgq * c.t.c?/ 8 [4]
2 Xfietd = 2 * Nea/feap (4]
3 Xsupport = Xfield /0.6 (4]
4 z=h/2 —tolyortom — 2/3 * NEd/fcd,pl (4]
5 z=h- toztop - ar = tOZbottom - (xfield + xsupport)/3 (4]
6 z = h —tolyop, — ar — tolporrom — (Xfiera + max (300mm, Xgypp0re)) /3 (4]
7 z=h- tOIanchorage -p- tOZbottom - (xfield + xsupport)/3 (4]
8 Mg = z * Ngq (4]
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3.4 Verification

The verification process for the model involves a systematic approach where the value of each

parameter is initially set to a representative value. Subsequently, each building block is tested by

varying the value of one parameter, within a continuous representative domain, at a time and

evaluating the unity check for the failure mechanism. Three sample points within this domain are

selected for verification using hand calculations and an automated excel sheet provided by BAM

Infraconsult bv. The sample points for the force distribution are verified using finite element analysis

(FEA). Although this approach does not cover a 100% complete verification of the model, it is deemed

sufficient for the intended application due to the verification of results within the representative

domain. The complete results of the verification can be found in Annex A, with a summary presented

in table 3.4 in the form of average deviation and maximum deviation between the model and the

verification results.
Table 3.4: Verification of parametric model
Method Average deviation [%)] Maximum deviation [%]
NS (no slip) FEA 0.42 2.92
S (slip) FEA 0.08 1.02
FM B1 Hand calculation 0.50 4.39
Excel 1.09 1.09
FM B2 Hand calculation 0.19 1.96
Excel 0.22 2.50
FM B3 Hand calculation 0.83 4.69
Excel 0.53 4.69
FM C1 Hand calculation 0.79 4.17
Excel 0.00 0.00
FM C2 Hand calculation 0.37 4.17
Excel 0.29 3.84
FM G Hand calculation 0.56 1.97
Excel 0.07 1.49
FM BF Hand calculation 0.65 2.70
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4. Parameter influence on design efficiency

The goal of this chapter is to provide an understanding of how various parameters impact the design of
a UCF. By applying the information presented in this chapter, an engineer can identify which
parameters to adjust in order to improve the design of a UCF, when following a traditional design
approach. Besides, quick estimates can be made to determine whether the chosen parameters provide
sufficient resistance. Additionally, the results can help to determine which combinations of parameters
should be avoided in specific situations. The chapter aims to answer the sub-question outlined in
paragraph 1.1.

1. What parameters influence the resistance of the failure mechanisms to be considered in the
design of a UCF and how can these parameters be altered to improve design efficiency in a
traditional design approach?

The outline of the chapter mirrors the way the model is broken down into building blocks. A division
into several sections was made, where the influence of parameters on force distribution is discussed
first, followed by an examination of bending moment resistance in both cracked and uncracked UCF.
The influence of parameters on shear force and punching shear force is also described. Building blocks,
which are thoroughly detailed in annex A, are utilized to generate data, which is then plotted in graphs
to display continuous results. For a comprehensive understanding of which parameters are used in what

building block, refer to table 3.1 in chapter 3.

4.1 Force distribution

When determining the force distribution in a UCF, it is assumed to remain uncracked. The force
distribution is influenced by its geometry, consisting of the nominal thickness, the full length of the
span, and the centre-to-centre distance of the tensile elements. Additionally, the loads applied to the
UCF, as well as the stiffness of the spring supports play a role. This paragraph examines the effect of
varying with aforementioned parameters and presents the results in four graphs. Output from the force
distribution is to be used in failure mechanism for bending resistance and shear force resistance, where
the maximum moment in the UCF, as well as the shear force at x=h,,;,, from the retaining wall are
values used as input. For this reason, the influence of parameters on force distribution is expressed in

how much they influence the maximum moment and the shear force at beforementioned locations.

Unless specified otherwise, the following values for parameters were used:

* Qu =100 kN/m? . tolp =0.075m

e hym =1.0m o tolpyiom =0.150m

e Length =20m .k = 60000 kN/m?

e ctc =2.5m .k = 50000 kN/m

e Concrete class = C20/25 (20000) when divided by c.t.c.,

Figure 4.1 illustrates how the overlapping boundary disturbance zones behave under different UCF
lengths, with the c.t.c. distance fixed to a value of 2.5m. Figure 4.2 examines the impact of varying the
c.t.c. distance from a standard value to an extremely large value on the maximum moment and shear
force in the UCF. Figure 4.3 shows the effect of the stiffness ratio between the tensile elements and the
retaining wall, while figure 4.4 investigates how the bending stiffness of the UCF, which is dependent
on h,,, and the concrete strength class, affects the force distribution.
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My [KNm/m], V [kN/m]

My [KNm/m], V [kN/m]

740 7

It is worth noting that the tolerances were kept constant for the reason for that they only affect the
cross-sectional height of the UCF, meaning that their influence is indirectly incorporated in the
bending stiffness. Besides, the specified values for execution tolerances are by far most commonly

found in practice.

Effect of boundary disturbance zone on M and V Effect of e.t.c. on M and V
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Figure 4.1: Boundary disturbance zone Figure 4.2: Centre to centre distance
Effect of k,/k, on force distribution Effect of bending stiffness on force distribution
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Figure 4.3: ku/k, Figure 4.4: Bending stifthess

As illustrated in figure 4.1, the maximum moment in a UCF design with the above-specified parameters
is significantly larger when the complete span of the UCF is 10-20m, compared to building pits with
greater spans. The large increase of the maximum moment is explained by overlapping boundary
disturbance zones which are induced by the k,/k, ratio. The boundary disturbance needs a specific
length to dampen, the graph depicts that for a length larger than 20m, the boundary disturbance is
dampened sufficiently such that the zones do not overlap. A common conception is that a large normal
force positively affects the maximum moment in the UCF, this is confirmed by the graph. However, in
the descending branch one can see that an increase of normal force hardly decreases the maximum
moment, and the favourable properties of a high normal force are not present. Additionally, with the
parameters used to generate this graph, a high normal force negatively affects the shear force at x =
hnin’2. A conclusion to be drawn from this graph is that designing for an uncracked UCF is possible,
but may be very difficult when the building pit has a length of 10-20m. This is because the maximum
bending moment is increased by a factor of almost 2 due to the overlapping boundary disturbance

zones.
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As expected, increasing the centre to centre distance between tensile elements greatly increases the
bending moment in the UCF. This indicates that for designing for an uncracked UCF, tight c.t.c.
distances are advised. The influence of increasing the c.t.c. distance is less pronounced on shear force.
Figure 4.2 also shows that a high normal force has a negative effect on the shear force but a positive
effect on the bending moment.

Figure 4.3 illustrates that using relatively stiff tensile elements compared to the retaining wall, can
make a significant difference in the bending moment in the UCF, which is of importance when keeping
the UCF uncracked is desirable. Preventing cracking is difficult when the retaining walls have a high
stiffness, as the ratio ki/k2 will become very high. The shear force is influenced by the k;/k, ratio to a
lesser degree than the maximum bending moment.

To investigate the influence of cross-sectional bending stiffness on the force distribution, the parameter
EI, which represents the bending stiffness of the structure, was varied between a range of values. The
minimum value of EI corresponded to a combination of C20/25 with h,,, = 0.8m, while the maximum
value corresponded to a combination of C30/37 and h,oy, = 1.5m. The results presented in figure 4.4
indicate that increasing the nominal thickness to prevent cracking of the UCF may not be as effective
as one may initially anticipate. This is due to the fact that an increase in the nominal thickness or
concrete strength class also leads to an increase in the maximum moment in the UCF, which can be
explained by the statically indeterminate nature of the beam model used in the analysis.

4.2 Bending moment resistance

A UCF possesses two methods of resisting bending moments. The first is through its tensile strength
capacity, where the UCF can withstand the bending moment by preventing cracking. In this scenario,
the force distribution of an uncracked beam model, as illustrated in previous figures, should be used.
Should this mechanism prove insufficient, additional resistance can be obtained through the formation
of a compression arch, in which the force distribution is dependent on a single field. This paragraph

describes the influence of parameters on both methods of resisting bending moments.

FM B1 - Tensile strength

Figure 4.5 illustrates the impact of various parameters on the maximum moment resistance of a UCF. It
can be used as a design tool to attain the maximum allowable bending moment for a specific
combination of y,.m, concrete class, and normal force, and determine whether it is sufficient to prevent
cracking of the UCF. The graph is based on the assumption that the sum of tol, and tolb,um equals

225mm, which is a commonly encountered value in practice.

As previously demonstrated, a high normal force has been shown to be beneficial in reducing the
maximum moment within the UCF. Figures 4.1-4.4 show that a high normal force is also beneficial for
the cracking resistance of the cross-section, meaning that chances to prevent cracking are much larger
in a UCF which is loaded by a large normal force. Increasing the nominal floor thickness will greatly
increase the bending moment resistance as a result of increased cross-sectional area and tensile zone

area. Besides, increasing the concrete strength class can positively affect the bending moment
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resistance, explained by the higher tensile strength of the material. Worth noting is that increasing the
height as well as the concrete strength class also gives a higher acting moment, as illustrated in figure
4.4.

Mumax to prevent cracking

500 ]
® Ny = 0[kN/m] e
® Nu = 500 [kN/m]

4007 g Ny = 1000 [KN/m] o

— C3o/37 oy

300 4 == C25/30 ,/'

8
)

Mmax [KNm/m]

100 7 2 et

(4] T T T T T T
0.8 0.9 L0 11 12 13 1.4 L5

hpom [m]

Figure 4.5 Cracking moment under various combinations of parameters

FM B2 — compression arch

In case the tensile strength is not sufficient to provide adequate resistance against the maximum
bending moment, a compression arch can be used as an additional means of resistance. The bending
moment resistance provided by the compression arch is equal to the product of the normal force acting
on the UCF and the effective height of the arch. Figures 4.6 and 4.7 can be utilized as design tools to
quickly determine whether a given set of parameters will provide sufficient bending moment
resistance. The engineer can use figure 4.6 to determine the acting bending moment in the UCF given a
specific distributed load and centre to centre distance between the tensile elements. The bending
moment resistance can then be found based on the acting normal force and effective arch height using
figure 4.7. Conversely, the graphs can also be used to determine the maximum centre to centre distance

for a given distributed load and bending moment resistance of the UCF.

Acting bending moment Compression arch resistance
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Figure 4.6: Acting bending moment Figure 4.7: Bending moment resistance
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Reduetion of hyey ribbed pile

Figure 4.7 illustrates the importance of the normal force in providing resistance of the compression
arch. When the normal force is close to zero, the compression arch will lack resistance and a cracked
UCEF will not have sufficient bending moment resistance. The effective height also significantly affects
resistance, as a larger effective height leads to a significant increase in bending moment resistance.

The effective height of the compression arch is determined by the type of connection and execution
tolerances, as well as specific properties of the connection. The three accompanying graphs allow the
engineer to quickly calculate the effective height of the compression arch, which is equal to h,,, minus
a reduction. The reduction of h,,, can be determined from the graph, and the effective height can be

computed using the provided formula. The graph is based on the assumption that the sum of tol,, and
tolporom €quals 225mm.

hefs = hpom — reduction

Reduction of hyem dish anchor

Reduction of hyoy smooth pile

Figure 4.8: reduction hpom ribbed pile

Figure 4.9: reduction huom dish anchor
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Figure 4.10: reduction hpom smooth pile

The reduction used to calculate h.s for a ribbed pile is dependent on the rib distance as well as a factor
depending on the quotient of normal force and compressive strength of the material. For this reason,
when the normal force equals zero, the reduction is the same for all concrete classes. According to the

graph, the highest compression arch resistance is achieved using a minimum rib distance and a high
concrete class.

When a dish anchor is used as connection type, the effective height can be obtained in the same way as
for a ribbed pile however the embedment depth of the dish anchor plays a role contrary to the rib
distance. Since the minimum value of embedment depth is larger than the minimum value of rib
distance, it can be concluded that the effective height of the compression arch is per definition smaller

than when using a ribbed pile. This means that a ribbed pile would be the optimal connection type in
terms of compression arch resistance.

For a smooth pile, the reduction depends on the nominal thickness, normal force and concrete class,

where the greatest reduction is found for a high normal force, high nominal thickness and low concrete
class.
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FM B3 — Compression arch with membrane action

The rotation of cracked segments of the UCF results in an expansion of the total length, which in turn
causes a displacement of the retaining wall. The retaining wall is modelled as a spring, which generates
additional normal force when compressed. As depicted in figure 4.7, an increase of normal force results
in a corresponding increase of resistance. This means that additional resistance can be obtained by
taking this membrane action into account. Figures 4.11 and 4.12 illustrate how the additional normal
force in the UCF is dependent on the influencing parameters.

Increase of Ngg by membrane action Increase of Ngg by membrane action
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Figure 4.11 effect of c.t.c., c-class and ppead 4.12 eftect of ks, hesr and initial Ngg

Figure 4.11 was generated using a fixed hyoy, 0f 1.0m, Ngginia 0f 0 KN/m and k; of 35000 kN/m?. As
depicted in the graph, the pressure head has a substantial influence on the additional normal force that
can be generated through membrane action. The additional normal force begins to decrease and
reaches zero between a pressure head of 5 and 10 meters. This is in accordance with the reduction
factor that should be applied according to [4]. Furthermore, the graph illustrates that the centre to centre
distance of the elements has a significant impact on the additional normal force. This is a result of the
increased rotation and extension that is possible with smaller elements, caused by the ratio between
height and length of a segment, which makes snap-through less likely to occur. Changing the concrete

class only makes a significant difference in combination with smaller centre to centre distances.

The graph presented in figure 4.12 was generated using a fixed concrete class of C20/25, a pressure
head of 0m, and a centre to centre distance of 2.5m. The graph demonstrates that the spring stiffness has
a significant influence on the additional normal force generated, which is a direct result of the
additional normal force being the product of the spring stiffness and displacement. Furthermore, the
graph illustrates that when the initial normal force in the UCF is minimal, a greater amount of
additional normal force can be generated through the utilization of membrane action. Specifically, in
this graph, a UCF without initial normal force will almost reach the same value of Ng4 after membrane
action as a case where an initial normal force of 500 kN/m was present. As expected, a UCF with a
larger thickness can generate a greater amount of additional normal force, the same reasoning as for the

c.t.c. in figure 4.11 applies.
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It is important to note that the values for increased normal force can not directly be substituted in figure
4.7, this is because the effective height for a compression arch with membrane action is calculated
differently than for a regular compression arch. The difference is that the effective height for a
compression arch with membrane action takes into account geometric non-linearities to the rotation of

segments and follows an iterative calculation procedure.

4.3 Shear force resistance

There are two methods of determining the sufficiency of shear force resistance in a UCF. The first
method, failure mechanism C1, assesses the resistance to bending shear fracture at the location x=h,
outside the retaining wall. If this method is inadequate, failure mechanism C2, which includes
additional checks C2a, C2b, and C2c, may be used to determine sufficiency. These additional checks
are based on the shear force and bending moment at x=h,;,/2 outside the retaining wall.

Bending shear fracture

Bending shear fracture resistance depends on the concrete strength class, nominal thickness of the UCF
and the acting normal force. Figure 4.13 contains a design graph that shows the influence of all
parameters and can be used as a quick method for determining whether a given UCF has adequate
shear force resistance. A boundary condition for applying the figure as a design graph is that the sum of

toliop and tolpoom must equal 225mm.

Bending shear fracture resistance
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150 T T T T T T
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Figure 4.13 Bending shear fiacture

Figure 4.13 illustrates that the largest factor of the shear force resistance is the nominal thickness of the
UCF, followed by the acting normal force. As a means of increasing resistance if required, increasing
the concrete strength class can be a viable option. In absolute terms, increasing the concrete class will
have a greater impact on a thick UCF as compared to a slender UCF. However, relatively, a more
substantial increase in resistance can be achieved by modifying the concrete strength class in a more
slender UCF.

Pim van Starrenburg Page 49 of 92 MSc Thesis



z
W bam i TUDelft

Additional shear force checks

The additional shear force checks of failure mechanism C2 are to be evaluated at the location x=h;,/2
outside the retaining wall. Check C2a involves a bending moment check for which the graph provided
in figure 4.5 can be utilized. A more comprehensive method of determining the sufficiency of shear
force resistance is by utilizing the design graphs below. Nine combinations of concrete strength classes
and nominal thicknesses are provided. The graphs depict envelopes with boundaries dependent on the
normal force. For a specific case, the values for shear force and bending moment can be aligned. If the

aligned point falls within the envelope of the corresponding normal force, it indicates there is sufficient
shear force resistance.
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Figure 4.14: Resistance envelope additional shear force checks.
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Using the information presented in the graphs, it is possible to determine which parameters are most
effective to alter in cases where insufficient resistance is identified. Increasing the nominal thickness
and concrete strength class both significantly enhances the allowable combination of shear force and
bending moment. However, the increased resistance is more pronounced when increasing the nominal
thickness compared to the strength class.

4.4 Punching shear force resistance

The type of tensile element used as connection type for the UCF can significantly affect the punching
shear force resistance of the structure. In this paragraph, each type of tensile element will be analysed
separately, and the ways in which their parameters influence the punching shear force resistance will
be examined and discussed. It is important to note that the values presented in this analysis do not take
into account the necessary safety factor for performing the unity check of failure mechanism G.

Smooth piles

The resistance of a smooth steel pile utilized as connection type is dependent upon the friction between
the pile shaft and the concrete. The connection resistance is influenced by factors such as the concrete
strength class, the diameter of the pile, the effective thickness of the floor, and the roughness
coefficient. Two figures are provided, with the left graph displaying the punching shear resistance
when a roughness coefficient of 0.1 is applied and the right graph depicting the punching shear force
resistance for a roughness coefficient of 0.5. d,;, indicates the effective height over which friction will

be present and can be calculated with:
Amin = Rnom — tOItop — tolpottom

Vra Smooth pile Vrd Smooth pile

® D-=o04[m] ® D=o04[m]

® D-=03[m] ® D=03[m]
700 ® D=o02[m] 700 ® D=o02[m]
600 4 —— C30/37 600 1 —— C3o/37
so0q T 77 Czs/30 E 5004 — °° Cz25/30
a004 C20/25 3
e

T T
0.4 0.6 0.8 1.0 1.2 0.4 0.6 0.8 1.0 L2

Ay [m] i [m]
Figure 4.15 : ¢=0.1 Figure 4.16: ¢=0.5

The graphs demonstrate that when utilizing a friction coefficient of 0.1, the punching shear resistance
obtained is minimal. Although increasing the roughness of the pile surface does provide a slight
increase in resistance, it remains very small, particularly when compared to the resistance provided by
other types of connections. An increase in pile diameter, results in an increased surface area, providing
a greater resistance, as evident in the graph. Furthermore, upgrading the concrete class only yields a

minimal improvement in resistance.
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Ribbed piles

Two types of ribbed piles were examined in this study. The steel ribbed piles possess a circular cross-
section, whereas the concrete ribbed piles have a square cross-section. The graphs in figures 4.17 and
4.18 illustrate that, despite the slight variations in the method of calculating the circumference of the
punching cone for the two types of piles, the obtained results are nearly identical.

Vra Steel ribbed pile Vra Concrete ribbed pile
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so00 1 @ Ca2g/30 s000 1 @ C25/30
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Figure 4.17: steel pile Figure 4.18: concrete pile

In comparison to smooth piles, significantly greater resistance can be obtained by utilizing ribbed piles.
Notably, variations in diameter have a minimal impact on the resistance. This can be explained by the
diameter of the punching cone on the bottom of the UCF, which does not increase proportionately with
the diameter of the pile. Utilizing a higher class of concrete strength results in greater resistance for the
punching cone, which is consistent with the data presented in the graph. Increasing the height of the
UCF has a substantial effect on the resistance of the punching cone, by a much greater magnitude than
other factors. The effective height, which indicates the height of the punching cone, can be calculated
with the following formula:

Amin = Rnom — toztop — tolpottom — Qr

Modifying the rib distance of the pile has a minimal impact on the resistance, as it is restricted to a

narrow range between 0.085 and 0.12 meters.

Dish anchors

The punching shear resistance of dish anchors as a connection type is dependent on various factors,
including the diameters of the dish anchor and the steel pile, as well as the effective height of the
punching cone and the strength class of the concrete. Dish anchors possess two distinct failure
mechanisms: resistance of the punching cone and compressive resistance underneath the dish anchor.
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The data presented in the graphs indicate that, for a small effective punching cone height, the punching

resistance is the primary governing failure mechanism. However, as the effective punching cone height

increases, the compressive stress underneath the dish anchor becomes increasingly significant and

governing. This point is reached at an earlier stage for smaller dish anchors, as there is less area

available to distribute the force. Using the data presented in the graphs, it can be concluded that

increasing the concrete strength class can positively impact the punching resistance, especially when

the compressive stress is governing. Additionally, for certain ranges of effective punching cone

heights, increasing the size of the dish anchor can also improve resistance. Increasing the diameter of

the steel pile does not offer a significant improvement in resistance.

The effective height, which indicates the height of the punching cone, can be calculated with the

following formula:

Vga Dish anchor C20/25

dmin

= Rpom — tOItop — tolpottom — P

WVra Dish anchor C25/30

Vra Dish anchor C30/37
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Figure 4.19: C20/25 Figure 4.20: C25/30 Figure 4.21: C30/37
4.5 Additional remarks

e The results presented in figures 4.1 through 4.4 are specific to the parameters outlined at the
beginning of paragraph 4.1, where only one parameter was varied at a time. As such, it is not
possible to directly apply these results to other sets of parameters. However, the conclusions
drawn from the graphs can be used as a general indication. The same applies to figures 4.11 and
4.12.

e The figures presented in this chapter can be utilized as direct design graphs, under the
condition that the force distribution in the UCF is known. They provide a quick means of
determining the feasibility of a particular set of parameters for use in design. However, Figures
4.1 through 4.4 and 4.11 through 4.12 are exceptions to this, as they were not fully parametrized
and required fixed parameters in order to be plotted.

o The results presented in this chapter do not consider the bearing resistance of a tensile element,
nor the bearing resistance of a dish anchor.
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e When applying the results for punching shear resistance, it should be checked whether the
punching cone diameter is sufficiently small such that punching cones of neighbouring piles
do not overlap. This would decrease the punching shear resistance and require additional
analyisis.
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5. Enhancing UCF design with steel fibre reinforcement

In this chapter the added value of steel fibre reinforcement as a result of increased cross-sectional
resistance is examined. Using the model described in chapter 3, calculations are performed in which
results for a conventional UCF are compared to a SFUCF. A complete description of the building
blocks relevant for this chapter can be found in Annex A. The aim of this chapter is to answer the
following sub-question from paragraph 1.1:

1. How does the addition of fibre reinforcement influence the behaviour of a UCF and in what
scenarios can the addition of fibres be beneficial in terms of material savings or resistance

gain?

Material savings are used as a way to describe the added value, where minimum required floor
thickness hyomreq 1S used as a basis for comparison between a conventional UCF and a SFUCF.
Subtracting hyomreq as in the formula below, for a specific load case (combination of Ngq4 and qgg), gives
the material savings (hg,y.q). Results presented in this chapter give insight to material savings for a large
amount of load cases and sets of variable parameters that are listed in table 3.1. This gives the engineer
the opportunity to quickly estimate whether a project may benefit from the application of steel fibre

reinforcement.

hsaved = hmin,req,UCF - hmin,req,SFUCF

Two points regarding the material properties and boundary conditions should be taken into
consideration prior to comparing the resistance of a UCF and SFUCF. Firstly, it should be noted that
material properties in the stress-strain diagram, as shown in figure 2.19, are based on concrete class
B25, which is equivalent but not equal to current concrete class C20/25. The material properties for B25
are described in an outdated guideline that was replaced by [8]. In order to apply results of this thesis,
expired material properties should be substituted by currently accepted values. It is important to study
whether this approach is safe. Secondly, the boundary conditions for applying the calculation method
described in paragraph 2.2.5 should be taken into account.

5.1 Substitution of concrete strength class

The concrete mix design used as reference in this thesis is classified as B25, which is equivalent to
C20/25. However, with the release of new guidelines, the characteristic tensile- and compressive
strength properties of the material have changed. This affects the cracking moment resistance (M) and
plastic moment resistance (M,) of a cross-section. As seen in figure 5.1, substituting material properties
of C20/25 into the stress-strain diagram used in the calculation method results in a decrease of M, and
M,. This substitution can be viewed as an added safety measure by using reduced moment resistance.
Since the concrete mix design was determined to be safe for use at Botlekspoortunnel after thorough
research, it is assumed that substituting the material properties is a safe approach, because it gives
further reduction of resistance.

Material properties for concrete strength class B25 and for C20/25 according to [8] are outlined in table
5.1. The reduction of M, and M., was calculated using the following formula:
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100 * M
reduction [%] = 100 — p/cr,C20/25

Mp/cr,BZS

Table 5.1: Material properties

Stress-strain diagram | Equivalent to current Value for B25 Value for C20/25
(paragraph 2.2.4) value in (8] (N/mm?] (N/mm?]
fo fed 15 13.33
fbr fctd,pl 1.15 1.0
E Eem 28500 27500

Reduction of M, and M, for C20/25 compared to B25
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Figure 5.1: Reduction of M and M,

It was found that the reduction only depends on the change of material properties and the compressive
stress caused by the normal force in the SFUCF. The reduction is most significant when the
compressive stress is low. The substitution of material properties has a greater impact on M,, than on

M,,. This also implies that the hardening factor for C20/25 will be slightly lower than for B25. It is
worth noting that b in the formula on the x-axis is equal to 1 meter.

5.2 Boundary conditions

Two boundary conditions related to the hardening factor and maximum curvature are outlined in

paragraph 2.2.4. These conditions must be met for the calculation method to be appropriate and for the
results to be applicable.

The hardening factor, as illustrated in figure 5.2, is dependent on the compressive stress caused by Ngq.
The graph demonstrates that M, benefits more from a high normal force than M,,, resulting in an
increase of the hardening factor for higher compressive stress. Most importantly, the hardening factor
is always greater than 1, even when there is no normal force present in the UCF. This indicates that
plastic behaviour with finely distributed cracks is always guaranteed for the concrete mix design used
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as a reference, which is a boundary condition for the calculation method outlined in paragraph 2.2.5 to

be applicable.

A second boundary condition for the situation in figure 2.24 to be valid, is that the curvature limit in a
hinge may not be exceeded. The curvature limit depends on Ng4 and the nominal thickness of the
SFUCF and can be obtained from figure 5.3. The limit value corresponds to the curvature where the

ultimate tensile strain (gg,,,) i1s exceeded in the outer fibres of the cross-section, and fibre pull-out

starts. In the M-N-k diagram in figure 2.21 this point is marked with 2.

Figure 5.3 illustrates that a SFUCF loaded by a high normal force can withstand more curvature than a
SFUCF with a low normal force. This can be explained by the compressive zone height in the cross-
section, which is greater when the normal force is high, resulting in a smaller tensile zone. For a given
curvature, the strain in the ultimate tensile fibres will therefore be smaller when the normal force is
high. This reasoning also applies to the floor thickness. A slender SFUCF can withstand more
curvature than a thick SFUCF because the tensile zone for a given curvature is smaller, leading to

smaller strains in the outer fibre of the cross-section.

Hardening factor 1e—5 Curvature limit
210 L0
—— Nga=0 [kN/m]
195 7 0.9 {‘ ---- Nga=250 [kN/m]
N ‘ ——- Nga=500 [kN/m]
180 0.8 1 g\\ - — Nga=750[kN/m]
E ' “\ -------- Ng4 =1000 [kN/m]
165 »ﬁ, 0.7
]
L50 0.6 7
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L20 T T T T T T T 0.4
000 025 050 075 L0O0 125 150 L75 2.00 0.8
Ned 2 hipom[m]
=——— [N/mm?
" hpom *b N/ :
Figure 5.2: Hardening factor Figure 5.3: Curvature limit

This thesis does not investigate the actual curvature in a hinge. Further research into the rotation of
hinges in a SFUCF is suggested. When utilizing the results presented in the following paragraph, it is
crucial to verify that the curvature limit for the specific case is not exceeded.

5.3 Material savings by additional bending moment resistance

Assuming that the boundary conditions are satisfied, possible material savings are presented in graphs
where the loading condition is set out on the axes. The results in this paragraph can only directly be
applied when bending moment resistance is governing over (punching) shear force resistance. The load
case of a specific project can be aligned on the axes after which the possible material savings can be
read in the graph. The contours in the graphs are coupled to a colorbar where the value of hg,eq 1S
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Normal force [kN/m]

Normal force [kN/m]

specified. For the comparison between hyomeq for a UCF and SFUCF, a cracked situation is assumed.

This means that bending moment resistance for a conventional UCF is obtained from failure

mechanisms B2 and B3: compression arch (with membrane action). The reason for this assumption is

that an uncracked UCF introduces too many variables for the comparison, because its resistance is

largely dependent on the force distribution. Moreover, in an uncracked situation, the behaviour of a

SFUCF does not differ from a conventional UCF. When applying the results presented in this chapter,

the engineer should always examine whether the UCF actually cracks, such that the above assumption

is valid. In practice this is often the case.

Standard values of parameters which are representative for a realistic UCF design are used as basis for

the comparison. To demonstrate how each variable parameter affects the possible material savings, it

will be changed within a representable domain. The standard set of parameters is listed below and uses

dish anchors as standard connection type.
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Reduced UCF thickness — Changing the c.t.c. distance
The centre to centre distance was changed from a typical 2 meters to a very unusual 8 metres. The

colorbar applies to all graphs on it’s left side, unless specified otherwise.
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The graphs show that for the typical centre to centre distance range of 2 to 3.2 meters, minimal material
savings can be achieved. For c.t.c. distances between 3.2 and 4.4 meters, substantial savings are
possible, but only under load conditions with a large distributed load. For larger c.t.c. distances,
significant material savings of up to 0.3m are possible when the normal force is substantial. Since the
distributed load is primarily dependent on the hydrostatic pressure head, it can be argued that material
savings where a small c.t.c. distance is applied, will only be applicable in deep building pits where a
large pressure head is present. However, for large c.t.c. distances, material savings are also possible
even with a low distributed load. An example is the underpass at Heinesoweg in Zwolle, where despite
the low distributed load, material savings were still obtained because large c.t.c. distances had to be
applied.

Reduced UCF thickness — Changing pyeaq
The results were analysed by varying the hydrostatic pressure head from 0 to 10 meters, while keeping
other parameters at their standard values. It should be noted that the scale of the colorbar for the
bottom-right graph was adjusted. Moreover, it’s worth mentioning that the hydrostatic pressure head is
measured relative to the top of the (SFYUCF.

Saved thickness [m], pressure head = 0 [m] Saved thickness [m], pressure head = 5 [m]
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The results show no difference between a hydrostatic pressure head of 0 and 5 meters, which is
expected as no reduction coefficient for membrane action is to be applied within this range. However,
for higher pressure heads, the additional resistance by membrane action is reduced. The plots
demonstrate that material savings are possible at larger pressure heads, especially when the distributed
load is high. It is important to note that the distributed load is highly dependent on the pressure head,
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0.0

Pim van Starrenburg Page 59 of 92 MSc Thesis



ﬂ bam infra

]
TUDelft

Normal force [kN/m]

hence a pressure head of 8 meters in combination with a distributed load of 150 kN/m* may not be
commonly encountered in practice.

For pressure heads of 10 meters or higher, the membrane action is no longer applicable, which
significantly reduces the resistance of the compression arch. This allows for serious material savings,
even when both the distributed load and normal force are low. The white area in the graph indicates
load cases where a conventional UCF with a moderate thickness is not feasible, but a SFUCF can still
be applied. The primary challenge in this area is the lack of normal force, which renders the
compression arch almost ineffective. Even though the pressure head at projects of Groninger forum
and Mauritshuis was not necessarily 10m or higher, the common problem was a lack of normal force
even after taking membrane action into account. These projects are examples where a SFUCF was
essential to making the project feasible, and this is also shown by the results in the graph.

Reduced UCF thickness — changing k;

The membrane spring stiffness was altered between 10000 and 60000 kN/m?. The graphs indicate that in
case of a membrane stiffness of 35000 to 60000 kN/m?, no significant amount of material can be saved
by applying a SFUCF. This is due to the high normal force generated by the compression of the spring,
which is beneficial for the compression arch. As a result, a smaller floor thickness can be used and the
application of a SFUCF becomes redundant.

When the membrane spring stiffness is low, similar issues arise as when the pressure head is high. The
lack of additional normal force that can be generated by membrane action makes the use of a SFUCF
beneficial. In this case, the lack of normal force is not caused by a reduction coefficient, but because of

the physical low stiffness of the membrane spring.
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Reduced UCF thickness — changing p

Increasing the embedment depth for a dish anchor significantly reduces the effective height of the
compression arch. In practice, the dish anchor is typically placed as close to the top of the UCF as
possible. The reason for this can be observed in the graphs. When the dish anchor is deeply embedded
in the UCF, like in the right graph, a lot of resistance of the compression arch is lost. This explains the
potential for material savings when a deeper embedment depth is applied. It is important to note that
the scale on the colorbar has changed compared to previous graphs.

r 0.0
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Reduced UCF thickness — changing the connection type
So far, all graphs have utilized dish anchors on steel rods as the standard connection type. It is worth
studying whether material savings are possible when using different types of connections. It is
important to note that changing the tensile elements also changes the k1/k2 ratio and affects the force
distribution along the UCF. This may increase the likelihood that the floor remains uncracked which
would eliminate the need for steel fibre reinforcement. However, the graphs below are based on the
assumption of cracking, and the engineer should always verify if cracking actually occurs.
The graphs show that when changing the connection type to ribbed steel or ribbed concrete piles, there
are no material saving possible in combination with the other standard parameters. However, for a
smooth pile, a substantial difference can be made under certain load conditions. These load conditions
are most likely to occur in deep building pits. A factor to consider is the execution for each type of
tensile element, a reason for the common application of dish anchors for deep building pits is that they
are considered to be easier to execute at this depth. The results of the graphs are in line with the
formulas for effective height of the compression arch, where a smooth pile gives the least effective
height and a ribbed pile gives the most effective height.
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Reduced UCF thickness — changing a,
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Changing the rib distance only applies when using ribbed piles, therefore the connection type for
plotting these graphs was set to steel ribbed piles. Applying concrete ribbed piles does not alter the
results. Other parameter are kept at their standard values listed at the beginning of this paragraph. As
seen on the colorbar with changed scale, changing the rib depth hardly changes the possibility to save

material. The small difference is explained by the slight decrease of effective height of the compression
arch.

Material savings by additional bending resistance expressed in percentages

Previous results have presented material savings in terms of the required thickness for a SFUCF
subtracted from the required thickness for a conventional UCF. This provides an absolute value, but
does not indicate the relative material savings that can be achieved. Expressing the material savings as
percentages addresses this issue and gives a different perspective on the results. The formula used to
calculate the percentage of material saved is listed below. An example is provided using the standard
set of parameters and a c.t.c. distance of 3.2m.

100 =* hmin,req,SFUCF
hmin,req,U CF

saved concrete [%] = 100 —

Saved concrete [%], c.t.c. = 3.2 [m]

900 - 30
800 1 25
'E 700 4
= 20
é 600
£
500 7 F 15
£
T 400
E 10
200 o
100 Lo

0 T T T T T T T
0 25 50 75 100 125 150 175 200
Distributed load [kN/m=]

Annex C includes additional graphs that complement the results presented in this paragraph, where
material savings are expressed in percentages. Combining the graphs presented in this chapter and the

graphs in chapter C, gives the opportunity to calculate the required thickness for a UCF and SFUCEF,
for all load cases plotted in the graphs
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5.4 Additional remarks

e The results in this chapter apply only to the specific combinations of standard parameters listed
in paragraph 5.3, where one parameter was varied at a time. While this provides insight into
circumstances under which the application of steel fibre reinforcement can result in material
savings, it may be more useful for an engineer to obtain an exact answer for a unique set of
parameters not covered in this chapter, rather than making an estimate based on the provided
results. For this purpose the engineer can use the optimization tool discussed in the next
chapter. By inputting specific parameters for a project, the output of the tool will suggest
whether or not the use of a SFUCF is advantageous as well as provide a list of optimal design
parameters.

o The reference steel fibre reinforced concrete mix design was categorized as strength class B25,
equivalent to C20/25. The properties of this concrete mix were determined through four-point
bending tests. The input of the stress-strain diagram used in the calculation procedure for a
SFUCEF is in correspondence with the material properties obtained with the four-point bending
tests. Since material properties for higher concrete strength classes following four-points
bending tests were not available, only comparisons could be made to UCF’s executed in
concrete class C20/25. It is recommended to conduct further research to material properties that
can be used as input to the calculation method, such that a comparison can be made between a
SFUCF and UCF executed in higher concrete strength classes.

o Due to execution tolerances and the behaviour of a conventional UCF, a lower bound of 800
mm is used as minimum nominal floor thickness. For the comparison in this chapter the same
lower bound was used for a SFUCF. However, it is possible that allowing a floor thickness
smaller than 800mm could result in greater material savings, as in many load cases, a unity
check below 1.0 was obtained for a SFUCF thickness of 800mm. Additional research is
recommended to investigate whether the ductile behaviour of a SFUCF could allow a floor

thickness smaller than 800mm to be safely executed.

e As described in the literature study, steel fibre reinforcement potentially has a positive impact
on the shear force- and punching shear force resistance of a UCF. Methods for taking these
positive effects into account are outlined in [23). The calculation requires the use of post-
cracking tensile strength values obtained from three-point bending tests as input. These tests
were not performed on the reference concrete mix design, so the additional resistance for
(punching) shear cannot be determined using this method. A conservative approach is to treat a
SFUCEF as if it is not reinforced with steel fibres, however this makes a comparison between
UCF and SFUCF on (punching) shear force resistance redundant. It is recommended that
additional three-point bending tests be conducted to determine the necessary material
properties for the described calculation method, as this could provide valuable information on
potential material savings when the bending moment resistance is not governing over

(punching) shear force resistance.
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6. Cost optimization by parametric design

The previous chapters provided a thorough analysis of how design parameters can impact the design of
an underwater concrete floor. Additionally, the effects of incorporating steel fibre reinforcement were
investigated and scenarios where material savings as a result of the fibre reinforcement are possible,
were illustrated through graphical representations. These results were obtained by generating data with
the parametric model and can assist an engineer in decision-making in a traditional design approach for
a UCF.

This chapter describes a different way in which the parametric model can be used to assist the engineer,
namely by creating a new design approach for (SF)UCF’s. Given the complexity and large number of
parameters involved in the design of UCF, an optimization tool was developed to evaluate and
compare different designs (sets of parameters), and identify the optimal set of parameters. The
optimization tool uses the total material cost of the UCF, including tensile elements, as the basis of
comparison between different designs.

The optimization tool can be utilized for a specific case, as prescribed by the user. Certain parameters,
such as the dimensions of the building pit and the load case, are specific to the given case and must be
provided by the user. For other parameters, such as the nominal thickness, amount of tensile elements
and concrete strength class, the optimization tool will iterate through a large pool of combinations. By
calculating the total price for each combination of variable parameters, the most cost-effective design
for the prescribed case is found.

The parametric model and various building blocks outlined in chapter 3 and annex A contain all
necessary calculation steps to develop the optimization tool. The challenge is to connect these building
blocks in an appropriate sequence that accurately reflects the design process of a (SF)UCF. Once this is
done, it is possible to iterate through different sets of parameters to generate a range of designs and
identify the design with the lowest cost.

This chapter will provide an overview of the input and output of the optimization tool, and will
describe the factors taken into account in the comparison between different designs. Additionally, the

process within the optimization tool will be visualized by a flowchart.

6.1 Input and output of the optimization tool

The user is required to provide an Excel file where all required information for the optimization
process is inputted and stored as a database. The Excel file includes various data sheets where case-
specific parameters, as well as material prices are listed. Additionally, there are data sheets for each
connection type, where the engineer can input different variations and corresponding parameters of a
specific connection type to be considered. The decision to use an Excel file as the method of input was
based on the assumption that it is a user-friendly method for most engineers, and allows for easy

modification of material prices or other parameters, as well as the ability to save multiple versions.
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In addition to the excel file, the user is required to provide a standard template used to present the
output. After the optimization tool has iterated through the entire pool of parameters and determined
the most cost-efficient configuration, the python script automatically generates a calculation report.
The report includes cross-sections of the construction, as well as calculations and diagrams illustrating
the moment, shear force and displacement distributions. The process of transforming input to output,
through the use of a python script, is visually presented in figure 6.1.

Provided by user Automated in optimization tool
X
%
—_—
P 2 PDF
ﬁ: AyClartean —
mE ‘ Commmem. el i

WG amngeiliel.

Figure 6.1: Process of going from input to output

Input: case specific parameters
The user is required to provide input for case-specific parameters in a designated table within the Excel
file. Table 6.1 lists the necessary parameters and provides a brief explanation.

Table é6.1: Case-specific parameters (dummy values)

Parameter Value Description

Length, 20 [m] Length of short span

Length, 30 [m] Length of long span

Toppi +1 (m] Level of top of retaining wall

Topuycr -7 (m] Level of top of UCF

Phead 5 (m] Hydrostatic pressure head relative to topycr

Ny 300 [kN/m] | Normal force along short span

N, 300 [kN/m] | Normal force along long span

Iy 0.3 [-] Friction coefficient between retaining wall and UCF - short span
iy 0.3 [-] Friction coefficient between retaining wall and UCF - long span
i 505 [N/mm’] | Yield stress steel piles

Kix 60000 [kN/m?* | Spring stiffness retaining wall — short span

Kiy 60000 [kN/m’] | Spring stiffness retaining wall — long span

k, 35000 [-] Membrane spring stiffness

Conseq.class 2 (-] Consequence class according to Eurocode

toliop 0.075 [m] Execution tolerance for top level UCF

tolyotiom 0.15 (m] Execution tolerance for bottom level UCF

t0lanchorage 0.1 (m] Execution tolerance for connection

Pil€gepth,est 15 (m] Estimated required tensile element depth
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Input: connection types

The Excel file consists of data sheets for each connection type, allowing the user to specify multiple
variants for consideration in the optimization process. Required parameters, including spring stiffness,
for the chosen variants must be entered to accurately determine force distribution. Additionally, the
base price of the tensile elements (expressed in €/m) should be entered. The circular diameter must be
provided for smooth and ribbed steel piles, while the square diameter must be entered for ribbed
concrete piles. The diameters of both the pile and anchor must be specified when dish anchors are used
as connection type. Table 6.2 presents an example, demonstrating how two variants for each

connection type are entered.

Table 6.2: Connection types to be considered (dummy values)

Datasheet: Smooth | Datasheet: Ribbed | Datasheet: Ribbed Datasheet: Dish Unit
pile concrete pile steel pile anchor
variant 1 2 o 1 2 - 1 2 - 1 2 -
k, 60000 | 70000 70000 | 80000 60000 | 70000 50000 | 50000 [kN/m]
D 0.2 0.3 0.2 0.3 0.0635 | 0.0635 [m]
B 0.2 0.3 [m]
d 0.25 0.35 [(m]
€ 120 150 120 150 120 150 60 60 [€/m]

Input: additional costs

In addition to the cost of the tensile element, a separate data sheet within the Excel file allows the user
to provide additional costs. The prices for underwater concrete of various strength classes considered,
as well as the price of steel fibre reinforcement, must be provided. When considering a dish anchor,
additional costs must be taken into account, including the grout for ensuring friction and bearing
resistance between the tensile elements and soil, the cost of the dish anchor itself, and a connection bolt

for secure placement. Table 6.3 serves as an illustration, presenting dummy values as an example.

Table é6.3: Additional prices (dummy values)

Item Price Unit
Underwaterconcrete C20/25 115.00 [€/m?]
Underwaterconcrete C25/30 120.00 [€/m?]
Underwaterconcrete C30/37 125.00 [€/m?]
Steel fibre reinforcement (30kg/m?® | 120.00 [€/m?]
Grout 5.00 [€/m]
Dish anchor 3.00 [€/kgl
Connection bolt 32.50 [€/piece]
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Process: iterating through pool of parameters

The pool of parameters is comprised of arrays of variable parameters with iterable values. These arrays
possess upper and lower boundaries and a step size, which have a fixed value in the python script but
could be altered by the user if desired. The variable parameters, to be iterated over by the optimization
tool are listed below:

¢ hum e connection type and variant
e concrete strength class e ¢
° Sx o ay
e s, ® p

The nominal thickness parameter is iterated over values ranging from 0.8m to 1.5m, with a step size of
0.025m. The array for concrete classes includes C20/25, C25/30, and C30/37. Due to a lack of
appropriate data, the implementation of steel fibre reinforcement can only be considered when the set
of parameters contains strength class C20/25.

The process for determining the number of fields along the span (s, and s,) is based on a minimum and
maximum centre to centre distance of 2m and 7.5m, respectively. Using these values, the upper and
lower bounds for the number of fields in the UCF are determined and will be iterated over with a step

size of 1.

The iteration of connection types and their variants is dependent on the data input by the user. If the set
of parameters being calculated includes smooth piles as the connection type, the roughness coefficient
will be iterated through values of [0.1, 0.2, 0.4, 0.5]. If the set of parameters includes ribbed piles, the
rib distance will be varied through [0.085m, 0.09m, 0.095m, 0.1m, 0.105m, 0.12m]. If dish anchors are
used as the connection type, the embedment depth will be varied from tol,p+t0lanchorage t0 hnom/2 m with

a step size of 0.025m.

Process: basis of comparison

The price calculation of a design is performed if a set of parameters is determined to have sufficient
resistance and meets the requirements on all necessary failure mechanisms. The price calculation is
based solely on the material prices for the UCF and tensile elements. The formulas used to calculate the
price of the design vary depending on the connection type. An additional cost should be added to the
formulas in case steel fibres are applied in the design.

Smooth/ribbed piles: lengthx * lengthy * hnom * €concrete + (Sx - 1) * (Sy - 1) * pileest,depth * €pile

Dish anchor: lengthx * lengthy * hnom * €concrete + (Sx - 1) * (Sy - 1) * pileest,depth * (€pi1e +

€grout) + (Sx - 1) * (Sy - 1) * (€dish + €bolt)

Addition of steel fibres: length, * ]engthy * hyom * €fibres
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Output: calculation report

A comprehensive report is automatically generated for the optimal design. This report comprises the
case-specific parameters, as well as the set of optimal parameters and pool of parameters from which
they were selected. It also presents calculation results such as distributions of bending moments, shear
forces, and displacements, and provides illustrations of cross-sections of the building pit. An example
of the automated report generated for the case study presented in the following chapter, can be found in
Annex E.

6.2 Calculation process and visualization

This paragraph further explains the calculation process in the optimization tool and visually illustrates
it using a flowchart. The building blocks of the parametric model, mentioned in chapter 3, are
sequenced in a specific order to create a complete design process for a (SF)UCF. Visualization and
verification of the building blocks can be found in Annex A.

The process starts by determining the governing loads through the load combinations specified in
paragraph 2.1.1. The resulting force distributions are then calculated for both non-slipping and slipping
beam models along the short span, taking into account variations of stiffness coefficients. This results
in a total of four force distributions. The resulting governing bending moment is subjected to FM B1. If
it fails to meet the requirements, FM B2 is performed. Depending on the pressure head and concrete
class, FM B3 and FM BF may be used if FM B2 does not suffice. If no bending moment failure
mechanism satisfies the requirements, a new iteration will start by selecting a different set of

parameters.

If the set of parameters passes the bending moment resistance check, the FM C1 shear force check can
be performed. If it is insufficient, the FM C2 check can be performed. If both the FM C1 and FM C2
checks do not meet the requirements, a new set of parameters will be selected and the iteration process

will be repeated.

The requirement for performing the same analysis for the long span as for the short span is determined
by evaluating conditions specified in paragraph 2.1.2. If the analysis of the long span is not necessary,
check A will be performed. However, if the conditions are not met, the analysis of the long span must

be performed through the previously described process that was performed for the short span.

The punching shear force check will be performed if it is found that the both the short and long span
have sufficient bending moment and shear force resistance. The governing punching shear force of all
previously calculated load distributions is used. Depending on the connection type, a new iteration
process starts for ¢, a, or p. If FM G indicates that there is sufficient punching shear force resistance,
the price of the set of parameters is calculated. The price and parameters are saved in lists.

The final step in the optimization tool involves finding the optimal design. This is achieved by
identifying the index corresponding to the lowest value in the list of prices obtained from all the
iterations. The parameters with corresponding indexes are then considered as the optimal design.
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6.3 Reproducibility of optimization tool

This chapter and the annexes do not contain the precise Python code required to replicate the
parametric model and optimization tool. However, it is still possible to reproduce these elements.
Annex A provides a comprehensive visual representation of the building blocks of the parametric
model through flowcharts, accompanied by the relevant formulas. Additionally, Annex B describes a
parametric method for determining the force distribution in a UCF. By combining these resources, the
parametric model can be reproduced.

The optimization tool is derived from the building blocks of the parametric model. By utilizing the
flowchart presented in figure 6.2, one can replicate the design process of a (SF)UCF, as well as the

iterative process used in the optimization model.

The input, consisting of an Excel database and a Word template, as well as the output in the form of an
automated calculation report, cannot be directly reproduced based on the information provided in this
thesis. However, it should be noted that these components simply serve as a means of presenting input
and results, and are not integral to the optimization process itself. Furthermore, they are not strictly
necessary, as the entire optimization process can be performed in PyCharm or another preferred
development environment.

Pim van Starrenburg Page 70 of 92 MSc Thesis



z
W bam i TUDelft

7. Case study Rotterdamsebaan

The optimization tool described in chapter é will be utilized to assess the design of a UCF in a
completed deep excavation project on the Rotterdamsebaan. This project involved constructing the
entrance of a drilled tunnel, requiring deep excavations with UCF’s. The entrance to the tunnel was
divided into a series of building pits. The case study focusses specifically on building pit V1, which is
the final building pit before entering the drilled section of the tunnel. The aim of this comparison is to
determine if the tool’s results align with those of an engineer-optimized design and to study whether the
original design could have been improved from an economical viewpoint. Additionally, the possibility
of enhancing the design by adding steel fibre reinforcement will be evaluated. An analysis of the
project’s specific parameters and user-specified parameters will be conducted to effectively apply the
tool.

7.1 Analysis of design Rotterdamsebaan

The objective of the analysis is to identify the project-specific parameters as well as the parameters that
were optimized by the engineer to arrive at the final design. Furthermore, the analysis will examine the
choices made regarding materials and connection types in the design process.

Geometry

The figures below were obtained from the calculation report concerning the UCF (28] and depict a
cross-section and top view of the building pit. They include all essential parameters related to the
geometry of the UCF.

UN SN ————— as—stempeltrcrrpe

RN N7 SN —0.600 +0.500

—|— —TBKI Keldervioer level 0
-13.731

+9.327

~17 35m

Gewi’s extending to -44m

Figure 7.1: cross section of building pit [28]
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Figure 7.2: Top view of building pit [28]

Figure 7.1 illustrates the excavation levels in relation to Nationaal Amsterdams Peil (NAP). By
combining the calculated required thickness h,,, of 1.0m and a 0.3m gravel layer, the necessary top
levels of the UCF can be determined. At axis V1 the required topycr is -16.05m, whilst at axis V2 the
required topycr is -14.85m. The average topycr, in reference to NAP, is -15.45m. In determining the
governing load combination, the top level of the retaining wall is also important and was found to be

+1.5m in relation to the NAP. The UCF is connected to Gewi piles with dish anchors, which extend to -
44m.
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The east and west sides of the building pit feature combi-walls, while sheet piled walls are used on the
north and south sides to conduct a retaining function. The width of the construction floor cast on top of
the UCF ranges from 28.05m to 28.94m between axis V1 and V2. However, taking into account
additional space between the UCF and retaining wall, results in a complete span of 29.46m along
section 2, as mentioned in the calculation report. Along section 1, following the same approach, a total
length of 30.7é6m is found. From this point on, the span between the combi-walls will be referred to as
the ”long span’” and the span between the sheet piles will be referred to as the short span”, based on
their respective lengths.

The foundation design uses irregular centre to centre distance between the tensile elements as a way to
positively affect the force distribution. The long- and short span were divided into respectively 15 and
13 fields of which the centre to centre distances are:

Long span (14 piles): 1x1.11lm, 1x1.70m, 5x2.85m, 6x2.86m, 1x1.70m, 1x1.11m
Short span (12 piles):  1x 1.30m, 2x2.29m, 4x2.39m, 5x2.49m, 1x1.55m

Design consideration: governing sections

Two cross-sections were used for the design of the UCF. The middle of the span typically experiences
the highest deformation and dominant forces in the tensile elements. Therefore, section 1 was selected
as the design section for the long span. For the short span, the governing cross-section was determined
to be section 2, which intersects the green box with only 12 tensile elements along the span. The force
distribution in the green box was found to be more critical than the force distribution in the blue box,
due to the lower number of tensile elements.

Hydrostatic pressure head

Under normal conditions, the phreatic level at the location of the building site is -1.4m relative to NAP.
However, during the construction phase, the level was lowered to -2.5m. Since the UCF serves a
temporary function and the forces in the tensile elements will be relieved after the construction floor
and tunnel elements are cast, the latter was used for the design. This results in a pressure head of
12.95m with reference to topycr.

Loads and combinations
The UCF was designed in accordance with the safety approach of [4], using corresponding load factors

and load combinations. In compliance with [6], the structure was classified in consequence class CC2.

The distributed load was calculated from the following factors:

e A specific weight of 23 kN/m* was applied for the self-weight of the UCF. Using this value and
the calculated h,,m, it was determined that qger = 23 kKN/m?.

e The upward distributed load caused by hydrostatic pressure was calculated as the difference
between the bottomycr and the phreatic level, multiplied by the specific weight of water. The
resulting value was found to be qyaer = 139.5 KN/m?.

o The UCF is located in a Pleistocene soil layer that is not prone to heave. As a result qpeave = 0
kN/m?
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The normal forces in the UCF were determined through retaining wall analysis and were found to be
1170 kN/m along the long span and 1100 kN/m along the short span.

Design considerations: pressure head and normal force

Since the UCF is slanted along the short span, the hydrostatic load is higher at axis V1 than at axis V2.
The middle tensile elements in section 2 will experience the greatest load as the displacement of the
UCEF is largest in the middle of the span. To account for this, the average pressure head along the
slanted UCF was used, as it corresponds to the location of the most heavily loaded tensile elements.

Because the excavation levels for section 2 vary, the normal force at the edge on V1 is greater than the
normal force at the edge on V2. For safety reasons, the lowest value was used.

Connections

The spring stiffnesses of the sheet piled walls (k,), combi-walls (k;,) and Gewi-piles (k,) were obtained
from the calculation report and are listed below. Because of the high pressure head, membrane action
may not be taken into account, hence the membrane spring stiffness is not relevant for this case study.
A friction coefficient of 0.3 is used to calculate the maximum friction force between the UCF and

retaining wall.

Ky = 60000 KN/m?
Ky = 100000 kN/m?
k, = 50000 KN/m?
Myy =03

The Gewi-piles have a diameter of 63.5 mm and are connected to the UCF with dish anchors which

have a diameter of 350 mm. The embedment depth of the dish anchor is 0.2 m.

Design considerations: Connection UCF-retaining wall and use of Gewi-piles

To be able to retract and reuse the retaining walls, no connection between the UCF and the retaining
wall may be utilized. This requires additional evaluations to determine if there is sufficient friction
between the UCF and the retaining wall. If there is insufficient friction, the force distribution must be
recalculated using a slipping beam model, where all checks regarding bending moment and (punching)

shear resistance must still suffice.

The use of Gewi-piles and dish anchors was predetermined as the preferred method for constructing
this building pit, as they provide advantages in terms of construction speed and execution phases that
could not be obtained with other pile types. The construction phases are listed below:

1. Piling sheet piles and combi-walls

2. Applying Gewi-piles from ground level

3. Applying strutting system between retaining walls
4. Dry excavation of top clay layers
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5.  Wet excavation to ultimate excavation depth
6. Applying gravel layer (300mm)

7. Casting UCF

8. Emptying building pit

Materials
The applied concrete strength class is C20/25. Material properties of this strength class are listed in
table 2.3. The yield strength of the Gewi-piles is equal to 505 MPa.

Tolerances
The tolerances are dependent on the execution methods and soil-type underneath the UCF, this is
explained in paragraph 2.1.1. For the UCF in this case study, the following tolerances were taken into

account:
toliop =0.075m
tolbottom = 0150 m
t0lanchorage =0.100m
Results

The unity checks of the different failure mechanisms are summarized in the table below. The
governing failure mechanism is punching shear.

Table 7.1: Results UCF building pit V1 [28]

FMB1 | FMB2 |FMB3 |FMC:i1 |FMC2a | FMC2b | FMC2c | FM G

Section 1
5.72 0.24 - 0.66 - - - 0.98
(long span)
Section 2
5.33 0.30 - 0.66 - - - 0.96
(short span)
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7.2 Input for optimization tool

Case-specific parameters were identified through analysis in the previous paragraph. Arrays of variable

parameters with representative boundary values are chosen such that the case study relies on realistic

values. Material prices were determined with advice from multiple employed cost-estimators and

material suppliers of BAM Infra.

Case specific parameters

A summary of the analysis, resulting in the case-specific parameters needed as input for the

optimization tool, is given in the table 7.2.

Table 7.2: Case-specific parameters

Parameter Value
Length, 29.46 [m]
Length, 30.76 [(m]
Topyi +1.5 [mj
Topucr -15.45 [m]
Phead 12.95 [m]
Ny 1100 [kN/m]
N, 1170 [KN/m]
Iy 0.3 -]
Hy 0.3 (-]
i 505 [(N/mm?*]
Kix 60000 [kN/m?]
Kiy 100000 [(kN/m?]
k, n.a. (-]
Conseq.class CC2 [-]
toliop 0.075 [m]
tolpottom 0.15 [m]
t0lanchorage 0.10 (m]
Pilegepest 27.5 [mj
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Variable parameters

Table 7.3 lists arrays of variable parameters that are iterated through. For every combination of these
parameters, the force distribution is calculated and failure mechanisms are checked. If all checks are
satisfactory, a cost estimate is calculated for that specific combination of parameters.

Table 7.3: Variable parameters — iterable values

Variable .
parameter Value Unit
huom [0.8, 0.825, 0.85, 0.875, 0.9, 0.925, 0.95, 0.975, 1.0, 1.025, 1.05, 1.075, 1.1, 1.125, | [m]
1.15,1.175,1.2, 1.225,1.25,1.275,1.3, 1.325,1.35,1.375, 1.4, 1.425,1.45,1.475,1.5]
Sx 4, 5 6, 7, 8 9,610, 11,12, 13, 14] -]
S, (5, 6, 7, 8, 9,10, 11, 12, 13, 14, 15] [-]
Concrete class [“C20/25”, “C25/30”, “C30/37”] [-]
Fibres [ “yes”, “no”] (-]
c [0.1,0.2,0.4,0.5] (-]
a, [0.085, 0.09, 0.095, 0.1, 0.105, 0.12] [m]
p [toliop + tOlanchorage, min/2, Stepsize=0.05] [m]
Connection type [ “Dish anchor™] (-]

The optimization tool allows for multiple variants of a specific connection type to be inputted via an
accessory Excel file. As the tool iterates through different connection types, it also iterates through the
variations of each type, which may differ in geometric properties or spring stiffness. In this case study,
only dish anchors connected to Gewi-piles were used for reasons explained in paragraph 7.1. The
spring stiffness of a Gewi-pile with a diameter of 63.5mm was obtained from the calculation report of

the applied design. Two variations of this type were applied, differentiated by the diameter of the dish

anchor.
Table 7.4: Connection type variants
. Ribbed concrete Ribbed steel pile Dish anchor .
Smooth pile . Unit
pile

variant 1 2 - 1 2 - 1 2 - 1 2 o0

k, - - - - - - - - - 50000 | 50000 - | (kN/m]
D - - - - - - 0.0635 | 0.0635 - [m]

B Z Z - (m]

d 0.25 0.35 - | m]

Remaining columns in figure 7.4 are added for context but are purposefully left empty as these
connection types are not examined in this case study. The arrays for ¢ and a, in table 7.3 contain
standard values, however they may be neglected due to aforementioned reasons.

sx and s, indicate the amount of fields the span of the UCF is divided over (with equal lengths). Given
the values in the array, this means that for the short span a c.t.c. distance of 2.10m to 7.37m is
considered. For the long span, a c.t.c. distance of 2.05m to 6.15m is considered. These boundaries are
determined by a minimum and maximum field size set in the optimization tool, equal to respectively

2m and 7.5m.
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Material prices

Material price of the complete construction forms the basis of comparison and exist of the following

items, the prices were determined with advice from employees and material suppliers.

Table 7.5: Material prices

Item Price Unit
Underwaterconcrete C20/25 122.50 [€/m?]
Underwaterconcrete C25/30 126.55 [€/m?]
Underwaterconcrete C30/37 130.00 [€/m?]
Steel fibre reinforcement (30kg/m?® | 120.00 [€/m?]
Grout 3.15 [€/m]
Gewi 065,5mm 56.80 [€/m]
Dish anchor 3.00 [€/kg]
Connection bolt 32.50 [€/piece]

For the price-determination of grout, a weight of 70kg/m was considered. In combination with a

volumetric weight of 24 kN/m? and a price of 105 €/m?, this results in the price listed in table 7.5.

The price for the dish anchor is based on weight. For a dish anchors with a diameters of 0,25m and

0.35m, this results in a price of respectively €42.00 and €75.00. A bolt is needed to secure the dish

anchor in place and has a price of €32.50.

7.3 Results

A calculation report containing results concerning the optimal design was automatically generated

after inputting the required parameters. The calculation report can be found in Annex E, however the

most important information is provided in this paragraph.

Table 7.6: Results

Optimal value according to Optimal value according to .

Parameter .. . L. . Unit
optimization tool engineer-optimized design
hopom 1.025 1.0 [m]
Sx 13> ctc. =227m 13 2 c.t.c. = variable (-]
Sy 9>c.tc.=34lm 15 = c.t.c. = variable [-]
Concrete class C30/37 C20/s25 [-]
Fibres No No [-]
P 0.175 0.2 [m]
Connection type Dish anchor Dish anchor [-]
k, 50000 50000 [kN/m]
D 0.0635 0.0635 [m]
d 0.35 0.35 [m]
Total cost €294,584.- €416,128.-
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Figure 7.4: Cross-section along long span

Table 7.7: Unity checks

FMB1T |FMB2 | FMB3 |FMCi1 |FMC2a | FMC2b | FMC2c | FM G
Short span 5.33 0.30 ) 0.66 ) i i 0.96
Applied (no slip) (no slip) (slip)
design Long span 5.72 0.24 . 0.66 i . i 0.98
(no slip) (no slip) (slip)
Short span 5.40 0.19 ) 0.76 ) ) i 0.98
Optimal (no slip) (no slip) (no slip)
design Long span 6.02 0.42 i 0.85 . i i 0.99
(no slip) (no slip) (no slip)
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Moment distribution optimized design and applied design - short span
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Shear force distribution — long span
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7.4 Suboptimal design alternatives

The optimal design presented in the previous paragraph may be very close to other near optimal

designs in terms of price. This paragraph displays five suboptimal alternatives, of which some are very

close to the optimal design, and of which some have a specific characteristic which may be of

importance for the designer.

1. Optimization on UCF thickness:

For this design the minimum attainable UCF thickness is found whilst keeping the arrays of

variable parameters identical to the ones listed in table 7.3.

2. Least amount of tensile elements:

The aim of this design is to find a configuration of parameters that uses as few tensile elements

as possible, whilst retaining a UCF thickness smaller than 1.5m.

3. One extra row of piles:

An extra row of tensile elements was added along the long span to study how this influences

the required UCF thickness and how this affects the total cost of the construction.

4. UCF thickness as applied in project:
The UCF thickness has a fixed value of 1.0m, identical to the final design applied at

Rotterdamsebaan. An optimum set of other parameters is found.

5. Concrete class as applied in project:

In this case, the concrete class is fixed to C20/25 whilst an optimal set of other parameters is

found.

Table 7.8 presents the results of suboptimal design, but does not include the connection type, diameter

of the Gewi-pile, and spring stiffness of the tensile element, as these values remain constant given the

supplied parameters in table 7.4 and do not affect the results.

Table 7.8: Suboptimal configurations of parameters

hiom sx[-J&c.t.cy[m] | sy[-]&c.t.cy[m] | Concrete | p[m] | d[m] | fibres | Total Cost [€]
(m] -class
1. |0.825 14 > ctec.=2.10 | 14 > ctc. =2.19 | C30/37 0.175 | 0.25 | No €396,002.-
2 1.2 10 Dc.tc. =295 | 11 > ctc. =280 | C30/37 0.325 | 0.35 | No €305,148.-
3 0.975 10> cte. =295 | 13> cte. =237 | C30/37 0.175 | 0.35 | No €310,178.-
4 1.0 14> ctc. =210 9> ctc. =342 C30/37 0.175 | 0.35 | No €306,016.-
5 1.275 12> cte. =246 | 9> ctc. = 3.42 C20/25 0.275 | 0.35 | No €302,043.-
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7.5 Discussion

As can be observed in table 7.6, the total cost for materials in the optimized design is €294,584,
representing a reduction of nearly 30% in comparison to the applied UCF design at the
Rotterdamsebaan. The primary factor accounting for this substantial cost difference is the significant
reduction in the number of tensile elements utilized. Specifically, the applied design uses a grid of
Gewi-piles with variable centre to centre distances, resulting in a total of 168 tensile elements.
Conversely, the optimized design uses a fixed centre to centre distance along both spans, resulting in a
total of 96 required tensile elements. Other differences between the applied and optimized design
include variations in floor thickness, with the optimized design having a 25mm increase of thickness
compared to the applied design. Furthermore, there is a difference in concrete strength class, with the
applied design utilizing C20/25 and the optimized design utilizing C30/37. Additionally, the optimized
design uses the minimum required embedment depth for the dish anchor, while the applied design uses
a depth that is 25mm larger. The optimization tool also evaluated the addition of steel fibre
reinforcement, it was determined that its inclusion would not have a positive impact on the cost of the
optimal design. In short, the optimized design trades a thicker floor and higher concrete class for a
lower amount of tensile elements.

The primary reason for the greater number of tensile elements required in the applied design is the
reduction in size of the edge fields. This design choice is often implemented to positively affect the
moment distribution. A comparison of the moment distributions illustrated in figures 7.5-7.12 reveals
that the applied design yields a more favourable governing moment distribution, in this case for the
non-slipping beam model. However, it is questionable whether this effect is relevant for this particular
design. Both the applied and optimized designs utilize a compression arch as the governing failure
mechanism for bending moment resistance, which means that cracking will occur in both designs.
Therefore, optimizing the moment distribution with the aim of sufficing failure mechanism A for
bending moment resistance may not be necessary. Figure 2.7 in chapter 4 shows that for normal forces
of the magnitude in this case, the compression arch resistance becomes very substantial, which is also

shown in the unity check numbers for check B2.

For both the applied and optimized design, punching shear resistance is the governing failure
mechanism with unity checks of respectively 0.98 and 0.99. Given the lower amount of tensile elements
to carry roughly the same load, it is expected that the forces in the tensile elements in the optimized
design are higher than in the applied design. When looking at the displacement diagrams in figures 7.17
— 7.22, this is confirmed. The force in a tensile element can be calculated as the product of axial
stiffness and displacement, meaning that the optimized design has higher forces in the tensile elements
due to more significant displacement. Three factors in the optimized design ensure that the required
extra punching shear resistance for the tensile elements is obtained. Firstly, the effective height of the
punching cone is increased by the slightly larger h,,, and smaller embedment depth of the dish anchor.
Secondly, the increase of concrete strength class gives extra punching shear resistance. These effects
were also stated in paragraph 4.4 and are illustrated in figures 4.19-4.21. Thirdly, the distributed load in
the optimized design is slightly decreased compared to the applied design. This can be explained by the
higher specific weight of concrete compared to water. Worth mentioning is that the tensile elements

and concrete were also checked on yielding, however these failure mechanisms were not governing.
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The use of Gewi-piles with larger diameters could result in greater spring stiffnesses for the tensile
elements, reducing displacement and punching force along the span, potentially allowing for further
optimization of the design in this case study. However, there is currently no available data on the spring
stiffnesses of larger Gewi-piles in the specific soil layers to investigate these effects.

The optimal design does not include steel fibre reinforcement. Although the figures in paragraph 5.3 do
not perfectly match the parameters of the optimal design, they suggest that using steel fibre reinforced
concrete would not result in material savings for the load case present in this case study, due to the high
resistance of the compression arch caused by the large normal force. While there are methods available
to account for the positive effects of steel fibre reinforcement on punching shear resistance, as stated in
paragraph 2.2.5, there is no appropriate data for the reference concrete mix design used in this
optimization tool to apply these methods. Further research on the properties of the concrete mix in
relation to punching shear resistance can potentially lead to an optimal design with a thinner UCF or
greater centre to centre distances.

Suboptimal design alternatives reveal that there are several options that have a total cost similar to the
optimal design. These results suggest that optimizing for UCF thickness would not be the best
approach in this case, as the large number of tensile elements required would increase the cost
significantly. Optimizing for the minimum number of tensile elements is close to the optimal design,
but would require deeper excavation levels due to the thicker UCF. For certain projects, it is possible
that a standard concrete mix design should be used for all underwater concrete in the project. Applying
this principle to this case study and optimizing with a fixed concrete class of C20/25 would result in a
thicker UCF with fewer tensile elements than the applied design, and a significant cost reduction.
Similarly, fixing the nominal floor thickness would lead to a design with a higher concrete class and

fewer tensile elements, resulting in significant cost savings.

Additional remarks

e An aspect not considered in this optimization is the impact of changing the thickness of the
UCF on the acting normal forces. Increasing the thickness requires a deeper excavation,
resulting in increased normal forces in the UCF. Besides, incorporating excavation depth into

cost calculations for a set of parameters would be beneficial in finding the optimal design.

e In this optimization, only material price of the UCF was considered. Including labour costs in
the cost-estimation of a set of design parameters may affect the outcome. Moreover,
incorporating other methods of comparison, such as MKI, construction speed or complexity,
could provide a more comprehensive analysis of the optimal design.

o The calculation of force distribution along the UCF is limited to using fields of equal lengths.
Further optimization may be achieved by incorporating the option of variable centre to centre
distances. In this specific case, it might have been beneficial to position the tensile piles closer
to each other around the centre of the building pit, in order to limit the displacement and
punching shear force (which governs the design).
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e The optimization tool does not consider the impact of varying centre to centre distances on the
spring stiffness and required depth of tensile elements. It is suggested to expand the tool to
incorporate this factor for further optimization.
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8. Conclusion

The research question of this thesis was divided into a series of sub-questions as outlined in paragraph
1.1. These sub-questions were addressed in four distinct parts of the thesis:

e Part 1. Literature study & parametric model
e Part 2: Parameter influence on design efficiency
e Part 3: Fibre-reinforced UCF

e Part 4. Optimization tool

Part 1 formed the basis for addressing the research question by gathering information from literature
and creating a parametric model of a (SF)UCF. This parametric model facilitated data generation
regarding the effects of parameters on (SF)UCF design and the benefits of steel fibre reinforcement.
The results described in parts 2 & 3 provide engineers with knowledge that can assist in design
efficiency when using a traditional design approach for a (SF)UCF.

The parametric model also served as a foundation for the development of the optimization tool. This
tool enables a new design approach for a (SF)UCF, where an optimal set of variable parameters is
determined based on price, given case-specific parameters provided by the engineer for a particular
project. The optimization tool allows for a faster workflow and enhanced design efficiency. However,
it is always up to the engineer whether a traditional design approach or the optimization tool is used.

In this chapter, the conclusions drawn from the results in the different parts of the thesis will be
elaborated. Additionally, research contributions to this specific field of civil engineering will be

discussed.

Improving design efficiency by altering design parameters
Chapter 4 described relations between parameters and resistance of a conventional UCF in continuous
graphs. This allows conclusions to be drawn on what parameters to alter such that additional resistance

can be obtained.

To avoid cracking in a UCF, increasing the concrete class or nominal thickness can enhance bending
moment resistance. When the normal force is 0, increasing the nominal thickness by a factor of 1.14 has
a similar effect as upgrading the concrete class from C20/25 to C30/37. However, when the normal
force is 1000 kN/m, this factor decreases to 1.08, indicating that as the normal force increases, the

relative advantage of increasing floor thickness over the concrete class becomes more pronounced.

To increase bending moment resistance of the compression arch, the effective height of the arch must
be increased. The most efficient way to do so, besides increasing h,,m, is by using ribbed piles,
followed by dish anchors and smooth piles. For high normal forces, increasing the concrete class
becomes relatively more beneficial. If membrane action can be taken into account, a small height-to-
length ratio of a single span increases the amount of normal force that can be generated. It was found
that for a close c.t.c. distance of 2m and a h,,, of 1m, taking full membrane action into account,

upgrading the concrete class from C20/25 to C30/37 can generate an extra 20% of normal force.
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However, with a larger c.t.c. distance of 6m, upgrading the concrete class only leads to an 8% increase

1n resistance.

To enhance resistance to bending shear fracture in failure mechanism C1, the concrete strength class or
hyom can be increased. Multiplying h,., by a factor of 1.27 offers a resistance gain equivalent to
upgrading the concrete class from C20/25 to C30/37. This factor remains constant regardless of the
normal force in the UCF, implying that for slender UCF’s, increasing h,,., over the concrete class
offers relatively more gained resistance.

Among the connection types studied in this thesis, ribbed piles offer the most resistance to punching
shear force. The resistance is mainly influenced by the effective height of the punching cone and the
concrete class. Upgrading the strength class from C20/25 to C30/37 offers the same improvement in
resistance as increasing the effective punching cone height by a factor of 1.14. The pile diameter has a
moderate effect on resistance and changing it results in limited gains. For an effective punching cone
height of 0.4m, changing the diameter from 0.2m to 0.4m results in the same resistance gain as
increasing the punching cone height by a factor of 1.05. However, this factor decreases to 1.03 when the
effective punching cone height is 1.1m, implying that increasing the pile diameter becomes relatively
less effective for larger nominal thicknesses.

For dish anchors, only minor changes in punching shear resistance can be obtained by modifying the
diameter of the dish anchor or the concrete class in cases where the punching cone failure mechanism
governs. The most effective alteration in this situation is to increase the height of the punching cone. If
the compressive stress under the dish anchor governs, the most effective way to improve resistance is

to increase the diameter of the dish anchor, followed by the concrete strength class.

Addition of steel fibre reinforcement

The study aimed to compare the required nominal thickness for a conventional UCF and a SFUCF
using the reference concrete mix design employed at Botlekspoortunnel, under the assumption that the
curvature limit was not exceeded. A standard set of representative parameters was utilized, with one
parameter being altered at a time to determine the conditions under which the addition of steel fibre

reinforcement could result in material savings.

The results indicated that for a typical c.t.c. distance range of 2 to 3.2 meters, only minimal material
savings were achievable. However, for c.t.c. distances between 3.2 and 4.4 meters, significant savings
could be realized, but only under load conditions with a substantial distributed load and normal force.
When larger c.t.c. distances were considered, significant material savings of up to 0.3m were possible
when the normal force was substantial, which equates to a reduction of material usage by 30%.

Other circumstances where it was found that the application of fibre reinforcement can result in
reduction of required floor thickness, are situations where the effective height of the compression arch
is small. This scenario occurs when the embedment depth of a dish anchor is large or when smooth
piles are used as tensile elements. Under certain load conditions, reductions of 0.25m were achievable,

representing a 30% reduction in material usage.

Pim van Starrenburg Page 87 of 92 MSc Thesis



z
W bam s TUDelft

Perhaps the most significant use case for a SFUCF is when the normal force is close to zero, and
additional normal force cannot be obtained through membrane action. Examples of such scenarios
include rounded retaining walls or strutting windows applied closely above the UCF in combination
with a large pressure head, or building pits in series. In such cases, if the UCF cracks, there is little
resistance to be obtained from the compression arch, and the use of a UCF becomes infeasible unless a
very significant nominal thickness is employed. In these situations, the application of a SFUCF can
make an otherwise near impossible project feasible.

Optimization tool

This study involved the development of an optimization tool for the design of a (SF)UCF as a
derivative of the parametric model. The tool was applied to a UCF project on the Rotterdamsebaan and
through the exploration of a wide range of combination of parameters, it was determined that a more
cost-effective design could have been achieved, with potential savings of up to 30% in costs. The
original design faced limitations due to punching shear force resistance, but the optimized design
addressed this by increasing the effective height of the punching cone and upgrading the concrete
strength class. By slightly increasing the floor thickness, a more favourable distributed load was
obtained. These changes resulted in sufficient punching shear resistance for the tensile elements while
reducing the quantity of such elements and the overall costs.

Research contributions

This thesis has made significant contributions to the field of civil engineering by providing detailed
insights into the impact of various parameters on the design of (SF)UCF’s, thereby enabling more
informed decision-making when utilizing a traditional design approach hence improving design
efficiency. Moreover, the thesis has advanced decision-making with respect to the incorporation of
steel fibre reinforcement in UCF’s. While the added value of steel fibres was already known in several
scenarios, as discussed in paragraph 2.2.3, the parametric approach used in this thesis facilitates
exploration of the application of fibre reinforcement across a wide range of load cases and sets of
parameters. This allows more exact insight in scenarios where steel fibres provide additional value as
well as the quantification of their added value. Furthermore, the plotted results provide a fast and

reliable means of determining the viability of using steel fibre reinforcement in a given scenario.

This thesis is also innovative in that it introduces a new design approach for (SF)UCF’s. The
optimization tool, which was derived from the parametric model, effectively bridges the two
disciplines of computer science and civil engineering, enabling the identification of optimal designs for
structural elements using computer-based methods. By adopting this parametric approach to structural
design through an optimization tool, engineers can work efficiently, saving time and effort, and avoid
repetitive tasks. This enables them to focus on higher-level design and analysis.

The limitations of this thesis provide an opportunity for further exploration of the topic, which will be
discussed in greater detail in the recommendations presented in the next chapter.
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9. Recommendations

The recommendations listed in this chapter follow from limitations of this thesis and provide a chance
to conduct further research on the topic.

o The parametric model developed to address the research question has several limitations.
Refining the model could lead to more comprehensive results. To improve the model, it is
suggested to:

- Enhance the model to compute force distributions with tensile elements that are
irregularly spaced and-or of different types.

- Consider the bearing resistance of the tensile elements, such that in the optimization
tool the chance of generating an optimal result for which the bearing capacity is not
sufficient will be prevented. In combination with the previous point, this will also
make the optimization tool more applicable for the use phase, where piles may
experience compression forces.

- Take into consideration the effect of changing the centre to centre distance of tensile
element on their vertical stiffness and bearing capacity, which in turn influences the
force distribution.

- Take into account the loss of punching shear resistance when punching cones of
neighbouring piles overlap, such that it no longer has to be checked manually in cases
where the cones overlap.

e In this thesis, the optimization tool only considered the material cost of the UCF. It is
suggested to add the option to find the optimal design based on various comparison criteria,
such as MKI, construction speed, or execution complexity. This would result in a more

thorough analysis of the optimal design.

e It is recommended to conduct further research on the post-cracking material properties for
higher concrete strength classes that were obtained using laboratory tests that align with the
calculation method used in this thesis. Including the option to generate data on the impact of

fibre reinforcement in higher concrete strength classes would provide additional insights.

e In this thesis, Dramix 3D fibres with properties listed in paragraph 2.2.3 were considered.
However, recent innovations have provided new types of steel fibres with better properties due
to improved shapes and materials. It is recommended to research how the application of these
types of fibres would influence the results of this thesis.

e Due to execution tolerances and the brittle behaviour of a conventional UCF, a lower bound of
800 mm is used as minimum nominal floor thickness. Results presented in chapter 5 found that
in many cases, a SFUCF with a thickness of 800mm would have plenty of bending moment
resistance. Given the ductile behaviour of a SFUCF, additional research is recommended to
investigate whether this could allow a safe implementation of a floor thickness smaller than

800mm.
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e Further research is recommended to examine the post-cracking material properties for the
reference concrete mix by conducting three-point bending tests such that the calculation
method described in [23] can be applied to calculate the shear force and punching shear force
resistance of a SFUCF. Considering this resistance may provide additional insight into the
benefits of steel fibre reinforcements and may offer extra opportunities for the use of a SFUCF.
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Annex A: Complete visualization and verification of model

As described in the main report, the model consist of building blocks that are listed below:

e Force distribution

e Force distribution with slip

e FM B1: tensile resistance

e FM B2: compression arch

e FM B3:compression arch with membrane

action

A.1 Visualization

FM C1: Bending shear fracture

FM C2: Additional shear resistance
FM G: Punching shear

FM BF: Bending resistance SFUCF

The process within each building blocks exists of a series of calculation steps/choices/processes. This

paragraph visualizes the process using flowcharts. Each formula is listed with a number and can be

found in table A.1.

Force distribution

- hy o, (]

- cclass

-k, [kN/m?)
-k, [(kN/m]
-c.t.c. [m]

= t0lpoyom (M)
- tolyy, (m]

- L [m]

- Ngg (kN/m]
- Qgq [kN/m?)

v

hmm
(formula 1)

!

modify variation
coefficients for high
stiffnesses

| <«—

!

create matrix

v

fill matrix using
boundaryinterface
conditions

'

solve for integration
coefficients

.

find deflection, moments
and shear force along x-
axis

Repeat for low sitffness coefficients

= hyop (M)
- cclass

- Ngg (kN/m]
- Qgq [kN/m?]
-u

-k, (kN/m]

-c.t.c. (m]

= t0lyyiom (M)

- tol|op [m]

-L (m]

A 2

by,
(formula 1)

'

modify variation
coefficients for high
stiffnesses

'

create matrix

'

fill matrix using
boundaryrinterface
conditions

’

solve for integration
coefficients

Repeat for low sitffness coefficients

v

find deflection, moments
and shear force along x-
axis

Figure A.1: Force distribution without slip

figure A.2: Force distribution with slip
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Bending moment resistance

-hyom M) - N, (kN/mjJ
-ctem] - g kN/m?)

- &T:s[sm] - Nig (KN/m] -M,, [kNm/m)] el et
- tol (m] - t0lpogiom (M1 - ky (kN/m?)
bottom ho llop s

- tolwp [m] - tOlanchomge (m]
[m]

-p
v -a,[m]

min
(formula 1)

Yes
‘ Phead < 5M? an=10 I—

Ogg
(formula 2)

No

anN
(formula 13)

T

h
(formula 14)

Figure A.3: FM B1

smooth pile?

- hyom(m] - NgglkN/m]
-c.t.c [m] - qpqlkN/m?]
- cclass

- tOlbotmm [m]

- tol,,, [m]

- t0Lnchorage [MJ Noy
-pm]
- a,[m] h
(formula 16)

. I

h

el (formula 15)

Ed incremental increase
(formula 4) > Au
Xfield Flm
(formula 5) (formula 17)
Xfield
(fo)l('i?lla‘fg 6) (formula 18)

2 ribbed pile? (foﬁﬂ{l'ﬁ" 19
(formula 7)
Xsu 0]
(foﬂnr{lplf‘: 6)
ribbed z | T
concrete pile? (formula 8) v
A
(formula 20)
ribbed steel z | a,
pile? (formula 9) (formula 21)
¢N0 v
Z,
z (formula 22)
(formula 10)
| v
v a,
(formula 23)

Mg
(formula 11)

v

q, < previous

9rd
iteration? (formula 24)

Figure A.4: FM B2 Figure A.5: FM B3
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Shear force resistance

- hpomfm] - NpgtkN/mJ -V eN/m)

- cclass
- t0lygtom [M]
- tol,,, [m]
hmin
(formula 26)
k

(formula 27)

v

Vinin
(formula 28)

v

[
(formula 29)

v

Rd
(formula 30)

Figure A.6: Bending shear fracture

-hyomfm] - NggkN/mj - Voo [kN/m])

- cclass - M, _ymins2 [KNmM/m]
- tOlbotmum [m]
- toly,,, [m]
v
by
(formula 1)
|
v v v
Ogq A Start at y=0
(formula 32) (formula 34) (top UCF)
v v
Tep Ocp
(formula 35) (formula 39)
v v
Ocp oM
(formula 36) (formula 40)
¥ 2
fug o
(formula 37) (formula 41)
v
S
(formula 42)
v
TX
(formuﬁa 43)
v
Jprincipal
(formula 44)
A4 Yes
max stress of

all iterations

Figure A.7: Additional shear resistance

Increase y with hy,;,/500 [m]

No

Pim van Starrenburg Page A3 of A23

MSc Thesis



ﬂ bam infra

]
TUDelft

Punching shear force resistance

Do M) = Voporma KNJ
- cclass

- t0lyoom (M)

- tol,,, [m]

- tol,,

chorage [M]

- connection type
-D[m]
- B [m]
-pm]
- a,[m]
-dm]

smooth pile?

Qi
(formula 46)

v

(0]
(formula 47)

v

Vrg
(formula 48)

concrete pile?

ribbed

ribbed steel

pile?

iy i
(formula 49) (formula
k
(formula 27) (formula
Vinin Vimin
(formula 28) (formula
uy u
(formula 50) (formula
Vra Vra
(formula 51) (formula

[
(formula 53)

k=10 |—
k=06 [—
yNo
k,
(formula 54)
v

(formula 27)

¥

me
(formula 28)

v

uy
(formula 55)

v

Adgisn
(formula 56)

*—I—V

Vrg Virg
(formula 51) (formula 57)

I ]

Figure A.8: Punching shear force resistance
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Fibre reinforced UCF — bending moment resistance

increase X, with Imm

Figure A.8: Bending moment resistance SFUCF

- hyomim] - NigtkNJ
- c.tem) - qgq (kN/m]
- tolpgomim]
- tol,,,(m]
v
by
(formula 26)
v
M,
(formula 59)
. —
start with
X, = 10mm
v
K
(formula 60)
v
gm
(formufa 61)
[
Compression side Tension side
No
Etop> Eppl ?
X,
(formula 67)
v
Xy N, Ny
(formula 62) (formula 66) (formula 68)
v v
N, 2
(formula 63) (formula 69)
v v
Np: Ny
(formula 64) (formula 70)
v v
N, t
(formula 65) (formula 71)
[ T
Force
Mo equillibrium?
(formula 72)
Compression side Tension side¢
My,

Yeg Etop> Eppl ? (fon“nulua 77)
My, M, My,
(formula 73) (formula 76) (formula 78)
v v
J\Y N1 Mye
(formula 74) (formula 79)
v v
b t

(formula 75) (formula 80)
I
M,
(formula 81)
v
M
(fm‘mu‘ia 82)
v
Arg
(formula 83)
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Table A.1: Formulae corresponding with flowcharts

Formulae force distribution and FM B1

Ronin = Rnom — tOItzop + tOIlz)ottom

Opa = (6 * Mmax/hfnin =09« NEd/hmin)/103

UCgy = UEd/fctd,pz

Additional formulae FM B2

MEd = (gq * C.t.C.Z/ 8

Xfieta = 2% 0.9 % Ned/(fcd,pl *1000)

xsupport = xfield / 0.6

Z = Ryom/2 — tolyorrom — 2/3 * 0.9 * NEd/(fcd,pl *1000)

z = hnom - tOZtop —a, — t0lbottom - (xfield + max (300mm' xsuppart))/?’

z= hnom - tOZtop —ar — t0lbottom - (xfield + xsupport)/3

10

Z = hnom - tOZanchorage -P- t0lbottom - (xfield + xsuppa‘rt)/3

11

Mgy =2z % 0.9 x Ngy

12

UCgy = Mgq/Mpq

Additional formulae FM B3

13

ary = 2 = Preaal/5

14

h= (h'nom/2 - tOIbattom) *1000

15

h= (hnom - tOIbattom - t0ltop - ar) *1000

16

h= (hnom - tOIbattom - t0lanchorage - P) *1000

17

Fior = apy * Au * k3 /2000 + N,y

18

Xfietd = 2 * Frot/feap

19

Xsupport = Max (300mm, Xf;e14/0.6)

20

A= th + (500 * c.t.c.)?

21

a,=h- \/AZ — (500 * c. t.c. +Au)?

22

Z,=h— xfield/3 - xsupport/3 — 4y

23

Gu = (8 % Fopp * 2,/ (1000 x c. t. c. +2 * Au)?) * 1000

24

qra = qu/1.2

25

UCp3 = qga/qra

Additional formulae FM C1

26

honin = (Rnom — tOl?Op + tozlzwttom) *10°

27

k = min (1 + \/200/ Rz , 2.0)

28

Vpmin = 0.035 * k5 x £95

29

Ocp = min (0.9 * Ngg/hpin, 0.2 * fcd,pl)

30

Vira = Rmin * (Wmin + 0.15 % O-Cp)

31

UCe, = Vx:hmin/VRd,c

Pim van Starrenburg Page A6 of A23

MSc Thesis



ﬂ bam infra

]
TUDelft

#

Additional formulae FM C2

32

Ogd = (6 * Mx=hmin/2/h12nin — 09+ NEd/hmin)/103

33

UCcrq = UEd/fcta,pl

34

Ace = min(Ryy, * 500 + 045  Npg % (Rypin * 10%)2/(6 * Mycpmingz * 10%), Ay * 10%) % 103

35

Tep = 1.5= Vx:hmin/Z/ACC *10°

36

Ocp = 0.9 * Ngg /Ao * 103

37

feva = \/fc%d,pl + O¢p * fctd,pl

38

UCcpp = Tcp/fcvd

39

Ocp = 0.9 * Ngg /(R * 1000)

40

oy = 6 * Mx:hmin/z * 103/(hmin * 103)2 —yx* (6 * Mx:hmin/z * 103/(hmin * 103)2/(500 * hmin))

41

Oy = Oy — O¢p

42

S =y (500 * h,, — 0.5 xy) * 103

43

Txy = Vx=hmins2 * S/(103/12 * (i, * 103)3)

44

Uprincipal = Sx/z + ,53?/4 + Txyz

45

UCCZC = Uprincipal/fctd,pl

#

Additional formulae FM G

46

dmin = (hnom - tOZtop - t0lbottom) * 103

47

0= m=*D=x*10°

48

VRd =C* fctd,pl * dmin * 0

49

Amin = (hnom - tOltap — tolyottom — a?“) *10°

50

U =4*(B*10%+ 1 =dy,)

51

VRd = Vmin * Amin * Uy

52

u =m* (D %103+ 4+ dy;)

53

dmin = (hnom - tOIanchorage - tozbottom - p) * 103

54

k, =1 — 0.4 * (dyin — 300)/600

55

u =m*(d*103+ 4 xdy;,)

56

Agisn =1 *(d x10%)2/4 —+ (D * 10%)2/4

57

Vea = 1.7 *fcd,pz * A

58

UCG =1.25% Vsupport,max/VRd

#

Additional formulae FM BF:

59

M., = g #1000 * hypp, * (0.9 * h— + fctd,pl)/10

min

60

K = g/ (hinin — xu)

61

Etop = K *x,

62

Eppl
x1 = P * xu
Etop

63

Ny, = (xu —xq) * fea

64

Np, = 0.5%x; * foq

65

Ny = Np1 + Ny,
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8 Ny =05 %x, * foq % Eeop
Eppl
T = L i — )
svu

68 Ny = 0.5 = fctd,pl * X2
69 N = 0.5 = (.8 * fctd,pl — Hsp * fctd,pl) * (Rpmin — Xy — X2)
70 Niz = Uy * fctd,pl * (Rmin — Xy — x2)
71 Ny = Ney + Nz + Nig
72 | I[N, — N, — 0.9 * Ng4| < 20 kN?
73 Mypy = 0.5 % (x, — x1) * Npyy
™ Myp, = (xu - §x1) * Ny,
75 My = Myp1 + Myp;
e M, = XS_u * Np
” My = (xu + g * x2> * Niq
78 2

My, = (3 + gxu + 3x2) * Nip
7 MNt3=(E+x_u+x_2>*Nt3

2 2 2

80 M, = Mye; + Mygy + Mygs
81 My = 0.9 Ngg = 0.5 * by
82 | M, = (=M, + M, + M)/ 10°
83 M.,

ra = oozt M+ 59
84 UCrp = 9ea/qra
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A.2 Verification

A standard set of parameters is listed below. For each building block one parameter is set as variable at
a time. The unity check of the failure mechanism is calculated for values of the variable parameter
inside a representative domain (values that are realistic in practical applications). 3 points within the
domain are used as sample and are checked by using hand calculation and Excel sheet from BAM
Infraconsult. In the case of force distribution, the samples are checked using FEM. It is clear that this
approach does not cover 100% of the required verification, however for the application of this model it
is deemed as sufficient. The standard set of parameters and the corresponding values are:

L = 20 [m]

hiom = 1.0 [m]

c.t.c. = 2.5 [m]

DPhead = 5 [m]

Ngq = 300 [kN/m]
JEd = 100 [kN/m?]
c-class = C25/30 [properties and units according to table 2.3]
k1 = 60000 [kN/m/m]
k2 = 30000 [kN/m/m]
k3 = 35000 [kN/m?*]

C = 0.2 [-]

D = 0.065 [m]

B = 0.3 [m]

p = 0.25 [m]

a, = 0.085 [m]

toliqp = 0.15 [m]
t0lbottom = 0.15 [m]
t0lanchorage = 0.10  [m]

For some building blocks, output from force distribution should be used as input. These parameters are

given a standard value of:

FM C1.

Vx:hmin = 100 [kN/m]
FM C2:

Vx=hmin/2 = 100 [kN/ m]
MX:hmin/Z = 100 [kNm/ m]
Fm G:

Vsupport,max = 100 [kN]
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Force distribution without slip

Variation of stiffnesses was not applied. The force distribution was verified using MatrixFrame FEA

software.
h as varying factor c.t.c. as varying factor concrete class as varying factor
E 600 - M - E - M - e ] *
5 %0 — v = i - = e ° °
E 400 l E 400 E 2007
T s ipamee = I S | S () T
g 200 | @ TTTT g 200 { B~ g 100
% 100 1 4] 5 501
R e R o °
0.8 L0 12 14 2 3 4 5 Cao/25 C25/30 C3o/37
h[m] c.t.e [m]
ki as varying factor ka as varying factor N as varying factor
1000 o =
'E - M 'E - M 'E 300 | W B R
oy W o g g 800 o % 2501 —
= -V = - ¥ = -t R
= ., p— = 6004 = 200 1
E 200 o == 4 E . £ | . :;I
; "' ; 40040 . i 150 Y
E E = ;. E 1001
g W00 4 =1 1 T ._'_' ________ =1
E E 200 - "'-..-..‘..'__'_:' E 50 1
=] e = e O i = ] )
20000 40000 60000 80000 100000 20000 40000 60000 o 250 FOO 750 1000
Kt [kN/m2] k2 [kN/m] N [kN/m]
h,om as variable [m] c.t.c. as variable [m] Concrete class as variable
0.8 1.15 1.5 2 4 5 C20/25 C25/30 C30/37
Model Mptax [KNmM/m] 210.9 380.1 629.1 225.9 514.0 679.49 279.9 290.2 303.6
Whax [Mm] 9.0 8.5 7.82 7.0 13.7 16.8 8.8 8.7 8.7
Vinax [kN/m] 195.4 2354 272.8 190.5 290.8 334.7 216.3 218.1 220.5
FEA Mptax [KNmM/m] 205.8 382.6 641.0 225.9 514.0 679.9 279.9 290.2 303.7
Wax [MmM] 9.0 8.5 7.9 7.0 13.7 16.8 8.8 8.7 8.6
Vinax [kN/m] 197.7 234.1 269.8 190.4 290.8 334.7 216.3 218.1 220.5
k; as variable [kN/m?] k, as variable [kN/m] Ngq as variable (kN/m]
30000 60000 90000 10000 30000 60000 0 500 1000
Model Myax [kKNmM/m] 166.9 290.2 346.2 960.1 290.2 125.1 304.9 283.1 265.7
Wpax [MmM] 8.6 8.8 8.8 23.2 8.7 4.3 8.9 8.7 8.5
Vmax [KN/m] 174.8 218.1 237.8 351.3 218.1 165.4 210.4 223.3 236.2
FEA Myax [kKNmM/m] 166.9 290.3 346.2 960.1 290.3 125.2 304.9 278.4 262.4
Whiax [Mm] 8.6 8.7 8.8 23.2 8.7 4.3 8.8 8.6 8.4
Vmax [KN/m] 174.8 218.1 237.8 351.2 218.1 165.8 210.4 226.8 243.1
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Force distribution with slip

Variation of stiffnesses was not applied. The force distribution was verified using MatrixFrame FEA

software.

h as varying factor

c.t.c. as varying factor

concrete class as varying factor

= 200 -l = Y . = e ® ®
Z ° P ) Z 8004 === W z e e g
ol o . ol
7 107 > —— v . > 125
E) - M g 600 1 8 ER
.E. o .E. .E. 100
2 1007 - :’ = 400 - -~ Z -
EE 50 EE 2007 EE 57
& <) o A
- — = B
= [ Demmmmme e T X SR N N S X = ® ® ®
o.|8 1.|0 1.|2 1.‘4 I2 é _11 5| Czolf25 C25|f30 C30|,1‘37
h[m] c.t.e. [m]
mu as varying factor ke as varying factor N as varying factor
g 300 18 M 7 2007%. g - M s
= o =V 5 150 1 Tl = - v
g 2007 ' g - M -l g 300 H
E e E e £ 'Y ~®
.i 150 Lo S * i 1007 v i 2004 k33
E 100 E B E e
EE I I T B e EE 50 EE 100 4 :
= T = x..xh_‘ =
= o ———t = ol Y S S 5 = o0 ]
OI.]. o.lz 0:3 0:4 0‘5 20600 40600 60500 nIJ 2{;0 5c;0 75|o mloo
mu [-] ka2 [kN/m] N [kN/m]
h,om as variable [m] c.t.c. as variable [m] Concrete class as variable
0.8 1.15 1.5 2 4 5 C20/25 C25/30 C30/37
Model Mytax [KNM/m] 127.8 167.6 204.1 61.5 552.5 944.8 144.0 146.6 149.7
Whax [MmM] 10.6 9.8 9.3 7.2 21.2 30.6 10.1 10.1 10.0
Vmax [KN/m] 169.0 169.0 169.0 119.0 319.0 419.0 169.0 169.0 169.0
FEA Mytax [KNM/m] 127.7 167.5 204.1 61.5 552.5 944.8 144.0 146.6 149.7
Whax [MM] 10.6 9.7 9.3 7.2 21.2 30.6 10.1 10 10.0
Vmax [KN/m] 169.0 169.0 169.0 119.0 319.0 419.0 169.0 169.0 169.0
1 as variable (-] k, as variable [kN/m] Ngq as variable [(kN/m]
0.1 0.3 0.5 10000 30000 60000 0 500 1000
Model Mppax [KNM/M] 304.1 146.6 98.6 199.5 146.6 127.2 384.0 98.6 471.3
Whax [Mm] 12.8 10.1 8.5 28.1 10.1 5.3 14.1 8.5 9.1
V max [KN/m] 223.0 169.0 135.0 169.0 169.0 169.0 250.0 135.0 270.0
FEA Mytax [KNM/m) 304.1 146.6 98.6 199.5 146.6 127.2 384.0 98.6 471.3
Whax [Mm] 12.8 10.0 8.5 28.1 10.0 5.3 14.1 8.5 9.1
V max [KN/m] 223.0 169.0 135.0 169.0 169.0 169.0 250.0 135.0 270.0
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FM B1: Tensile capacity

h as varying factor N as varying factor concrete class as varying factor
5] 3.0 1 321@
41 297 3.0 1
2.8
837 ST 5 28+
27 267 2.6 hd
2.5
1 i T T T T 2'4 T T T T T T 24 L T T ,
0.8 L0 12 14 ] 00 200 300 400 500 Cz20/25 C25/30 C30/37
h[m] N [kN/m] concrete class
h,om as variable [m] Ngq as variable (kN/m] Concrete class as variable
h=0.8 | h=1.15 | h=1.5 N=0 N=250 | N=500 | C20/25 | C25/30 | C30/37
Model 4.95 1.83 0.91 3.02 2.73 2.42 3.20 2.67 2.39
Hand-calculation 4.98 1.85 0.93 3.02 2.72 2.43 3.20 2.67 2.39
Excel 5.03 1.88 0.95 3.02 2.72 2.43 3.20 2.66 2.39

Hand calculation example

With h,,,=0.8m and other parameters as stated in introduction:

Ropin = h — \/tol?op + tolZ,irom = 0.587 m

Opq = (6 * Mmax/hfnin — 0.9 NEd/hmin)/lo3 =470 N/m-rn2

UCpy = UEd/fctd,pl =4.98
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FM B2: Compression arch

h as varying factor c.t.c. as varying factor N as varying factor concrete class as varying factor
0.640 1 W
01 4 i
L0 bl 0.635 4 .
0.8 37 ]
: g 5" g
0.6 1 27 0.625 - °
5
| 14 0.620 7 ] o
0.4
T T T T T T T T T 0 L T T T T T T 0'615 E T T ,
0.8 LO 12 14 2 3 4 5 6 ] 100 200 300 400 500 C2o/25 Ca5/30 Cao/37
h [m] c.te [m] N [kN/m]
ar as varying factor w/ concrete ribbed ar as varying factor w/ steel ribbed p as varying factor
0.62 - 0.54 1 n
0.61 053 - % 1.2
g 0.60 L] E o052 1 n B o4
0597 * 0.51 X 0.8
58 10
03 T T T T 0‘50 L T T T T 0‘6 E T T T T T T
0.09 0.10 0.11 012 0.09 0.10 0.11 012 025 030 035 040 045 050
ar [m] ar [m] plm]
h,om as variable [m] c.t.c. as variable [m] NEq as variable [kN/m] | Concrete class variable
h=0.8 | h=1.15 | h=1.5 | ctc=2 | ctc=4 | ctc=6 | N=10 | N=250 | N=500 | C20/25 | C25/30 | C30/37
Model 1.10 0.47 0.30 0.40 1.60 3.61 17.40 0.74 0.40 0.64 0.62 0.62
Hand 1.10 0.47 0.30 0.40 1.60 3.60 17.40 0.74 0.40 0.64 0.62 0.62
calculation
Excel 1.10 0.47 0.30 0.40 1.60 3.59 17.40 0.74 0.39 0.64 0.62 0.62
a, (steel) variable [m] [ a, (concrete) variable [m] p as variable [m]
0.085 0.1 0.12 0.085 0.1 0.12 0.25 0.375 0.5
Model 0.50 0.51 0.53 0.58 0.60 0.62 0.62 0.85 1.35
Hand 0.50 0.52 0.54 0.58 0.60 0.62 0.62 0.85 1.35
calculation
Excel 0.50 0.51 0.53 0.58 0.59 0.62 0.62 0.85 1.35
Hand calculation example
With h=0.8m and other parameters as stated in introduction:
Mgy = qgg * c.t.c.2/ 8 =78.125kNm/m
xfield =2x09 % Ned/(fcd,pl * 1000) =041m
Xsupport = Xfie1a/0.6 = 0.068m
Z = hpom — tOIanchorage — D — tolpottom — (xfield + xsupport)/3 =0.75m
Mps =2z%09x Ngg = 2025 kNm/m
UCBZ = MEd/MRd = 039
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FM B3: Compression arch with membrane action

h as varying factor c.t.c. as varying factor N as varying factor concrete class as varying factor
4-
1.0 0.475 :
0.42
0.8 1 31 0.450
) | ~ 0.425 7 _ 040
g 06 2 21 5 s
0.400 - )
0.4 4 4
14 0.375 038
) 03507 0.36 :
018 1.|0 1.‘2 1.|4 ‘2 é zlt 5I é nI) 2c|ro 41;0 Czalf25 C25I,f3o (330I /37
h[m] cte. [m] N [kN/m]
k3 as varying factor p as varying factor p_head as varying factor ar as varying factor
M 0.65 0.28 1 o
0.6 1
121 0.60
g 05 g ] g 05 ] g "7
0.8 1 0.50
0.4 1 0.26 ]
0.6 0.45
0.3 0.4 0401 025 @
cl) 20(;00 40(;00 ﬁoc;oo 800‘00 0.1'25 o.éo o.|35 0.:10 0.|45 o.éo cl) I2 _rlt tli !IB 1‘0 o.(lng 0. I].O o.lu o.luz
k3 [kN/m2] plm] p_head [m] ar [m]
h,om as variable [m] c.t.c. as variable [m] Ngq as variable [kN/m] | Concrete class variable
h=0.8 | h=1.15 | h=1.5 | ctc=2 | ctc=4 | ctc=6 | N=10 | N=250 | N=500 | C20s25 | C25/30 | C30/37
Model 1.05 0.22 0.09 0.24 1.16 3.04 0.48 0.40 0.34 0.43 0.39 0.36
Hand 1.05 0.22 0.09 0.23 1.15 2.99 0.48 0.40 0.34 0.43 0.39 0.36
calculation
Excel 1.05 0.22 0.09 0.23 1.15 2.99 0.48 0.40 0.34 0.43 0.39 0.36
k; as variable [kN/m?] p as variable [m] Phead as variable [m] a, as variable [m]
10000 35000 60000 0.25 0.375 0.5 1 5 9 0.085 0.10 0.12
Model 0.61 0.39 0.32 0.39 0.70 1.49 0.39 0.39 0.66 0.25 0.27 0.29
Hand 0.61 0.39 0.32 0.39 0.69 1.42 0.39 0.39 0.66 0.25 0.26 0.28
calculation
Excel 0.61 0.39 0.32 0.39 0.69 1.42 0.39 0.39 0.66 0.25 0.27 0.29

Hand calculation example

The resistance of the compression arch with membrane action depends on the horizontal displacement
of the retaining wall. It should be calculated iteratively at what displacement the peak resistance is
found. This is a lot of work hence the displacement for peak resistance is copied from the model. 3
iterations shall be done to verify that the model’s displacement indeed gives the peak resistance and

that the result is correct. The example will be performed for the standard parameters and h,,,=1.5m
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According to the model the peak resistance is found at Au = 100mm, therefor calculations shall be
performed for Au - 10mm, u and Au + 10mm.
aTN = 10

h = (hnom - tOlbottom - tOlanchorage - p) *1000 = 1000 mm

u=90mm
Fio¢ = apy * Au * k3 /2000 + N,q = 1875 N/mm
Xfiela = 2 * Ftot/fcd,pl = 281.95mm

Xsupport = xfield/0-6 = 469.9 mm

A= \/hz + (500 * c.t.c.)? = 1600.8 mm

a,=h-— JAZ — (500 * c.t.c.+Au)* = 125.7 mm

Zy = h = Xfi01a/3 — Xsupport/3 — @, = 624.3 mm

Qu = (8 % Frop % 2,/(1000 * c. t.c. +2 * Au)?) » 1000 = 1303 kN /m?

u=100mm
Fior = apy * Au * k3 /2000 + N,q = 2050 N/mm
Xfielg = 2 * Ftat/fcd,pl = 3083 mm

xsummrt = xfield/0-6 = 5138 mm

A= th + (500 * c.t.c.)* = 1600.8 mm

ctc 2
a,=h-— AZ—(T+Au> = 141.2 mm
Zy = h — Xfi01a/3 — Xsuppore /3 — @, = 584.7 mm

Qu = (8 % Frpp % 2,/(1000 * c. t.c. +2 * Au)?) » 1000 = 1315 kN /m?

u=110mm
Fiot = apy * Au * k3/2000 + N,g = 2225 N/mm
Xfield = 2% Ftot/fcd,pl = 334.6 mm

xsum,ort = xfield/0'6 = 5576 mm

A= th + (500 * c.t.c.)* = 1600.8 mm

cte 2
a,=h— [A?— (7+Au> = 157.2mm

Zy = h — Xfi01a/3 — Xsuppore/3 — @, = 545.4 mm

Gu = (8 % Fypp * 2,/(1000 x C. L. c. +2 * Au)?) * 1000 = 1312 kN /m?

Hence it is confirmed that the peak resistance occurs at u=100mm. This gives a unity check of:
UCs3 = qra/qra = 0.091
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FM C1: Bending shear fracture

h as varying factor N as varying factor concrete class as varying factor
0.40 0.37 |
0.38
0.36
0.35 0.36 0.35 7
= 5 S 0.34
0.30 0.347 0.33 ™
032+ 0.32 -
0257 X 0.91 - '
0:8 1.|0 1.|2 1.|4 cl) 260 450 Czcnl,/25 C25I;'30 C30|,/37
h[m] N [kN/m]
h,om as variable [m] Ngq as variable [kN/m] Concrete class as variable
0.8 1.15 1.5 10 250 500 C20/25 C25/30 C30/37
Model 0.41 0.30 0.24 0.39 0.35 0.31 0.37 0.34 0.31
Hand calculation 0.41 0.30 0.25 0.39 0.35 0.31 0.37 0.33 0.31
Excel 0.41 0.30 0.24 0.39 0.35 0.31 0.37 0.34 0.31

Hand calculation example
With h,,,=0.8m and other parameters as stated in introduction:

homin = (Mnom — \/tol?op + tolZ,irom) * 10° = 587 mm

0
,2.0 | = 1.58 N/mm?*

min

k =min| 1+

3 1
Upmin = 0.035 % kZ x f2 = 0.35

Ocp = min (0.9 * Ngg/hmin, 0.2 * feg ) = 0.52 N/mm
Vra,c = (Wmin + 0.15 % 0¢p) * hypipy = 244 kN /m

V._ .
UCey = % =0.41
Rd,c
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FM C2: Additional shear resistance

h as varying factor

N as varying factor

concrete class as varying factor

- © o (C2a 0T « o (Coa 8 b d
12 — C2b ) e — C2b 0.7 1
1ot - - Czx 0.8 1 - - - Cac e
N -~ o 0.6 ®
%0'8_ N B 06 \“\_ = 054
06 7 k -\-\. .
*4 - ™ 4 -\: .
Tl 3@
0I2 | I.h\l.% &2 T T T T T T 0.2 1 T ’ ?
0.8 L0 L2 14 o 100 200 300 400  HOO Czo/25 Cz5/30 Czo/37
h[m] N [kN/m]
M as varying factor V as varying factor
Coa B - 27 C2a
44 —— Cz2b o4 — Cz2b
- - Cze .u
31 ; 0.8
% N . . B OIb B i . .
. 041
Y jis 0.2 -
o0~ - " ks 0.0
4] 100 200 300 400 500 o 100 200 300 400 fyalel
M [kNm/m] V[kN/m]
h,om as variable [m] NEq as variable [(kN/m] Concrete class as variable
0.8 1.15 1.5 10 250 500 C20/25 C25/30 C30/37
Model C2a 1.33 0.41 0.16 1.00 0.71 0.41 0.78 0.65 0.58
C2b 0.32 0.20 0.14 0.39 0.26 0.19 0.28 0.24 0.22
C2c 1.33 0.41 0.16 1.00 0.71 0.41 0.78 0.65 0.58
Hand calculation C2a 1.33 0.41 0.16 0.99 0.71 0.41 0.78 0.65 0.58
C2b 0.32 0.20 0.14 0.39 0.25 0.19 0.29 0.25 0.22
C2c 1.33 0.41 0.16 0.99 0.71 0.41 0.78 0.65 0.58
Excel C2a 1.32 0.41 0.16 0.98 0.71 0.41 0.78 0.65 0.58
C2b 0.32 0.20 0.14 0.39 0.25 0.19 0.28 0.24 0.22
C2c 1.32 0.41 0.16 0.98 0.71 0.42 0.78 0.65 0.58
M as variable [kNm/m] V as variable [kN/m]
1 250 500 1 250 500
Model C2a 0.00 2.16 4.68 0.65 0.65 0.65
C2b 0.17 0.27 0.29 0.00 0.59 1.19
C2c 0.09 2.16 4.68 0.65 0.65 0.88
Hand calculation C2a 0.00 2.14 4.68 0.65 0.65 0.65
C2b 0.17 0.27 0.29 0.00 0.58 1.18
C2c 0.09 2.16 4.68 0.65 0.65 0.88
Excel C2a 0.00 2.16 4.69 0.65 0.65 0.65
C2b 0.17 0.27 0.29 0.00 0.59 1.18
C2c 0.09 2.16 4.68 0.65 0.65 0.88
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Hand calculation example
With h=0.8m and other parameters as stated in introduction:

C2a

hmin = h — \/tolfop + tol?,1rom = 0.587 m

Opa = (6 * Mx:hmin/z/hrznin — 09+ NEd/hmin)/103 =127 N/mm2

UCgzq = UEd/fctd,pl =133

C2b
Ace = min(Rypip * 500 + 0.45 * Npg * (Amin * 10%)2/(6 * My—pmin/z * 10%), Appi * 10%) x 10° = 371000mm?

szhmin
Top = 15 x— 2~ x10° = 0.403 N/mm2

cc

0.9 % Ny
= — %

Op = i 103 = 0.72 N/mm?

feva = \/fcztd,pl + o¢p * fctd,pl =127 N/mmz

UCqop = Tcp/fcvd =0.32

C2c

Principal stress distribution along the height of the UCF is calculated in a large amount of steps. The
distribution may have a peak where the maximum principal stress can be found, or the maximum
principal stress can be found at an outer fibre of the UCF. The model is used to find at what height the
maximum principal stress occurs, hand calculation will check if this is indeed the location with

maximum principal stress and whether the value is correct.

According to the model the peak principal stress is found at y = 0 mm (outer fibre at top UCF), therefor
calculations shall be performed for y = 0Omm to verify the model and y = 2mm to find out whether the

peak actually lies at Omm.

y=0mm

0cp = 0.9 * Ngg /(i * 1000) = 0.46 N/mm?

Oy = 6 % My—pmin/z * 10°/(Rpin * 1052 = ¥ 5 (6 * Mycpminsz * 10/ (gnin * 10%)2/(500 * hypin)) = 1.74N /mm?
Oy = Oy — 0y = 1.28 N/mm?

S=vy%*(500%*h,;, —05%z) 103 =0

Tey = Vimnminsz * S/(10°/12 % (Rypin * 10°)°) = 0

Oprincipal = Sx/2 + fs,?/4 + Tyy? = 1.28 N/mm?

UCczc = Oprincipat/ fetapr = 1.33 = correct result
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=2 mm
0cp = 0.9 * Ngg /(hmin * 1000) = 0.46 N /mm?
Oy = 6 * My—pming2 * 10°/(hmin * 10%)2 = y % (6 * My=pminy2 * 10°/ (hin * 10%)2/(500 * hypip)) = 1.72N /mm?
Oy = Oy — 0y = 1.26 N/mm?
S =y (500 % Ry, — 0.5 * ) * 103 = 586000
Tuy = Veenminsz * S/(10%/12 % (hyniy * 10%)%) = 3.45 « 103N /mm?

Oprincipal = Sx/2 + ’55/4 +7y,° = 1.26 N/mm?

The principal stress is lower at y=2mm, meaning that the peak indeed lies at y=0mm.
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FM G: Punching shear

h as varying factor ¢ as varying factor w/ smooth pile D as varying factor w/ smooth pile cocnrete class as varying factor
0.20 2,004 301 0120 1§
0.18 4 175 7 25
* 0.115 1
0.16 150 7 ’
S o1 g 1257 g 207 g 0.110
0.12 - L00 7 157 0105 b
0.10 0.75 7 10
0.08 0.50 1 o 0.100 4 .
0.8 L0 L2 14 0.1 0.2 0.3 0.4 05 0.1 0.2 0.3 0.4 0.5 C20/25 Cas5/30 C30/37
h[m] c D [m] concrete class
B as varying factor w/ concrete pile ar as varying factor w/ concrete pile D as varying factor w/ steel pile ar as varying factor w/ steel pile
n ] 0.074 10
0.0725 1 X 0.072 1 0072 ] 0.074 1
0.0700
0.070 1
0.070 - " 0.072 1
0.0675 1 o 8 8 oo 8
0.0650 1 0.068 - o 0.066 - 0.070 - n
0.0625 ] 0.064 4 ]
0.066 4 X b 0.068 q
0.1 0.2 0.3 0.4 0.5 0.09 0.10 0.11 012 0.1 0.2 0.3 0.4 0.5 0.09 010 011 0.12
B [m] ar [m] D [m] ar [m]
D as varying factor w/ dishanchor d as varying factor w/ dishanchor p as varying factor w/ dishanchor
0.125 0.120 - 0.250 -
0.225
0.120 0.115 1
0.200 7
o] =]
0115 = 0110 = 0175 -
o
0.150 1
0.110 01957 0125 |
n n ‘
T T T 0.100 T T T 0.100 T T T
0.05 0.06 0.07 0.3 0.4 0.5 0.3 0.4 0.5
D [m] d[m] plm]
h,om as variable [m] ¢ as variable [-] D variable (smooth)im] | Concrete class variable
h=0.8 | h=1.15 | h=1.5 c=0.1 c=0.2 c=0.5 D=0.1 | D=0.3 | D=0.5 | C20s25 | C25/30 | C30/37
Model 0.20 0.08 0.075 1.97 0.99 0.40 2.96 0.99 0.59 0.12 0.11 0.10
Hand 0.20 0.08 0.075 1.97 0.99 0.40 2.97 0.99 0.59 0.12 0.11 0.10
calculation
Excel 0.20 0.08 0.075 1.97 0.99 0.40 2.96 0.99 0.59 0.12 0.11 0.10
B variable (concrete)m] | a. variable (concrete)im] D variable (steel) [m] a, variable (steel) [m]
0.1 0.3 0.5 0.085 0.10 0.12 0.1 0.3 0.5 0.085 0.10 0.12
Model 0.073 | 0.066 | 0.061 | 0.067 | 0.069 | 0.073 0.073 | 0.068 | 0.063 | 0.068 | 0.071 | 0.075
Hand 0.07¢ | 0.067 | 0.061 | 0.067 | 0.068 | 0.073 | 0.074 | 0.069 | 0.064 | 0.069 | 0.070 | 0.075
calculation
Excel 0.073 | 0.066 | 0.061 | 0.066 | 0.069 | 0.073 | 0.073 | 0.068 | 0.063 | 0.068 | 0.071 | 0.075
Pim van Starrenburg Page A20 of A23 MSc Thesis



z
W bam i TUDelft

D variable (dishanchor) [m] | d variable (dishanchor) [m] p variable [m]
0.05 0.065 0.075 0.25 0.35 0.5 0.25 0.375 0.5
Model 0.126 0.107 0.107 0.121 0.107 0.101 0.107 0.152 0.258
Hand calculation 0.126 0.108 0.108 0.121 0.108 0.101 0.108 0.149 0.260
Excel 0.126 0.107 0.107 0.121 0.107 0.101 0.107 0.152 0.260

Hand calculation example
With connection type steel ribbed, a, =0.085m and other parameters as stated in introduction:

dmin = (hnom — toliop — tolporrom — ar) * 10° = 665mm

0
,2.0 | =1.55

min

k =min| 1+

Vmin = 0.035 = k15 % £3:5 = 0.338
u; =m*(D*10% + 4 xd,;,) = 9299mm
VRd = Unmin * dmin U = 2090 kN

UCq = 1.25 * Vsypportmax/Vra = 0.06
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FM BF: Bending moment resistance SFUCF
Contrary to the verification of previous building blocks, the concrete class used is C20/25. This is
because C25/30 is not applicable for the results of bending tests from BST. The verification was not

performed using excel since there is no excel-sheet for this calculation.

h as varying factor N as varying factor c.t.c. as varying factor
0.35 0.35 1 150
0.30 1 0.30 125
g 0257 S 025 g 1.00 1
0.20 0.75 7
0.20 - )
o5 - 0.50
0.15 1 0.25
0.10 1
0.8 10 12 14 o 250 500 750 1000 2 4 6
h[m] N [kN/m] c.t.e. [m]
h,om Variable [m] N variable [kN/m)] c.t.c. variable [m]
0.8 1.15 1.5 0 500 1000 2 4 6
Model 0.37 0.18 0.10 0.37 0.19 0.13 0.15 0.59 1.34
Hand calculation 0.37 0.18 0.10 0.36 0.19 0.13 0.15 0.60 1.36

Hand calculation example
With hy,;, = 0.8m and other parameters as stated in introduction. x, was found to be 62mm, the hand
calculation will confirm whether or not this compressive zone height gives equilibrium and calculate

the plastic moment and unity check.

homin = (Mnom — \/tol?op + tolZ,irom) * 10° = 588 mm

1 N

My = =% 1000 * At * (0.9 % o—— + ferap1)/10° = 84 kNm
6 honin '

K = egu/(himin — %) = 9.5 % 107° /mm

Erop = K *x,, = 589 % 107*

Eppl
x1= p

*x, =51 mm
Etop

Np1 = (xy — x1) * feq = 146 kN
Ny, = 0.5 % x4 * f.g = 340 kN
Nb = Nbl + sz = 486 kN

Erbr
x2=f

* (hpin — X)) = 4mm
Esvu

Ntl =0.5% fctd,pl * Xy = 2 kN

Ni, = 0.5 = (.B * fctd,pl — Usp *fctd,pl) * (hmin — Xy — xz) =8 kN
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Nez = tsy * ferapt * (hmin — Xy — x2) = 219 kN

N; = N¢g + Niy + Nig = 229 kN

IN, — Ny — 0.9 % Ng4| < 20 kN? — 13 < 20 - equillibrium confirmed
Myp1 = 0.5 * (x,, — x1) * Ny, = 803 kNmm

2
MNb2 = (xu - §x1) * sz = 9520 kNmm

My = Myp1 + Myp, = 10323 kNmm

2
My = (xu + 3 * xz) * Nyy = 129 kNmm

Romin 2 2
™ Zxy +—x2> * Ny, = 1920 kNmm

My, = <—3 3 3

hmin Xy X
My, = (%+7“+ f) « Nyz = 71613 kNmm

Mt = MNtl + MNtZ + MNt3 = 73662 kNmm
My = 0.9 % Ngg * 0.5 % hpy, = 79380 kNmm
M, = (=M, + M, + Mz)/10% = 142.7 kNm

8 (M + M") 269 kN
= — % — | =
Qra = 7 o2 P 125 /m

UCrp = qga/qra = 0.37
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Annex B: Force distribution in UCF

The literature study in the main report concisely described how to find the force distribution for an
uncracked UCF. The process will be described more thoroughly in this annex. A distinction is made
between situations where slipping between the UCF and retaining wall does or does not occur. For both

situations the same differential equation holds:

d*w(x)
dx*

qea(x) = EI %

For the sake of simplicity, the f(x) symbols have been omitted. The following relationships between

displacement, rotation, bending moment, and shear force are to be noted:

For a continuous beam model with n fields, integration of the ODE gives the following formulas for
shear force, bending moment, rotation and displacement. Worthwhile noting is that terms including qgq
were changed from negative to positive or vice versa, this is because qg4 acts opposite to the positive z-

axis direction.

4
. qx
fori=1..n: w;=Cy_3+ Chi_ox + Chi_1x? 4 Cpix3 — 24E]

3
. qx
fOT'l =1..n Qi = _C4i—2 - 264_1'_1.7(: - 3C4_ix2 + a

2
X
fori=1..n: M; =—2EICy; 1 — 6EICyx +q7

fori=1..n: V;=—6EIC,y + qx

In order to derive the integration coefficients, it is necessary to establish boundary- and interface
conditions. The specific conditions depend on whether a model with or without slipping between the

UCF and retaining wall is used.
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B.1 Beam model without slipping between UCF and retaining wall

Figure B.1 illustrates a non-slipping beam model with n fields, where the length of each field is
depicted with L. Figure B.2 illustrates small sections of the beam located at a boundary between the
UCF and retaining wall or an interface between two fields. These sections are used to derive the

boundary and interface conditions.

N A A I O

0.9*Ngq - 1o
— X <~ e 0.25*hmin
; —
k; %k_ %kz %kz %k: %k ky
field 1 field 2 field 3 field 4 fieldn
«—>
cte.=L L L L L
n*L
Figure B.1: Beam model for non-slipping UCF
x=0 x=iL=(1.n-1)"L x =n*L

0-25‘0-9*Ned*hmnC _‘_,F?“ I\HBNH M; C/Il ____#4_)___ TVTDMIM M, Gﬂl ___%4_?__ )0-25*0-9wNed*hmn

lW1*k1 lekz iwn*k1

Figure B.2: Sections at boundary or interface

The following boundary and interface conditions are obtained from the sections in figure B.2:

e BC: My_o =09 * Nyg *0.25 * hyyi

e BC: My = 0.9 % Nog * 0.25 % hypiy
* BC Vi=o = kq *wy

e BC: Viznsr = —k1 *wy

o IC: fori=1...n—1: Wi = Wiyq

o IC: fori=1...n—1: Qi = Pis1
o IC: fori=1....n—1: MizMi+1
o IC: fori=1...n—1: Vi=Vie1 — ko *w;
This results in n*4 boundarysinterface conditions, which is sufficient for the determination of all

integration coefficients. These coefficients can be obtained by solving a system of equations
represented by a matrix and vectors. Once obtained, the integration coefficients can be substituted in

the formulas for w;, ¢;, M; and V; to plot the force distribution and displacements. The parametrized

matrix and vectors are given on the next page.
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B.2 Beam model with slipping between UCF and retaining wall

The slipping beam model differs from the non-slipping model in that no bending moments are applied
to the edges due to the centrically applied normal force. Additionally, the forces caused by the
extension of the retaining wall spring are replaced with a maximum attainable friction force between
the UCF and the retaining wall. The equations used to describe the force distribution and interface
conditions remain the same, but the boundary conditions are different and can be obtained from the

sections in figure B.4.

O.94=Ned*mu Lo O.Q*Ned*mu
Pt =
09*Ngq | x o
> <«
z
A
ko ko ko ko | k
field 1 field 2 field 3 field 4 field n
“cete=L L L L L
n*L

Figure B.3: Beam model for slipping UCF

x=0 Xx=n"L

O.9$Ned*mu ? \,ﬁ'1 Vn ? D.stedamu

Figure B.4: boundary sections UCF

The following boundary and interface conditions are obtained from the sections in figure B.2:

e BC My_o=0

e BC My—n., =0

e BC: Vo = 0.9 % Ngyg > u

e BC Vi=n«, = —0.9 % Ngg * 1
o IC: fori=1...n—1: Wi = Wiq

o IC: fori=1...n—1: Qi = Pis1
o 1C: fori=1....n—1: MizMi+1
o IC: fori=1...n—1: Vi=Vie1 — ko *w;

This again results in n*4 boundary/interface conditions, which is sufficient for the determination of all
integration coefficients. The system of equations expressed as a matrix and vectors is given on the next

page. Solving and substituting the integration coefficients gives the force distribution.
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4 xn
0 0  —2El 0 0 0 0 0 0 0 0 0 . 0 0 0 0 1 [Cai_s [ 0 ]
0 0 0 —6EI 0 0 0 0 0 0 0 0 .. 0 0 0 0 Cyiz 0.9Nggn
1 il (iL)? (iL)? -1 -iL —(L)? —(iL)? 0 0 0 0 0 0 0 0 Cai1 0
0 -1 -2iL —3(iL)? 0 1 S 3(iL)? 0 0 0 0 . 0 0 0 0 Cyi 0
0 0  —2E —6EIiL 0 o0 281 | 6EIL 0 o0 0 0 0 0 0 0 Tz 0
k, kil k,(iL)? k,(iL)>—6EI 0 0 0 " 6EI 0 0 0 0 L0 0 0 0 Cais k,q(iL)*/24EI
0 o0 0 0 1 il (iL)2 (iL)3 -1 —iL —(L)? @[3 /.. 0o o0 0 0 Cuiy 0
0 0 0 0 0 -1 -2iL —3(iL)? 0 1 2, o3z [0 o 0 0 Cai 0
0 0 0 0 o o —280 —6EiL. o o 28 ! eEiL |.. o 0o o 0 Trs 0
0 0 0 0 k, kil kp(iL)? ky(iL)>*—6El 0 0 0 T 6El 0 0 0 0 Cain k,q(iL)*/24EI
0 0 0 0 0 0 0 0 1 il (L)? & GGL)? .. 0 0 0 0 Cai1 0
0 0 0 0 0 0 0 0 0 -1 -2iL  -3(L)? 0 0 0 0 Cyy 0
0 0 0 0 0 0 0 0 0 0 —2El .. —6EHL |.. 0 0 0 0 Tz 0
0 0 0 0 0 o 0 0 k, kyl ky(iL)? k,(iL)? — 6El 0 0 0 0 Cyiz koq(iL)*/24El
0 0 0 0 0 0 0 0 0 0 0 0 =1 Im—..llﬁ—..uw IQSw Cyioq 0
0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 2iL  3(iL)? Cyi 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 [ 2El 6EIiL ﬁ.azlm 0
0 0 0 0 0 0 0 0 0 0 0 0 Lo oo 6EI Can-2 k,q(iL)*/24EI
0 0 0 0 0 0 0 0 0 0 0 0 . 0 0 —2E —6EmL Capn—1 —q(nL)?/2
L0 0 0 0 0 0 0 0 0 0 0 0 .. 0 0 0 —6El 1 | Cypy | —0.9Ngqp — qnL |
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Normal force [kN/m]
2
=]

400 4

Normal force [kN/m]
]
=]

300 4
200
100

o

Annex C:Materials savings expressed in percentages

This annex includes additional graphs that are supplementary to the ones presented in chapter five of
the main report. The latter illustrate potential material savings by calculating the difference in required
floor thickness between a UCF and SFUCF, and express the results in meters of floor thickness saved
when applying a SFUCF. The data behind the graphs in this annex is the same as for the graphs in
chapter five, however material savings are expressed in percentages. The formula used to calculate the

reduction is:

100 = hmin,req,SFUCF
hmin,req,U CF

saved concrete [%] = 100 —

Standard values of parameters which occur commonly in practice are used as basis for comparison. To
demonstrate how each variable affects the possible material savings, it will be changed within a
representable domain. The standard set of parameters is listed below and uses dish anchors as standard

connection type:
e ctc. =2.50m o a =0.085m
° Phead =0.00 m ° tOItop =0.150m
e k, = 35000 kN/m?’ e t0lpottom =0.075m
e p =0.25m ®  tOlinchorage =0.100m

Results in these graphs are derivatives of the graphs presented in the main report. Therefore discussion
on the results can be found in chapter five.

Saved concrete [%] — Changing the c.t.c. distance

()

)

Saved concrete [%], c.t.c. = 2.0 [m] 1000 Saved conerete [%], c.t.c. = 3.2 [m] 1000 Saved concrete [%], e.t.e. = 4.4 [m]
900 o Q00
800 800
700 700
600 6oo
500 500
400 400
300 o 300
200 A 200
100 - 100

4] 0

35 50 75 100 125 50 I 200 © 2 o 7 10 125 150 B3 200 0 2 5 75 10 25 150 B 200
Distributed load [KN/m=2] Distributed load [kN/m2] Distributed load [kN/m=]

Saved concrete [%], c.t.c. = 5.6 [m] Saved concrete [%], c.t.c. = 6.8 [m]

Saved concrete [%], c.t.c. = 8.0 [m]

1000 1000
goo 900 4
8oo 800 +
700 700 -
600 600
500 500 |
400 400 4
300 300
200 200
100 100
T T T T T o0+ T T T T T T 0 T T T T T T
25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200 0 25 §0 75 100 125 150 175 200
Distributed load [kN/m=2] Distributed load [kN/mz] Distributed load [kN/m=]
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Saved concrete [%] — Changing ppeaq

Saved concrete [%], pressure head = o [m]

Saved concrete [%], pressure head = 5 [m]

(=]

1000 1000
900 - 900 -
800 4 800 4
E 700 4 E‘ 700 4
— —
é 600 é 600 -
5] 3]
£ oo £ o]
= 400 A E 400 -
= 2
200 200
100 100
o T T T T T T o T T T
0 25 § 75 100 125 150 175 200 0o 2 5 75
Distributed load [kN/m=]

Saved concrete [%], pressure head = 6.5 [m] Saved concrete [%], pressure head = 8 [m]

1000 1000
900 Q00
800 4 800 1
'E 700 A 700 1
S
é 600 600
g
0 4 0+
g ® 50
"= 400 400 4
g
S 500 1 300 +
200 200
100 100 1
0 T T T T T 0
0 25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200
Distributed load [kN/m?] Distributed load [kN/m?]

Normal force [kN/m]

Saved concrete [%] — Changing k;

Saved concrete [%], k3 = 10000 [kN/mz] Saved concrete [%], k3 = 35000 [kN/m?2]

1000

900 - 900 -

800 800

700 4 700 4

600 600

500 4 500

400 - 400 -

300 A 300 A

200 200 1

100 100

o o T T T T T T T
0 25 {0 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200

Distributed load [kIN/m2] Distributed load [kN/m?]

16

100 125

150 175 200

Distributed load [kN/m=]

Saved concrete [%], pressure head = 10 [m]

1000

25 50 75 100 125 150 175 200
Distributed load [kN/m=]

Saved concrete [%], k3 = 60000 [kN/mz]

1000

0 25 §0 75 100 125 150 175 200

Distributed load [kN/m=2]

10

2 g 3 ¥

%
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Saved concrete [%] — Changing p

Saved concrete [%], p = 0.25 [m]

Saved concrete [%], p = 0.375 [m]

Saved concrete [%], p = 0.5 [m]

1000 1000 1000
900 900 900 - 30
800 800 800 25
E T00 700 700 o
é 600 - 600 - 600 -
% 500 1 500 7 500 7 15
2
= 400 4 400 400
g 10
E 300 4 300 4 300 4
200 200 200 5
100 100 100 o
0 T T T T T T T 0 0
0 25 50 5 100 125 150 175 200 0 25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200
Distributed load [kN/m2] Distributed load [kN/m=] Distributed load [kN/m=2]
Saved concrete [%] — Changing connection type
Saved concrete [%], connection type = Dish anchor Saved concrete [%], connection type = Ribbed pile Saved concrete [%], connection type = Smooth pile
1000 1000 1000
900 900 1 900 30
800 800 800 25
E 700 700 700
Z 20
&=, 600 600 600 -
% 500 500 - 500 15
]
T 400 400 400 -
B 10
S 300 1 300 300 4
200 200 7 200 5
100 100 7 100 o
0 T T T T T T T 0 T T T T T T T 0 T T T T
0 25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200
Distributed load [kN/m?2] Distributed load [kN/m?2] Distributed load [kN/m2]
Saved concrete [%] — Changing a,
Saved concrete [%], ar = 85.0 [mm] Saved concrete [%], ar = 100.0 [mm] Saved concrete [%], ar = 120.0 [mm]
1000 100 1000
8
900 - 900 | 900 -
800 800 800 7
= 4 4 J 6
E F00 700 700
é 600 - 600 - 600 - 5
% 500 500 - 500 4
bl
= 4 i g
E 400 400 400 3
z"—’ 300 - 300 - 300 - a
200 200 200 .
100 - 100 - A 100 -
0
0 T T T T T T T 0 T T T T T T T i o T T T T T T
0 25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200
Distributed load [kIN/m2] Distributed load [kIN/m?2] Distributed load [kN/m2]
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Annex D: Test results Botlekspoortunnel

This Annex contains the results of 4 point bending tests that were performed to calculate post-cracking
tensile strength of a concrete mix used at Botklekspoortunnel. These tests are the basis for the post-

cracking tensile strength that is used to answer the research question of this thesis.

Four point bending tests

- [ eo,F T 4 Point Loading Standar3}BV780 6- -
@ (ki) DR727 “Tasidate: 0B.0 4.99 7
| g I Cede : ..AZMBDITE11440100 3

=

B =

1 =

45. Fb. : Drammix. FRC-80 €C—BM ©

kglr? © D 3 S

Dim. @ BSOKISCXE00 (650) rr3 X

= 40| Resulls : =

& Age ;221 days é

g Cuwe= : 2= days MA. =

E | 35 Mod . 305 kMl/mam= =

=] for : 4.5 Nimmmn? =

k| JSCE -SF-4

= 304 fu D 4.5 Nimmmn?

Tb : 51.4 KN.mam
\ fe, TS0 2.3 Nimmmn? &
25 fe, 200 2.4 Nimmmn? =

. \ fe, 300 2.5 Nignmn? @

e g

ol \ 5

[ N o — =

] 151 (ﬂ [

5

b p

g | 10

£ |

s

a 5-

8 (min}

N % 5 15 2 25 3 36

8 o

=
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s E0,F N 4 Point Loading Slandard“ BV7807 B
e ey | br727 Testdates :01.04.99 | S
i i 44 Code ©.A24603% 1 46081 o e
8] es] I Mx - it
g & 0 UJ IH 2
E Ee
* | =0. =R
boge Fb.  : Drari RC-30 /S0-BN s
| kgir? 38 3o \=
‘ Dim.  : 160x15Cx50-0 (4650} mm3 -!g
] 40- Resulls : =
Age 121 days S
E Cure :2¢1 days V1A =
‘ 35+ Mod. : 3713 RcEMimm® =
b f\ Tbr : 4.6 Blima? £
i JSCE-SF4
1% fu : 46 NmeE
Tb : 564 kllmm
2,150 - 2.6 NBmm? .
b2 f2200 27 NEmm? &
[ 2,300 2.8 NEfmm? len
3 | z
la | :
T —— 1 @
a Tt——— __} =
o 115 |
”
z
3 110
:
i (mm)
s J‘# T T T T T T —
S 0 5 1 15 2 25 3 35
¢ -l
=
s .
5
) i ing Standard | BV7808 -
R 4 Point Loading lDR??? © Testdate: 0104, 98 S
3 0 Code : .ARLESO3511458 16 3
g ) s5 Wi z
: | .
2 5Q. =
t
'
' Fib. :Drami x RC-80 £S0-Bi= w
45 L ¥
hgim® 36 3e> =
Dim. < 149x1 50x500 (& 508) ranmmd- E
g 40- Resuls : =
Age .21 days =
5 Cure 121 days MA E
N % Mod. ;3438 KN fmm™= B
< 1 ’\ br : 47 Nemmn? ES
3 JSCE-SF4
2| M ¢ 47 Nimme®
Th H 58.3 kilmmm
©150 : 2.5 Niemmw? N
25- 0200 - 28 Nunm? &
\’\ e300 : 2.9 Nemm® o
s [=s]
> ' 2
2 % 20 T Z
g — 5
5 _W_"’"‘*“\\_\‘___ i
o 15- O
"
“
b 10
Los
' Z | 54
a
b8 tmm)
| -+ 0 T T T T T _3|5-'
vie 5 1.5 2 25 3 5y
I o — -o
° =2
=
Pim van Starrenburg Page E2 of E4 MSc Thesis



z
W bam i TUDelft

Compressive strength

Sterkteontwikkeling mengsel N Botiekspoortunnel
B26/-/4 300 Cemill/B + 70 vilegas + 30 staalvezels + 0,6% Cretoplast + 0,7% Cretoplast SLO1 wcf 0,58
60

25 Nfmm* = 3910 *Ch

foc = 32.012 log R -90.005
geldigheid: 10 '/, 25 Nfmm?

Druksterkte in N/mm?
»
S

10 4

100 200 400 1000 2000 4000 10000 20000
Gewogen rijpheid in °Ch [C =1,60]

—ijklijin o Mar-99

Sterkteontwikkeling onderwaterbeton mengsels Botlekspoortunnel
standaardmengsel: B25/-/4 280 Cemiil/B + 70 viiegas + 0,4%Cretoplast + 0,2%Cretoplast SL01 wcf 0,62

mengsel met staalvezels: B25/-/4 300 Cemll/B + 70 viiegas + 30 staalvezels + 0,5%Cretoplast + 0,7%Cretoplast SL01 wcf 0,68
50

standgardmengsel: 25 Nim?* = 5390 °Ch  * * °
mengsel met staalvezels: 25 N‘mm*=3810 - -+ .

standaardmengsel
. . : foc = 29.532 log R -85.19
... . D S N N ... geldigheid: 5 '/,, 25 Nimm?

8

. . o e X oo ' mengsel met staalvezels
e ... ... ... Tc=32012/0gR-90005
. . [ . Yoo N . . . " oo e N uslﬁ'ihl‘d:S’f,,,SOMm'lmz

8

Druksterkte in N/'mm?

100 200 400 1000 2000 4000 10000 20000
Gewogen rijpheid in °Ch [C = 1,60]

—standaardmengsel —aangepast mengsel m Mar-98 ¢ Sep-98 a Jan-99 e Mar-99
O:A\PROJEC TWBOUWMEE W waiteitstechnologieWebin
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Workability

TERUGLOOP VERWERKBAARHEID ONDERWATERBETON

mengsel met en zonder staalvezels / let wel: verschillende specietemperaturen

700 :
650 1 -
600
550 -
500
450 -
400 :
350_ I 3
300 -
250
200 -
150 A
100 A
50 |

meetwaarde in mm

zonder staalvezels: tijdinminuten ot staalvezels:
—+—zotmaat —a— vloeimaat —a— schudmaat - - + - - zetmaat - - ® - - vioeimaat - - - - schudmaat
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Annex E: Automatically generated calculation report case study

This annex does not contain the supplementary Excel file that should be used as input for the
optimization tool because all required input is described in paragraph 7.2.
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Price-based optimization UCF

This document presents results of an iterative calculation process to finding the most cost-
effective set of parameters for the design of a UCF.

Project: Case study Rotterdamsebaan
Author: Pim van Starrenburg

Date: 01/03/2023

1. Parameters

Table 1: Case-specific parameters (user input)

Parameter Value Unit
lengthy 29.46 [m]
lengthy 30.67 [m]

top pit 15 [m]

top UCF -15.45 [m]
pressure head 12.95 [m]

Nx 1100 [KN/m]
Ny 1170 [KN/m]
Hx 0.3 []

Hy 0.3 [-]

fy 505 [N/mm?2]
Kix 60000 [KN/m]
K1y 100000 [KN/m]
ks 0 [KN/m?]
Consequence class 2 [-]
tOlbonom 0.15 [m]
tokop 0.075 [m]
tOIanchorage 0-1 [m]
estimated pile length | 27.5 [m]

Table 2: safety factors for load combinations

Loadtype Yuis ¥sLs
Self-weight 0.9 1.0
Water pressure 1.2 1.0
Heave 1.35 1.0
Strutting force 0.9 1.0
Distributed load [kN/mZ] 146.5 116.2

For material prices and iterable connection types with corresponding geometric properties
and spring stiffnesses, refer to the supplementary Excel file supplied by the author.
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2. Results

2.1: Optimal parameters

Table 3: Iterative Parameters & resulting optimal value

Parameter Values Unit Optimal
Pnom [0.8 0.8250.850.8750.9 0.9250.950.975 | [m] 1.025
1.0 1.0251.051.0751.1 1.1251.151.175
1.2 1.2251.251.2751.3 1.3251.35 1.375
1.4 1.4251.451.4751.5]
Sx [456 7 8910111213 14] [ 13
sy [56 7 8 91011121314 15] [-] 9
Concrete class ['C20/25', 'C25/30", 'C30/37'] [-] C30/37
Connection type ['Dish anchor'] [-] Dish anchor
c [0.1, 0.2, 0.4, 0.5] [] -
ar [0.085, 0.09, 0.095, 0.1, 0.105, 0.12] [m] -
p [toliop + tOlanchorage, «- -5 - -+, Nmin/2] [m] 0.175
Dsmooth pile Refer to supplementary Excel-file [m] -
Bconcrete ribbed pile Refer to supplementary Excel-file [m] -
Dribbed steel pile Refer to supplementary Excel-file [m] -
Dhish anchor Refer to supplementary Excel-file [m] 0.0635
dpish anchor Refer to supplementary Excel-file [m] 0.35
k2 Refer to supplementary Excel-file [m] 50000
Addition of steel fibres: No
Long span check: Yes
In case the long span check equals “Yes”, Check A on page 8 may be neglected. In case
long span check equals “No”, the results on pages 9-13 may be neglected.
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2.2 Overview of construction

Figure 1: Cross-section along short span

T ¥ oy o3oyoy oy ¥y oyoy oy
3 3 3 3 3 3 3 3 3 3 3 3 3
16.95m
990.0 kl/m - - —UCF wy/o fibres, h=1.02, class c30f37 - —220:0 kN/m) 1.02m
K O 0w i
3
2
3
%, Yo, Yo, Yo, Yo, %o, Yo, Yo, Yo, %4, g o, %,
004‘4/ Oo% oo% oo% oo’% 00*4/ oo% 004‘4/ 004"»» o, 00'% o, 00% 004‘4/
e B h %
Figure 2: Cross-section along long span
w w w w w W (7] W w
i i B ] ] i i i B
3 3 3 3 3 3 3 3 3
16.95m
1053.0 kii/m_, - UCF w/o fibres, h=1.02, class=C30/37 < 19230 kN’ml.ozm
(N R B AN R o i
4
5
3
‘200000 %000(- é\o"oo(- ‘5\0000{- %0004 o{‘ ‘5‘00004 6‘00004 6\0000(‘ {Ooooo
u, M T M T T T T T T
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3. Short span, check B

In case pread > 10m, Check B3 may be ignored. Check FB may be ignored if the optimal set
of parameters does not include the addition of steel fibres.

Check Unity Check No Slip Unity Check Slip
Bl 54 2.64
B2 0.19 0.19
B3 0.21 0.21
FB 0.13 0.13
Figure 3: Moment distribution no slip
- 1000
490 e high stiffness igfﬁ -0 —
—354 1 ‘ “eba‘ ——- low stiffness 5"".”01 5 4\1 g.
{.' %138 073 6.7 %236.7 ' %073 133
f”’ !04.2. R 04.2 "ig57.9 -500 <
£ 96.3 e s o @rss 492.2 ‘2.3 =
3 )
£ “ Lo 5
élz 2 s 12p =
122 T T T T T E|'1‘2':’2
0 5 10 15 20 25 30
Coordinate [m]
Figure 4: Moment distribution slip
87.8  seees high stiffness é878 —
. A £
m;‘gay\ . ——- low stiffness ’ \‘Segqigs}\ L 400 =
‘969 573 350'5\ TN e 2Nt 305, 57.8 Y006 9 g
Pl Jﬁg.o\ag”\ 31.7 ‘6_9.'-0 98.4 &gﬁ'\g =
/ §o0 7. .- ., & ®ggy \ - 200 2
I/ * . ‘o".’ .. \ @
J @107 Q115 \ =
o $.. e, 0 o
&3 g:o -0 =
5 10 15 20 25 30
Coordinate [m]
Figure 5. Check B3
-0
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—=- g Rd/1.2 -ZOO,N_,
4 L a00 £
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3 - 600 5
’ ____________________________________________
..................................................................... - 800
0 2 4 6 8 10
delta u [m]
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Check B1 No Slip:

hmin
Meqd
NEd
OEd

uc

0.86

848.99

990.0

6 * Med / Nmin? - Ned / Dimin =5.78
oed / fea =54

Check B2 No Slip

Z
Meqd
MRrd
uc

0.49

quis * (lengthx / sx)2/ 8 =94.03
Z * Neg =485.1
Med / Mrd =0.19

Check B3 No Slip

Qumax =

ORrd
ucC

818.71
QU,max/ 1.2 = 682.26
quis / Qrd =0.21

Check FB No Slip

Mer = 263.81

Mp = 514.0

Qrd = 8*(Mc/1.25 + Mp) / c.t.c.2

uc = duts / Ord =0.13
Check B1 Slip:

hmin - 0.86

Meq = 487.82

Nea = 990.0

OEd = 6 * Med / Nmin? - Ned / Nmin =2.83
ucC = oed [ e =2.64
Check B2 Slip

Z = 0.49

Meqg = quis * (Iengthx / Sx)2 /8 =94.03
MRd = Z * Neg =485.1
ucC = Meg / Mgg =0.19
Check B3 Slip

Qumax = 818.71

Ord = Qumax / 1.2 = 682.26
uc = quis / grd =0.21
Check FB Slip

Mer = 263.81

Mp = 514.0

JRrd = 8*(Mc/1.25 + Mp) / c.t.c.2

uc = quis / grd =0.13

[m]
[KNm/m]
[KN/m]
[N/mm?2]
[-]

[m]
[KNm/m]
[KN/m]

[-]

[kN/m?]
[kN/m2]
[-]

[kNm]
[kNm]
[kN/m]
[-]

[m]
[KNm/m]
[KN/m]
[N/mm2]
[-]

[m]
[KNm/m]
[KN/m]

[-]

[kN/m?]
[kN/m?]
[-]

[kNm]
[kNm]
[kN/m]
[-]
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4. Short span, check C
Check C2 may be ignored in case check C suffices.

Check Unity Check No Slip Unity Check Slip
C1 0.76 0.39

C2a 0 0

C2b 0.46 0.46

C2c 0.31 0.31

Figure 6: Shear force distribution no slip
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Figure 7. Shear force distribution slip
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Figure 8: Principal stress
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Check C1 No Slip

VEd = 338.86 [KN/m]
k = min(1 + (200 / hmin)®®, 2.0) =1.48 []
Vmin = 0.035 * K5 * f,, 05 =0.35 [N/mm?]
Ocp = min(NEd/ Amin, 0.2 * fcd,p|) =1.15 [N/mm2]
VRie = (Vmin + 0.15 * g¢p) * himin =445.31 [KN/m]
uc = Ved / VRrac =0.76 [-]
Check C2a No Slip
Meg = 38.68 [KNm/m]
OEd = 6* |MEd| / hmin2 - Ned/ hmin =-0.84 [N/mm2]
uc = oed/ fewpl =0 [-]
Check C2b No Slip
VEd = 401.93 [KN/m]
Acc = MiN(hmin/2 + Ned*Nmin?/(12*|Mgd|), hmin) * 1000 = 857294.9 [mm?]
Tep = 1.5 * Veq ! Acc =0.7 [N/mm2]
Ocp = Ned * Acc =-1.15 [N/mm2]
fevd = (fctd,pl2 +0p* fctd,pl)o'5 =154 [N/mm2]
uc = Tep/ fovd =0.46 [-]
Check C2c No Slip
O1lmax — 0.33 [N/mmz]
uc = Ul,max/fctd,pl =0.31 [—]
Check C1 Slip
VEd = 174.18 [KN/m]
k = min(1 + (200 / hmin)®®, 2.0) =1.48 []
Vmin = 0.035 * k15 * f, 0 =0.35 [N/mm2]
Ocp = min(NEd/ hmin, 0.2* fcd,p|) =1.15 [N/mm2]
VRde = (Vmin + 0.15 * a¢p) * himin =445.31 [KN/m]
ucC = Ved / VRrac =0.39 [-]
Check C2a Slip
Meq = 38.68 [KNm/m]
Oed = 6 * [Meq| / hmin? - Nga/ hmin = -0.84 [N/mm?]
uc = oed/ fewapl =0 [-]
Check C2b Slip
VEd = 401.93 [KN/m]
Acc = MiN(Nmin/2 + Nea*hmin/ (12*|Med|), hmin) * 1000 = 857294.9 [mmZ]
Tep = 1.5 * Veq ! Acc =0.7 [N/mm?]
Ocp = Ned* Acc =-1.15 [N/mm?]
fevd = (fctd,pl2 +0p* fctd,pl)o'5 =1.54 [N/mmz]
ucC = Tep/ fevd =0.46 [-]
Check C2c Slip
O1max — 0.33 [N/mmz]
ucC = 01,max ! Terd pi =031 [-]
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5. Connection tensile element

Check Connection type Unity Check
G Dish anchor 0.98

6. Short span, SLS Displacements

Figure 9: Displacement No Slip
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Figure 10: Displacement Slip
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7. Long span, check A
This check may be ignored in case longspancheck equals “Yes’

Check Unity Check
A 1.03
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8. Long span, check B

In case pread > 10m, Check B3 may be ignored. Check FB may be ignored if the optimal set
of parameters does not include the addition of steel fibres.

Check Unity Check No Slip Unity Check Slip
Bl 6.02 2.12
B2 0.42 0.42
B3 0.46 0.46
FB 0.28 0.28
Figure 11: Moment distribution no slip
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Figure 12: Moment distribution slip
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Figure 13: Check B3
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Check B1 No Slip:

hmin
Meqd
NEd
OEd

uc

0.86

938.9

1053.0

6* Meg / hmin2 - NEg / hmin =6.44
oed [ fod =6.02

Check B2 No Slip

Z
Meqd
MRrd
uc

0.49

qucs * (lengthy / sy)2/ 8 =212.64
Z * Neg =508.6
Med / Mrd =0.42

Check B3 No Slip

Qumax =

ORrd
ucC

378.82
QU,max/ 1.2 = 315.68
qus / Ord =0.46

Check FB No Slip

Mer = 272.81

Mp = 534.0

Qrd = 8*(Mc/1.25 + Mp) / c.t.c.2

uc = duts / Ord =0.28
Check B1 Slip:

hmin - 0.86

Meq = 428.0

Nea = 1053.0

OEd = 6 * Med / Nmin? - Ned / Nmin =2.27
ucC = oed [ e =212
Check B2 Slip

V4 = 0.48

Med = quis * (lengthy / sy)2/ 8 =212.64
Mra = Z * Ngg =508.6
ucC = Meg / Mgg =042
Check B3 Slip

Qumax = 378.82

Jrd = Qumax / 1.2 = 315.68
ucC = duts / Ord =0.46
Check FB Slip

Mer = 272.81

Mp = 534.0

JRrd = 8*(Mc/1.25 + Mp) / c.t.c.2

uc = quis / grd =0.28
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[kN/m]
[-]

[m]
[KNm/m]
[KN/m]
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[m]
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[KN/m]

[-]

[kN/m?]
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9. Long span, check C

Check Unity Check No Slip Unity Check Slip
C1 0.85 0.42

C2a 0 0

C2b 0.5 0.5

C2c 0.36 0.36

Figure 14: Shear force distribution no slip
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Figure 15: Shear force distribution slip
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Figure 16: Principal stress
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Check C1 No Slip

Veg = 386.78 [kN/m]
k = min(1 + (200 / hmin)°5, 2.0) = 1.48 []
Vmn = 0.035 * K15 * f05 =0.35 [N/mm2]
Ocp = min(NEd/ Amin, 0.2 * fcd,p|) =1.23 [N/mm2]
Veae = (Viin + 0.15 * G¢p) * N = 454.76 [kN/m]
uc = Ved / VRrac =0.85 [-]
Check C2a No Slip
Meg = 26.96 [KNm/m]
OEd = 6* |MEd| / hmin2 - Ned/ hmin =-1.01 [N/mm2]
ucC = oed/ fedpl =0 [-]
Check C2b No Slip
Vea = 451.67 [KN/m]
A = Min(Nmin/2 + Neg*hmin2/(12*|Med]), hmin) * 1000 = 857294.9 [mm2]
T = 1.5* Veg / Acc =0.79 [N/mm2]
Op = Nea* Ace =-1.23 [N/mm2]
fevd = (fctd,pl2 +0p* fctd,pl)o'5 =1.57 [N/mm2]
ucC = Tep/ fovd =05 []
Check C2c No Slip
O1lmax — 0.39 [N/mmz]
ucC = Ul,max/fctd,pl =0.36 [-]
Check C1 Slip
Veg = 191.11 [kN/m]
k = min(1 + (200 / hmin)°5, 2.0) = 1.48 []
Vimin = 0.035 * K15 * f, 05 =0.35 [N/mm?]
Ocp = min(NEd/ hmin, 0.2* fcd,p|) =1.23 [N/mm2]
Veae = (Vimin + 0.15 * Gep) * Ninin = 454.76 [kN/m]
uc = Vea ! Vrac =0.42 []
Check C2a Slip
Meg = 26.96 [KNm/m]
OEd = 6* ||V|Ed| ! hmin? = Ned/ hmin =-1.01 [N/mm2]
ucC = oed/ fetapl =0 [-]
Check C2b Slip
Ve« = 451.67 [kN/m]
Aw = min(hmin/2 + Ned*hmin2/(12*Meg]), hmin) * 1000 = 857294.9 [mm?]
T = 1.5 * Vea / Ace =0.79 [N/mm?]
Ocp = Ned * Acc =-1.23 [N/mm?]
fevd = (fctd,pl2 +0p* fctd,pl)o'5 =1.57 [N/mmz]
uc = Tep/ fova =05 []
Check C2c Slip
Olmax = 0.39 [N/mm?2]
ucC = Ul,max/fctd,pl =0.36 [-]
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10. Connection tensile element

Check Connection type Unity Check
G Dish anchor 0.99

11. Long span, SLS Displacements

Figure 17: Displacement No Slip
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Figure 18: Displacement Slip
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