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Abstract

For a safe structure design standards mainly emphasize on calculations based on the uncracked and fully
cracked stiffness of concrete structures. In the common design practice an uncracked stiffness (Elo) is
applied for the SLS and a fully cracked stiffness (El.) for the ULS, where the reduced stiffness El,, =
1/3El,. However, in reality it is unlikely for a structure to remain uncracked or to become fully cracked; it
is more common to find members consisting of cracked and uncracked zones. This implies the existence
of a realistic variable bending stiffness (El.s) along the reinforced concrete member. The Eurocode 2
states that members which are expected to crack, but may not be fully cracked, will behave in a manner
intermediate between the uncracked and fully cracked conditions. Insufficient elaboration on the impact
of Ely, on the safety of concrete structures and whether the applied design models using El, and El.. are
indeed conservative models, led to the formulation of this research project.

By means of the “Waalbrug-project’, this thesis investigates the impact of a realistic bending stiffness on
the structural behaviour. For this particular project the safety of the packing structure, consisting of
diaphragm walls and a roof structure, is analyzed. The bending stiffness of diaphragm walls is not
constant over the height, but it varies as a function of the magnitude of the occurring bending moment and
the amount of reinforcement. As soon as the wall is cracked the wall stiffness decreases at an increasing
bending moment, which is explained in literature by means of the M-(N)-x diagram. A reduced wall
stiffness results in greater wall deformations, but on the other hand the deformations on their turn
influence the wall stiffness. For the influence of the soil behaviour on the stiffness of the diaphragm wall
the ‘interaction’ model Plaxis 2D was used.

Different calculation models were set up to determine whether the structural behaviour at El,,, lies indeed
within the behaviour of an uncracked and fully cracked structure. The impact of the boundary condition
(hinged or clamped connection) was also studied. The Half Model and Total Model in the calculation
programs PCSheetPileWall and Plaxis 2D were used for structural analysis. The structural behaviour was
expressed in terms of the bending moment (Mgg), settlement (3,) and lateral wall displacement (Uy),
which were calculated at the bending stiffnesses Elo, El., and El., as a function of an axial compressive
force N =0 kN and N # 0 kN for the following calculation models:

= Walls only; hinged

= Walls only; clamped

= Walls and roof; clamped.

El,e based calculations turned out to be an iterative procedure. During this research two iteration
procedures were developed to find the actual El-distribution over the diaphragm wall height. An
evaluation of the load distribution and cracked zones according to both iteration procedures, finally led to
the conclusion that the results of iteration procedure 2 were valid for El,, and that too for every
calculation model. In iteration procedure 2 the actual El-distribution over the wall height is obtained by
considering the average M-line and average cracked zones based on El, and El,.

In this research a safety analysis was performed for:

= The basic case (‘basic reinforcement ratio’ for the hinged and clamped case) and for;

= The hinged case in particular, where a variation was made in the soil stiffness and the reinforcement
ratio of the diaphragm wall.

In the calculation models a ‘basic reinforcement ratio’ was the main input for determining El,,. For the

‘Walls only; hinged’- model it was found that the packing structure was totally safe if the walls were

designed based on El.., while for the ‘Walls and roof; clamped’- model a safe structure was reached if the

walls were designed based on Elo,. The ‘Walls only; clamped’- model showed that a fully clamped

connection is only an academic case, which is not realizable. The chosen connection type was found to

have a major impact on the structural safety.




Due to limited freedom of movement with regard to the reinforcement in the clamped case, variations
were only studied for the hinged case. If stiffer diaphragm walls, achieved by applying a high
reinforcement ratio, were used in the hinged case a model based on El., still proved to be conservative. At
a higher reinforcement ratio the behaviour tended even faster towards El., (occurrence of greater cracked
zones). When the soil properties (lower soil stiffness) were changed for the hinged case, El., still proved
to be a safe approach for the bending moment. However, for the deformations an El,, based calculation
was a safer method, because the actual deformations proved to be larger than what followed from the
lower bound stiffness El..

All analyses taken into account, it can be concluded that considering both the outer boundaries El, and
El.. is not always a guarantee for a safe structure. Therefore, El,, based calculations are necessary. It has
been proven that the axial force (N) has no significant impact on El .

Especially, when designing the reinforcement a load distribution according to El, should be considered.
Otherwise, there is a great risk of placing less reinforcement over a certain part of the wall, in particular
for the hinged case. An El, based calculation for reinforcement design is only conservative if the
maximum occurring bending moment of both walls is considered over the total wall height. However, this
is a too safe approach. Of more practical relevance for (similar) future projects would be to design the
reinforcement based on the ‘dekkingslijn’-principle using (1) the bending stiffness Elo, but then with 30-
50% extra reinforcement at the bottom part of the wall or (2) the bending moment envelope based on
different simulations with El,.
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Realistic bending stiffness of diaphragm walls for structural analysis TU Delft

1. INTRODUCTION

1.1. Background

The Waalbrug in Nijmegen concerns a bridge from the 1880s. Due to rising water levels and a higher risk
of flooding, it was decided to create an ancillary channel in the flood plains at the approach bridges in the
'‘Uiterwaarden'.

The realization of the ancillary channel below the existing approach bridge fell within the scope of the
project "Room for the Nijmegen - Waal". Due to the construction of the ancillary channel the strength of
the foundation of the existing pillars of the approach bridge became an issue. Since the bottom of the
ancillary channel was scheduled to be approximately 3 meters below the existing foundation level, the
pillars of the railway bridge had to be made suitable for the construction of the ancillary channel. The
existing structure is a spread foundation with a stone bearing support structure on it (pillar). In order to be
able to excavate a "packing structure” was devised consisting of a diaphragm wall structure around the
existing foundation, where a roof structure connects the 1.5 m thick diaphragm walls with each other.
This construction would prevent large settlements of the existing foundation and disruption of the rail
traffic (rail Arnnem - Nijmegen). The roof structure is characterized by a high tensile force (shear from
the diaphragm wall construction on the roof structure (axial force)). The trenches for the diaphragm walls
have a depth of 23 m. This project has already been completed. In Figure 1 and Figure 2 the location of
the construction and an impression of the bridge indicating the 3 bridge pillars for which the packing
structure has been applied are given, respectively. Figure 3 and Figure 4 give a more detailed view of the
packing structure.

Location

== kK i;‘ & TR - =i P ~ . construction
ﬁl e ; 2 SE=aal \ P/
.‘ ; ‘:A‘!h °F IR 5 R . \\ \-'-

Figure 1: Location of the construction [

- = &
Waal lamitong

Figure 2: Railway bridge over the Waal at Nijmegen [1]

! Source from Intranet (not publicly available) of Engineering Office of Rotterdam (IGR)
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Figure 4: Detail packing structure, consisting of diaphragm wall structure and a roof structure [1]

1.2. Problem description
The description of the problem has been split up into three parts, namely from the point of view of:
- The diaphragm wall stiffness: Calculating with a variable stiffness;
- The boundary condition diaphragm wall — roof structure: The impact thereof in combination with a

variable stiffness for the wall;

- The total packing structure: The structural safety and the most appropriate model to choose.

1.2.1. Diaphragm wall stiffness

The diaphragm walls are quite deep in the ground and can deform. Due to the deformation of the
diaphragm wall the ground within the packing structure will relax, resulting in settlements which will
cause the pillar to go down further. Coupled to this phenomenon is the risk of train derailment. It is
therefore important to design a diaphragm wall where the relaxation of the ground is minimal, expressed
in a limited lateral wall displacement and a limited foundation settlement.

Figure 3: Packing structures around the existing foundation of the 3 bridge pillars [1]

Since the diaphragm wall is surrounded by ground, not only can it be looked at as a concrete structure, but
also as a geotechnical structure. This implies that the deformations and settlements largely depend on the
soil-structure interaction or, in others words, on both the diaphragm wall stiffness (EI) and the soil
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stiffness. In the geotechnical design a certain bending stiffness EI had to be implemented as point of
departure for the diaphragm wall. In the common design practice, the following is applied:

- An uncracked stiffness (Elo) for the SLS;

- A fully cracked stiffness (El.) for the ULS, where the reduced stiffness El., =1/3*ElI,.

The largest settlements are actually expected for the ULS with a totally cracked wall, as a result of which
the settlements form a ULS-boundary! But, in the common design practice the settlement is an SLS-
boundary, for example the deflection of a floor.

In reality, however, it is unlikely for a structure to remain uncracked or to become fully cracked. The
diaphragm wall will consist of both cracked and uncracked parts, implying a variation in the bending
stiffness (Elyr) over the height of the diaphragm wall. In the application of diaphragm walls it needs to be
noted that, due to crack formation, there is a relationship between the occurring bending moment in the
diaphragm wall and the bending stiffness El. In case of exceeding the cracking moment (M,), the stiffness
of the wall will reduce. For the reduced bending stiffness the M-(N)-x diagram of the concrete cross-
section of the diaphragm wall should be considered. The bending stiffness El of the diaphragm wall is not
only influenced by crack formation, but also by the soil behaviour. When due to crack formation the
bending stiffness of the wall is reduced, the wall deformation will increase. As the wall deforms, the soil
in its turn also exerts a load on the diaphragm wall which also influences the bending stiffness. Because
of the interaction between the diaphragm wall and the soil behind it, the stiffnesses of both depend on
each other.

Insufficient elaboration in the design standards with regard to structures with a variable stiffness — the
design standards mainly emphasize on calculations based on uncracked or fully cracked cross-sections —
and a lack of studies on this matter, are a reason to consider the impact of the variable stiffness on the
safety of the structure. Modelling with an uncracked section is not justified; for the “Waalbrug-project”
the diaphragm wall appeared to crack over a section of 4-5m at the top part of the wall in an extreme
situation (e.g. unexpected higher loads), while the rest remained uncracked. The disadvantage of
modelling with a fully cracked wall is that it is technically irrelevant for it leads to a relatively large
thickness for the diaphragm wall. A variation in the EI over the height may be an interesting point, since
for instance too stiff designed diaphragm walls (with a constant El) attract much more load leading to
excess reinforcement in the structure. Actually, it also remains a question whether the correct force
distribution and deformations are calculated when a constant EI is considered over the entire height of the
diaphragm wall. Therefore, it is not known whether the applied design model using a constant El is
conservative.

For a safe construction one needs to calculate, in accordance with the standards, with a constant EIl. As

mentioned before, two extremes can be distinguished here: El, and El... For the “Waalbrug-project” the

reinforcement and wall thickness were designed such that the diaphragm walls would remain uncracked.

Thus, calculations with El, resulted in sufficient strength and the settlement requirements were also met.

For El., the settlement requirements were not met. Despite the fact that the walls were made so rigid and

were not expected to crack, a sensitivity analysis was done assuming that the wall would crack locally in

an extreme situation. In that case it was found that:

- A local cracked zone in the wall (local reduction of the wall stiffness creating a ‘hinge’ in the wall)
resulted in a redistribution of forces towards the stiff soil. As a result the deformations and settlements
were still quite acceptable;

- Due to the geometry of the packing structure (3D-arrangement wall panels) the actual deformations
were less than in case one only considers the 2D-calculation of a representative wall panel.

For the “Waalbrug-project” a variable EI was implemented over the entire wall height just to check the

settlement requirements in an extreme case. However, the problem one encounters is that:




Realistic bending stiffness of diaphragm walls for structural analysis TU Delft

Problem 1:
Calculations based on a variable El are not defined in the standards and thus it is not clear how to deal
with the safety in that case.

1.2.2. Boundary condition diaphragm wall - roof structure

The roof structure is a shell structure which is applied to keep the diaphragm walls all together after
excavation of the surrounding ground. For the “Waalbrug-project” the connection between the 1.5 m thick
diaphragm wall and the 0.9 m thick roof structure is schematized as a concrete hinge. Due to the hinged
connection the shear force in the diaphragm wall results in a relatively large tensile force on the roof
structure. The tensile force acts on the entire circumference of the structure, causing the roof structure to
act as a ‘tensile body’ in both directions (X and Y in Figure 5). Due to the presence of a recess in the roof
structure, the tensile force is led around the hole. This causes a tensile force concentration along the edge
(“edge stresses’) of the bridge pillar. The masonry structure of the pillar protrudes through the recess. A
flexible covering separates the pillar from the roof structure. As a result of this the braking force (from the
rail traffic) on the pillar is transferred via rotation to the soil under the foundation level (within the
packing structure) instead of directly into the roof structure. In this way, stress concentrations in the
existing masonry structure are avoided.

Figure 5: 3D-model of the roof structure [2]*

It was found that a clamped connection between the top of the diaphragm wall and the roof structure
would result in very high bending moments, which would make it practically impossible to reinforce the
roof structure. Calculations showed that a clamped connection was not necessary for the proper
functioning of the packing structure. Therefore, a moment-free connection (hinge) was finally chosen.
Because of the hinged connection the span-moment in the diaphragm wall would obviously be higher
than in the case of a clamped connection. As a result of the schematized concrete hinge at the top and full
fixity of the diaphragm wall in the soil, the greatest part of the load distribution takes place over the
height of the diaphragm wall and not across the width.

Obviously, the type of wall-roof connection is decisive for the force distribution and the deformation of
the structure. Just like for a constant El, this phenomenon also holds for a variable EI. The influence of
the El. on the safety of the construction elements changes as a function of the boundary condition:
hinged or clamped. This was not investigated further. After looking into this matter, an evaluation should
be made whether it was necessary to zoom in on the boundary condition.

Problem 2:
More detailed investigation is required on the influence of El, as function of the boundary condition
(hinged, clamped) on the safety of construction elements.

2 Source from Intranet (not publicly available) of Engineering Office of Rotterdam (IGR)
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1.2.3. Packing structure in total — calculation models

When the possibilities regarding the bending stiffness of the diaphragm wall and the connection between
the diaphragm wall — roof structure are considered, different calculation models can be set up. There is no
clear information on how the packing structure should be calculated correctly and what impact the
different calculation models have on the structural safety. Therefore it is necessary to compare the safety
related to each of the calculation models with each other. The safety will be considered for the “walls
only” and for the “walls + roof” for both a hinged and a clamped connection. For each case, one
distinguishes 6 possibilities (1a-b, 2a-b, 3a-b). The different research models are depicted in Figure 6.
Adherent to these calculation models the following 3 limits will be distinguished with regard to the safety,
namely the:

1. Bending moment (Mgy);

2. Settlement (8y);

3. Lateral wall displacement (Uy).

It is possible that these limits will contradict each other in terms of safety. For instance, one calculation
model may predict a better safety with regard to the occurring bending moment, while another calculation
model works better for the settlements. It is therefore important to investigate the different parameters
which have an impact on the structural safety.

A: Diaphragm wall
B: Soil

C: Roof structure

q
Diaphragm wall stiffness: . Diaphragm wall stiffness:
Ely(N=0 a) EIp(N=0)
I)Elo{a) (=0 I)Elo{b_ﬂ o
b) EIo(N+ Q) ) Elo (N#0)
a) EI.(N=0) a) El. (N =0)
2) EIL. { 2) EL- _ _
b) EI.(N#0) b) EI.(N#0)
3) EI a) El (x) 3 EIvar{a) ET (k)
) Bl {b) El(k N) b) EI (. N)
7 T Y rarard
(a) HINGED CONNECTION (b) CLAMPED CONNECTION

Figure 6: Calculation models: (a) Hinged connection; (b) Clamped connection

1.3. Work approach
In this section the problem statement, the overall aim and scope of this research project are defined. From
the overall aim, the objectives and in more detail the research questions are formulated.

1.3.1. Problem statement
Based on the described problems in section 1.2, the problem statement reads as follows:

It is not known to which extent one is compromising the safety of the structure by calculating with
El.ar. The impact of the boundary condition with regard to the safety of construction-elements and the
packing structure in total is thereby also not known.
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1.3.2. Aim and Scope of the research project
The overall aim of this research is to:

Determine the impact of calculating with El,,, on the safety of the structure.

Since this research concerns a sensitivity analysis, in which the focus is mainly on the variable stiffness of

the diaphragm wall, it is important not to make too many variations. In this study the following

limitations are set with regard to:

= 2D/3D - calculations: Only 2D-calculations will be performed;

= Diaphragm wall panels: In practice, several types of panels have been applied for the diaphragm
wall, but only the representative (most heavily loaded) panel is considered for calculation;

= Reinforcement ratio: In practice, the amount of reinforcement applied by the contractor is variable
over the height. As a result, several sections with a different reinforcement ratio are discerned over
the height. However, for this study a constant reinforcement ratio will be used for the ‘hinged case’
and two reinforcement ratios (for the stiffened region and for the field) will be applied for the
‘clamped case’;

= Soil layers: From the geotechnical profile the soil is found to consist of 13 different soil layers.
However, for this study the soil type which is mainly present will be used for the calculations, namely
sand;

= Stresses roof structure: The variation in stresses of the roof structure (especially at the recess) as a
function of the variable stiffness, boundary condition, temperature loading and roof inclination will
not be dealt with in this research. The roof structure will be modelled as a simple beam for 2D-
calculations.

1.3.3. Objectives and research questions

In order to reach the above-mentioned aim, it is decomposed into objectives and related research
questions. These are the following:
I. Determine the structural safety for different calculation models
1) What is the safety level for each of the calculation models with regard to:
a) The diaphragm walls only;
b) The total packing structure;
Note: In order to answer this question the bending moment, settlement and lateral wall displacement
must be calculated for each model and plotted in diagrams as depicted in Figure 7. Based on question
1.1, the remaining questions (1.2 — I.7) can be answered.
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Figure 7: Measuring the structural safety

2)

3)

5)
6)
7)
1.

1)

Should El, indeed be accounted for?

a) Should El, be accounted for as a function of the deformation (k) or as a function of both () and
the axial force (N) ?

b) What is the contribution of the axial force (N) to El4?

Are the applied models, based on El, and El.,, conservative?

Does the safety level change for stiffer diaphragm walls (e.g. thicker wall, higher reinforcement

ratio), and if so how much does it change?

Based on the structural safety, which calculation model is the most adequate for this project and why?

Which parameters have an impact on the structural safety?

If a calculation model forms an unsafe approach, how can this be dealt with?

Knowledge building and guidelines for similar conditions as the ‘Waalbrug-project’
Interaction concrete structure (diaphragm wall) — soil:
How is the El-variation over the wall height and/ or how does the wall crack (location cracked zones):
a) As a function of the loading, soil condition and boundary condition?
b) With/ without the roof structure at the given soil and loading condition?
How does El influence the soil reaction, e.g.: relaxation, settlements?
Does the interaction soil-wall change for another loading or soil condition, and if so, how does it
change?

Boundary condition w.r.t. connection diaphragm wall — roof structure:
What is the influence of the boundary condition on the diaphragm wall?
Was it necessary to consider the impact of the boundary condition?
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C. Response of total packing structure:

1) What is the influence of El,, and the boundary condition on the safety of the total structure?
2) Under which circumstances is it (not) necessary to take El,, into account?

3) Which calculation model gives the most optimized design w.r.t. safety?

1.4, Outline
This report consists of 6 chapters and is organized as follows (see also Figure 8) :

Chapter 1 provides background information which led to the formulation of this research project and
outlines the problem description, objectives, research questions and scope related to this project.

Chapter 2 deals with the literature study, providing information relevant for this research. Theoretical
background information regarding diaphragm walls, soil-structure interaction and different soil models is
given. The derivation of the reduced bending stiffness of a diaphragm wall (due to crack formation) using
the M-(N)-x diagram is also dealt with. Furthermore, some background information is provided for the
behaviour of a not fully cracked concrete member according to the design standards (Eurocode 2).

The applied research strategy to obtain the aimed results is enlightened in Chapter 3. The aimed results
concern the load distribution and deformations related to the variable bending stiffness over the
diaphragm wall height. The calculation strategies and different calculation models used in the software
programs PCSheetPileWall and Plaxis 2D are dealt with. Four main calculation models are set up: “Walls
only; hinged”, “Walls + Roof; hinged”, “Walls only; clamped” and “Walls + Roof; clamped”.

Chapter 4 discusses the differentiation in the different calculation models and the obtained results
corresponding to each of the valid models. For the validity of the results two different iteration procedures
are applied and validated for each calculation model.

All the results obtained from the different calculation models are presented and discussed in Chapter 5. A
safety analysis is performed for the different calculation models based on the realistic bending stiffness of
the diaphragm wall. A comparison is made with the uncracked and fully cracked stiffness according to the
standards. Furthermore, a risk analysis of the applied reinforcement ratio and an evaluation of the cracked
zones are presented in case the realistic bending stiffness of the wall is considered. Based on the findings
practical relevant suggestions are made for future projects concerning diaphragm walls with a realistic EI-
distribution.

Conclusions and recommendations are finally presented in Chapter 6.
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2. LITERATURE SURVEY

2.1. Introduction
For the extensive literature study performed for this research reference is made to Appendix A. This
chapter gives a summary thereof.

2.2. Diaphragm walls

Diaphragm walls are reinforced in-situ concrete elements formed in the ground, which by placing
multiple elements in line with each other form a continuous unanchored wall. They have an earth-
retaining, water-retaining and/ or load-bearing function. Instead of reinforced concrete, the diaphragm
walls can also be executed, totally or partially, in prestressed concrete. The application of prestressing
would particularly be useful in the SLS, since a more rigid wall can be accounted for (no cracking). In
this research reinforced concrete diaphragm walls are dealt with.

The strength and stability of a diaphragm wall structure are determined by the material (reinforced
concrete) and the surrounding soil. The wall acts as a cantilever beam which is clamped into the soil or as
a beam supported at both ends (at the bottom the soil and at the top an anchor). When compared to other
wall types, e.g. a single steel sheet pile wall, diaphragm walls are considered to be very stiff. The high
bending stiffness of the wall results in low soil deformations just behind the wall.

2.2.1. Deformations and settlements

For the deformation state of the diaphragm wall, distinction is made between:

» The settlements;

» The horizontal deformations of the wall (or: ‘lateral wall displacement).

Deformations and settlements can lead to collapse of the structure. Large deformations of the diaphragm
wall result in large settlements of the surface level and also of the foundations of adjacent buildings. The
settlement of the soil in response to the deformation of the diaphragm wall is also highly dependent on the
soil properties and geological profile.

Several factors affect the deformation of the diaphragm wall. The most important factors are the:
= Soil properties: The occurring deformations and settlements are highly dependent on the available soil
properties. Stiff soil is relatively less sensitive to deformations and settlements compared to soft soil.

= Water pressure: The difference in water pressure against the diaphragm wall has large effects on the
deformation of the wall. Higher pressure differences will lead to greater deformations.

= Surface load: Just like deformations of the wall affect the settlements of the surface level, so does the
loading on the surface level affect the deformations of the wall. The higher the surface load, the greater
the deformations.

The above-mentioned factors are imposed factors, which can be influenced very limitedly. The following

factors can be influenced during the design and realization of the project:

= Wall stiffness: The bending stiffness of the diaphragm wall has a large impact on the deformations of
the wall. Here it holds that: the stiffer the wall, the smaller the deformation.

= Construction method and construction phases: The construction method and construction phases have
an effect on the occurring deformations of the wall. Careful construction procedures may result in
limited deformations.
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= Excavation depth: The excavation depth is highly dependent on the design, the construction method and
the construction phases. The greater the excavation depth, the greater the deformations will be due to
the greater soil and water pressures.

The occurring settlements can be reduced by limiting the deformation of the structure. In order to reduce
the deformations of the diaphragm wall, the following measures can be taken:
= Apply temporary struts;
= Increase the bending stiffness of the diaphragm wall by means of:

- Increasing the wall thickness;

- Applying more reinforcement;

- Applying prestressing;

- Applying steel profiles (e.g. HEM-profiles) in the diaphragm wall.
It is common practice to apply temporary struts and more reinforcement, instead of prestressing in the
diaphragm walls.

In the soil, next to the diaphragm wall, deformations can be caused by:

- Relaxation of the soil;

- Deflection of the wall as a result of the excavation;

- Decrease of the water table (groundwater level) which leads to settlement.

In order to determine the lateral wall displacement, one needs to take into account:
- The deformation of the wall itself;

- The deformation of the soil;

- The deformation of anchors or struts, if applicable.

In the service state, the deformations can increase due to:
- Time effects in the soil (creep and consolidation);
- Changes in the bending stiffness of the concrete wall due to creep and crack formation.

2.2.2. Soil-structure interaction

Soil is a complicated material that behaves non-linearly and often shows anisotropic and time-dependent
behaviour when subjected to stresses. The non-linear behaviour implies that the soil deformations do not
increase linearly with the increasing soil stresses. In compression soil becomes stiffer. Sand, which at the
surface shows no cohesion, exhibits an increasing stiffness and strength when subjected to all-sided
compression. The explanation can be found in the fact that the space between the particles decreases as
the soil is compressed. This leads to an increase of the forces between the particles, an increase of the
number of contacts between the particles and an increase of the contact surface between the particles,
resulting in a higher soil stiffness. Since in general the stresses increase with the depth, it can be expected
that the soil stiffness increases with the depth. A pile foundation embedded in deep sand for instance,
extracts a large part of its bearing capacity from the high stiffness of the soil (deep sand) lying under high
pressure. The upper lying layers cause a high pressure in the deep sand, which now acts as a very stiff
layer, making it possible to allow very large forces on the pile. It can be concluded that the soil stiffness
depends significantly on the stress-level; the soil stiffness increases with compression and generally
increases with the depth (higher stresses).

Diaphragm walls are in direct contact with the soil. When external forces act on the structure, neither the
structural displacements nor the soil displacements, are independent of each other. The soil-structure
interaction is a process in which the response of the soil influences the motion of the structure and the
motion of the structure influences the response of the soil.
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For the modelling of soil behaviour, several models are available which are based on the material
behaviour in terms of stiffness and strength. Stiffnesses of soil and structural elements obviously play a
role in the distribution of forces. On one hand, an accurate determination of the soil stiffnesses is
important to obtain a proper load distribution in the structure; the stiffness behaviour of the soil mainly
depends on the stress state present therein. On the other hand, the bending stiffness of the diaphragm wall
plays an important role in the equilibrium of forces between the soil and the diaphragm wall, because the
deformation of the diaphragm wall depends on the horizontal soil pressures.

2.3. Soil models
A description of the different calculation methods for soil-structure interaction and the different
applicable material models for the soil are enlightened in this section.

2.3.1. Calculation methods

In general three calculation methods, incorporating the soil-structure interaction, are available for
retaining walls. The calculation-based approaches can be used to predict stresses, loads, and system
movements. These calculation methods are:

* Blum’s Equivalent Beam Method;

= Beam on Elastic Foundation Method (BEF);

= Finite Element Method (FEM).

Since the Blum method cannot be used for walls with a very high bending stiffness, such as diaphragm
walls, this will not be dealt with further. The other two methods will be addressed briefly. For this
research the following calculation programs were used:

- PCSheetPileWall, which is based on the BEF-model;

- Plaxis 2D, which is based on the FEM-model.

++ Beam on Elastic Foundation Method (BEF):

The soil-structure interaction is taken into account by modelling the wall as an elastic beam resting on
uncoupled springs. The soil medium is represented as a system of identical but mutually independent,
linearly elastic springs (Figure 9a). Hence, this model does not include the effects of arching within the
soil mass. The spring constant is the ratio of stress (p) to displacement (w), which can be expressed as
follows:

K, _p (Eg. 1)
w

where the constant K. is called the modulus of subgrade reaction or soil spring constant.

In general, the soil behaviour is linear and the model lacks continuity among the springs. According to
this idealization, deformation of the structure due to the applied load is confined to loaded regions only. If
the structure is subjected to a partially distributed surface loading (q), the springs will not be affected
beyond the loaded region. For such a situation, an actual foundation is observed to have the surface
deformation as shown in Figure 9b. Hence, by comparing the behaviour of a theoretical model and an
actual structure (Figure 9c), it can be seen that this model essentially suffers from a complete lack of
continuity in the supporting medium. The fundamental problem with the use of this model is to determine
the stiffness of the elastic springs used to replace the soil. The predicted wall displacements are very
sensitive to the values of subgrade modulus used in the analysis. The BEF-method does not directly
estimate vertical ground movements behind the wall. Ground movements behind the wall are evaluated
using the calculated wall displacement from the model. An empirical relationship between wall
movement and ground movements must then be used [3, 4, 5].
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Figure 9: Interaction model: (a) Distribution of soil reactions on the wall; (b) Behaviour according to
theoretical model; (c) Behaviour of real structure.

Based on the displacement method, the following differential equation needs to be solved:
d*w
X4

El

+kw=f (Eq. 2)

This formula consists of three terms, where:

Term 1: Represents the bending stiffness of the wall

Term 2: Represents the spring supports for soil and anchors.
Term 3: Represents the external load, other than from the subsoil.

Influence of El and k. on the wall behaviour

For the BEF-analysis it is found that the calculated load distribution over the wall is usually closer to
reality than the calculated displacements. The occurring load distribution and the displacements are not
only determined by the soil spring stiffness, but are rather a result of the mutual relationship between the
wall stiffness (EI), the soil spring stiffness (ks) and the spring stiffness of anchors.

Assuming a homogeneous soil profile at an unanchored wall, the magnitude of ks has a negligible
influence on the maximum moment and a great influence on the deformation. The effect of EI on both the
moment and the deformation remains small in absolute terms, which is made clear in Figure 10. For an
anchored wall this interaction between El, ks, the bending moments and the deformations is not so
obvious. In Figure 11 the influence of variations of the above-mentioned factors is outlined schematically.
For anchored walls with a relatively low bending stiffness the deformation pattern of the wall is strongly
influenced by the anchor stiffness.

+« Finite Element Method (FEM)

The finite element method is based on a model in which the behaviour of soil and structure is integrated.
With this method fundamental calculations of stresses and deformations of soil and structural members
can be made. In contrast to the BEF-analysis, the FEM-analysis can provide direct information on the
ground movements outside of and inside the excavation. Another difference between the FEM- and BEF-
methods is that variations in the soil stiffness (modulus) can have a greater effect on predicted loadings
and movements due to the inclusion of soil arching in the FEM-model [3, 6]. An example is shown in
Figure 12.
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Because the FEM-analysis gives, compared to the BEF-analysis, a more accurate prediction of the soil-
structure interaction, this calculation method will mainly be used throughout this research for determining
the load distribution and deformations. Herewith, the software package Plaxis 2D will be used to analyse
and calculate geotechnical structures.
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Figure 10: Influence of the wall stiffness (El) for an unanchored wall. The occurring moment is equal for
both cases
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Figure 12: Deformed mesh in Plaxis 2D
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2.3.2. Material models

Different constitutive soil models are available in FEM. The models listed in the following are based on
the material models in Plaxis, as the latter can be considered to be the most commonly used FEM in the
geotechnical field in the Netherlands. For a detailed description of the various models with their
corresponding features and capabilities, reference is made to Appendix A and the Plaxis Manuals. The
difference between these models lies in the manner in which the material behaviour is described in terms
of stiffness and strength. The different material models are:

= The Linear Elastic Model (LE)

= The Mohr-Coulomb Model (MC)

» The Hardening Soil Model (HS)

= The Hardening Soil Small Strain Model (HSS)

= The Soft Soil Creep Model (SSC)

Generally speaking the HS-model (with or without small strain stiffness) is considered to be the most
suitable model for retaining structures. This model is suitable for all soils (soft and stiff soils), but does
not account for viscous effects (e.g. creep). The LE-model is very limited for the simulation of soil
behaviour and it is primarily used for stiff structures in the soil. The MC-model should only be used for a
relatively quick and simple first analysis of the problem considered. When good soil data is lacking, there
is no use in further more advanced analyses. The SSC-model should be used whenever time-dependent
behaviour becomes dominant due to the presence of pre-dominantly soft soils. The HSS-model must be
considered especially when it is important that deformations are calculated with higher accuracy [6, 7].

2.3.2.1. Real soil response vs. constitutive models

The HS-model is an elasto-plastic soil model represented by a hyperbolic stress-strain relationship as
depicted in Figure 13, resulting in more realistic displacement fields compared to for instance the linear-
elastic perfectly-plastic MC-model. The MC-model is ideal for a stability test, but the displacements
obtained are not realistic because of the constant stiffness. For real soils the stiffness depends on the stress
level. Control of the stress level dependency, implying that the stiffness moduli increase with pressure, is
taken into account by the HS-model. Figure 13 represents the stress-strain relationship for the MC-model,
the HS-model and real soil. With the HS-model the real soil behaviour is approximated more accurately.

HS-model
T (stress) J Real soil response

— >
E (strain or displacement)

Figure 13: Comparison of HS- and MC-model with real soil response [8]
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2.3.2.2. Choice of constitutive model

The choice of a constitutive model depends on many factors but, in general, it is related to the type of

analysis that needs to be performed, expected precision of predictions and available knowledge of soil.

Geo-engineering analyses can be distinguished into 2 groups:

- Bearing capacity and stability analyses. These are related to the ULS-analysis, using basic linear models
e.g. MC-model (but this is not a rule) and,

- Deformation analyses. These are related to the SLS-analysis, using advanced non-linear constitutive
models e.g. HS-model.

Deformation analyses or situations where differences in stiffness play a significant role in the distribution
of forces require a more advanced constitutive model. In such cases the HS-model is preferred above the
MC-model. It should be noted that the HS-model requires more detailed data. If these data are not
available the MC-model may be applied. However, in that case the uncertainties in the finite element
calculation with regard to the bending moments in the retaining wall can be quite large.

In this research the emphasis lies mainly on the deformation analysis, where a good prediction of the
occurring displacements is required. As the soil deformations will affect the bending stiffness and thus the
force distribution in the diaphragm wall and vice versa, the urge for a realistic displacement field is of
great importance. Not only this, but also the fact that the geotechnical profile of this project consists
mostly of sand layers, led to the choice for the HS-model as representative soil model throughout this
research. In the context of this research the following material models are used: LE- and HS-model. The
LE-model will be used for structural elements (foundation and diaphragm wall), whereas the HS-model
will be used for the soil.

2.3.2.3. Soil parameters
When designing geotechnical structures, it is necessary to know the pertinent parameters controlling the
soil behaviour. The soil model parameters can be distinguished into stiffness parameters and strength
parameters. For a detailed description of the soil parameters used in this research reference is made to
Appendix A. The considered soil parameters are:
- Horizontal soil pressure coefficient (K);
- Cohesion (c);
- Internal friction angle (¢);
- Wall friction angle (5);
- Dilatancy angle (y);
- Permeabilities (ky and ky);
- Saturated and unsaturated weight (ysa and Yunsat);
- Modulus of subgrade reaction (ks) — Secant;
- Over-Consolidation Ratio (OCR);
- Pre-Overburden Pressure (POP);
- Stiffness moduli (E):
= The triaxial loading stiffness or secant modulus (Exp);
= The triaxial unloading stiffness (E);
= The oedometer loading stiffness (Eqeq).
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2.4. The M-(N)-k diagram

The bending stiffness (EI) is the resistance to a curvature (k) when a structural component is loaded with
a bending moment (M) and possibly an axial compressive force (N';). The relationship between M and «,
whether or not combined with an axial compressive force, is expressed by means of M-(N)-«k diagrams.
The actual nonlinear bending moment-curvature relationship is idealized by means of a simple piece-wise
linear relationship as depicted in Figure 14.

For reinforced concrete the bending stiffness can vary considerably. There appears to be a large difference
in the bending stiffness of an uncracked and a cracked concrete cross-section. As soon as the concrete has
cracked, the bending stiffness decreases with increasing deformation. Due to a varying bending moment,
the structure contains a variable bending stiffness (El..) over its length; every bending moment has a
different EI belonging to it.

To put it briefly, the M-(N)-« diagram is a simplified representation of the varying bending stiffness of a
reinforced concrete structure, or in other words the resistance of a concrete cross-section to deformation
in the different loading phases. To determine the M-(N)-x diagram 4 loading phases are considered from
the moment of loading till the moment of failure of the reinforced concrete structure. In Figure 14 these
loading phases can be distinguished as:

= P;: The cracking moment M,, with the accompanying curvature k.
The (mean) tensile strength of the concrete has been reached and the first crack appears (o = fom).

= P,: The yield moment M., with the accompanying curvature k.
The (tensile) reinforcement starts to yield (o5 = fyq).

* P3: The crushing moment My, with the accompanying curvature p,.
The concrete in the compression zone starts to crush (.3 = 1,75%o for normal concrete, thus < C50/60).

= P,: The ultimate moment My, with the accompanying curvature .
The concrete has reached its ultimate compressive strain (eq3= 3.5%o for normal concrete)

This order of the loading phases is common. However, the points P, and P; can appear in reversed order;
the reinforcement does not necessarily have to yield before the concrete starts to crush. This depends on
the applied amount of reinforcement. Howbeit, for a ductile failure it is necessary that the reinforcement
yields before the concrete compression zone fails, thus before reaching point P,4. This can be achieved by
applying the maximum reinforcement ratio (py.max)-

See Figure 14. From the moment of loading till the moment of failure of the structure, the M-(N)-x
diagram can be well approximated by means of 4 straight lines which connect the points M,, M., M and
M,. By means of the M-(N)-k diagram one can determine the bending stiffness EI of a reinforced concrete
structure at an arbitrary bending moment (M,). From the origin a line is drawn to M, and the
corresponding curvature ky is read off. The bending stiffness (El)y, which is the slope of the line, can now

be determined. For an arbitrary moment the bending stiffness becomes: (El), =tan(e,)= M, . By
X
definition the slope is taken from the line that starts from the origin and not from, for instance the line in
the M-(N)-k diagram with an angle of inclination a.. Otherwise, the El would be constant for the branch
P1-P,, implying that every cracked part of the structure has the same EI which is not very likely. The EI
derived for the branch P;s-P,4, between My, and M,, would in that case be reduced to an absolute minimum
(o). Of course, it is obvious that as long as the moment has not reached M,, the bending stiffness El
remains constant for the uncracked concrete cross-section. Logically, in the uncracked phase the El is also
the largest. From Figure 14 it is clear that the bending stiffness EI decreases as the load is increased. The
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reason behind this phenomenon is the increasing crack formation and the yielding of the reinforcement
from a certain point onward.
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Figure 14: The M-(N)-k diagram

As stated before, the points P, and P; can appear in reversed order. This implies that concrete crushing
(Mp) can occur before yielding of the reinforcement (M.). At a relatively low reinforcement ratio it is
usual that yielding of the steel (M¢) occurs before the concrete crushing (M), while at a high
reinforcement ratio My, is obtained before M. In determining the M-N-k diagram, yielding of the tension
reinforcement will occur first in case of small compressive forces and relatively large bending moments,
while in case of large compressive forces and relatively small bending moments crushing of the concrete

will be obtained before yielding of the steel.

In this research the influence of tension-stiffening (the positive contribution of the stiff uncracked
concrete parts between the cracks) on the overall bending stiffness of the structure is taken into account.
This implies that according to Figure 15 the path to follow starts from the origin to (1)-(3). If the tension-
stiffening (shaded area) is not considered, this signifies that as soon as the first crack occurs the tension
reinforcement takes over the total tensile force and the contribution of the tensile strength of the concrete
in the stiff uncracked concrete sections is totally neglected. In that case the path from the origin to (1)-(2)-
(3) has to be followed. Since this is not very realistic in practice (and it has also not been established by
research) that after the first crack the curvature increases excessively, it is more likely to apply the
diagram with tension stiffening. For a clear understanding Figure 15 shows a beam subjected to bending,
where due to crack formation one can distinguish sections with an uncracked stiffness and sections with a

cracked stiffness with or without the contribution of tension-stiffening.
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Figure 15: The influence of tension-stiffening on the bending stiffness

2.4.1. Characteristics in M-(N)-k diagram

In this section both the influence of the reinforcement ratio (p;) and an axial compressive force (N’¢) on
the M-(N)-k diagram are dealt with.

< Influence reinforcement ratio (p)

Figure 16 depicts an M-k diagram for a reinforced concrete section with p, as the only variable. The first
branch, the uncracked section, goes until the cracking moment M,. For convenience’s sake this point is
kept constant as starting point for the next phase at every p.

The following details can be noted in the diagram of Figure 16:

» With a decreasing p), the difference between M, and M, becomes smaller. To avoid brittle fracture, it is
therefore necessary to define a pymin;

= With an increasing p;, the 'horizontal' branch between M¢/M, and M, becomes smaller. The yield path
becomes smaller and at a very high reinforcement ratio there will be no yielding at all. This form of
failure is also undesirable and therefore a p;:max Must be defined;

= With an increasing p;, the tension-stiffening effect reduces. Eventually, the points origin-(1)-(3) as
shown in Figure 15 are lying approximately on one line and there is no shaded area anymore;

» The ability to deform plastically increases with a decreasing p;.
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Figure 16: The M-(N)-k diagram with reinforcement ratio (p,) as variable

In Figure 16 the (almost) horizontal branch represents the curvature distance between M. - M, or between
M, - M,. The longer this branch, the more a structure can deform (rotational capacity). The dividing line
is shown in the middle of the diagram; on this line it holds that M. = M,,. Below this line the yielding of
the reinforcement will always occur before the crushing of concrete, so M. < M. While above this line
the opposite holds; the concrete will crush before the reinforcement yields, so My < M.. Often M-k
diagrams are based on the situation where yielding of the reinforcement occurs first, but this only holds
for relatively low reinforcement ratios.

¢ Influence axial compressive force (N°.)

An axial compressive force (N’¢) causes a reduction of the tensile stress in the concrete cross-section. The
compressive stress (indirectly) provides for an increase in the stiffness of the element. This is clearly seen
in Figure 17, when comparing the case N = 0 with N # 0 kN. The presence of an axial compressive force
in the cracked cross-section leads to an increased bending stiffness El, which is clearly reflected by the
steepening of the slope of branches (1)-(2) and (2)-(3) with increasing N. The “enlarged view" in Figure
17 also shows that an increased N leads to an increased cracking moment M, and a shorter yield path. The
presence of a higher N shows more brittle behaviour, reflected by a shorter ‘horizontal branch’((3)-(2)).
The stiffness of the uncracked cross-section remains constant, regardless of whether or not the element is
loaded by an axial compressive force. For deformation calculations it is safer to assume a lower bending
stiffness. Therefore, it is preferred to use M-k diagrams (N’ = 0) above M-N-k diagrams in calculating
deformations.
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Figure 17: The M-N-k diagram with normal compressive force (N =N’.) as variable

2.4.2. EC2: Minimum and maximum reinforcement ratio diaphragm walls

In order to prevent brittle failure by steel rupture and to ensure sufficient ductility, a minimum
reinforcement ratio (p;:min) and a maximum reinforcement ratio (prmax) are required, respectively. If the
reinforcement ratio is defined based on A. (total cross-sectional area of concrete), one finds according to
EC2, clause 9.6.2 that p, .;, =0.2% and p, ., = 4% for a diaphragm wall

2.4.3. Software programs using M-N-k diagram: PCSheetPileWall

The bending stiffness El of diaphragm walls is not constant over the height, but it varies as a function of
the magnitude of the occurring bending moment and the amount of reinforcement. As soon as the
cracking moment M, has been exceeded, the wall stiffness decreases at an increasing bending moment.
The stiffness which is reached in each stage of construction depends on the calculated moment. However,
if the wall stiffness is adjusted, this in its turn influences the calculated moment again. In order to gain a
clear insight into the actual occurring moment distribution of the wall, it is necessary to apply the reduced
bending stiffness following from an M-N-k diagram, based on the amount of reinforcement.

Currently, there are almost no retaining wall calculation programs available in which the reinforced
concrete wall stiffness is included based on the bending moment. The only known exception is formed by
the program PCSheetPileWall, where the use of M-k diagrams is supported with or without an axial force.
Optionally, creep effects can be considered while effects of unloading with respect to a previous
construction phase are taken into account automatically.

It is most realistic to calculate the bending moment in a diaphragm wall using an "interaction" model in

which the soil behaviour is also taken into account. The wall deformation depends on both the soil

stiffness (ks) and the wall stiffness (EI). A reduced wall stiffness results in greater wall deformations, but

on the other hand the deformations on their turn influence the wall stiffness. For geotechnical structures

the influence of the soil behaviour on the M and EI of the wall is accounted for by means of the:

= Elastic foundation model, representing the soil stiffness using elastic springs. PCSheetPileWall is based
on this model;

= Finite element model, which gives a very realistic representation of the soil behaviour. In this research
the program Plaxis 2D was used. This model gives a more accurate prediction of the soil-wall
interaction. The only drawback of this program is that the variable stiffness over the wall height can not
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be taken into account automatically, thus it is not based on the M-N-k diagram. The varying stiffnesses
(cracked and uncracked stiffnesses) must be entered manually for the various sections.

2.5. Design standards: Cracked vs. Uncracked bending stiffness

As long as the occurring moment in a reinforced concrete member does not exceed the cracking moment
(M)), the member is in the uncracked condition behaving in a linear elastic manner represented by the
uncracked stiffness (Elp). When the bending moment in a cross-section reaches M,, flexural cracks form
in the outermost layers of the tension zone. As the bending moment increases the cracks start propagating.
The section becomes fully cracked, when the flexural cracks reach the neutral axis, rendering the entire
tension zone ineffective in resisting the bending moment. Due to cracking the bending stiffness has
decreased to the so-called cracked bending stiffness (El.), which is assumed to be 1/3El, in design theory.
The background concerning this approach for the cracked bending stiffness is explained in Appendix A.
In practice it is more common to find members consisting of cracked and uncracked zones instead of a
totally uncracked or fully cracked member. This implies the existence of a realistic variable bending
stiffness (Ely.) along the reinforced concrete member. The decreased bending stiffnesses in the cracked
zones will lead to greater deformations of the concrete member as a whole.

2.5.1. EC2: Behaviour of not fully cracked member

In structural design deformation calculations are complicated by the non-linear behaviour of concrete.
The deformation calculations in Eurocode 2 (EC2) are based on the determination of the curvatures and
deflections of a concrete beam corresponding to its uncracked and fully-cracked conditions. EC2 states in
clause 7.4.3 that:

“Members which are expected to crack, but may not be fully cracked, will behave in a manner
intermediate between the uncracked and fully cracked conditions”.

EC2, Equation (7.18) requires the calculation of a deformation value which is a weighted average of the
uncracked and fully-cracked state of the member:

a=Co+1-a, (Ea. 3)
Where:
o The considered deformation parameter, e.g. a strain, curvature, rotation or deflection
o, ay Values of the deformation parameter calculated for the uncracked and fully cracked
conditions, respectively
¢ Distribution coefficient allowing tension stiffening, where in case of pure bending it
holds:
M 2
=1- L Eq. 4
¢ ﬂ( v ] (Eq. 4)
With:
¢ =0 for uncracked sections
£ is a coefficient taking account of the duration loading or repeated loading

= 1.0 for short-term (instantaneous) loading
= 0.5 for sustained loads or many cycles of repeated loading
M is the cracking moment

r

M is the maximum service moment
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Figure 18 represents the moment-curvature relation in a reinforced concrete section under pure bending
just before yielding of the reinforcement. The curvature is given by k = 1/r. The slope of the 1/r, — and
1/ry — curve represent the stiffnesses Ely and El., respectively.

According to EC2 the realistic stiffness El,, along the reinforced concrete member can be calculated by
interpolating between the two extremes, namely the uncracked stiffness (Elg) and the fully cracked
stiffness (El.). Analogous to (Eg. 3), the realistic bending stiffness for a cracked structure can be found
from:

EIvar =§(E|w)+(1—§)(E|O) (Eq 5)
A 1/r| - curvature at an uncracked section
=
‘E’ | C[(r)y, - (1) ]
El -
g , - :;.._ Tension sliffening
= i effect
21 ' :
5 / // .
oM <" Alry - curvature at a fully cracked seclion
/ o oy Cracking mumc:nt
i !
V= AU+ (1)1 Curvature 1/r
-

Figure 18: Moment-curvature relation in a reinforced concrete section under pure bending before
reinforcement yielding [9]

2.5.2. Bending stiffnesses: Ely, Elyar and El,

In this research the bending stiffness El for the uncracked and fully cracked condition is calculated as the

product of moment of inertia of the gross concrete section (lg) and the modulus of elasticity of concrete

(E¢), where according to [10] E. is applied as follows in the design process:

- For SLS-calculations the mean value E, is used:;

- For ULS-calculations a partial safety factor, ycg, iS used to give a design value for the modulus, E4 =
Ecm/Yee (Where yee IS 1.2).

- For long-term deflection calculations E., is modified by creep to give an effective modulus, E_es. This
is calculated using the expression E.e = Ecn/(1 + @) where ¢ is the creep coefficient with a value
typically between 1 and 3.

Because of the deformation calculations (SLS) considered in this research, it is obvious that E, has to be
applied. From this point forward the bending stiffnesses considered in this report will be addressed as
follows:

= El, : the uncracked bending stiffness, where El, = E_ <1 ;

1
» El_: the fully cracked bending stiffness, where El_ =E_, X§ l,. 1t should be noted that besides

cracking, the effect of creep, is also included in the fully cracked bending stiffness.
= El,, : the realistic (variable) bending stiffness, which will be determined from the M-(N)-« diagram.
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3. RESEARCH STRATEGY

3.1. Geometry

For the realization of the ancillary channel, the original surface level of NAP +10.5 m was lowered to
NAP +2 m. The bottom of the ancillary channel lies 3 m deeper than the foundation level of the existing
spread foundation, which consists of unreinforced concrete. In case of scour, the bottom of the ancillary
channel is assumed to be at NAP +1 m. The packing structure is designed for a lifetime of 100 years. The
total width (parallel to railway bridge axis) of the packing structure is 16 m (8 m from axis pillar). The
diaphragm wall structure consists of 22.5 m long panels. An impression of the cross-sectional geometry
and the levels specified therein are given in Figure 19 and Table 1, respectively. A floor map of the
existing foundation surrounded by the diaphragm wall structure is depicted in Figure 20.

17.6 NAFP
Pilla:‘l
[miasonny wbri)
.-"'5_ T Roof structure
o B i 105 NAP
1.5 m
= + B MAP
S
Spread Foundation
[unreinforced cancrete)
I = 6 MNAP
10m
- . e 2 NAP
R — Diaphragm wall — 1 MAP (scour)
. - 12ZMNAP
SN 145m LAY
16 m

Figure 19: Geometry of the situation
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Level w.r.t.

NAP [m]

+17.6 Rail traffic level

+10.5 Connection diaphragm wall — roofstructure / Surface level before excavation
+8 Assumption of groundwater level inside and outside of packing structure
+5 Foundation level of existing spread foundation

+2 Bottom of ancillary channel

+1 Bottom of ancillary channel due to scour

-12 Bottom of diaphragm wall

Table 1: Specification of levels

/7 Diaphragmwall panels

Spread foundation

o |

Pillar

16 m
10 m

20 m

36.64 m

v

d
|

Figure 20: Floor map of existing foundation surrounded by diaphragm wall structure

3.2. The loading combinations in SLS

Since the deformations were the main issue during execution of the “Waalbrug-project”, the structure will
be calculated for the SLS only. Three different loading combinations are distinguished:

- LCL1: Loading from superstructure, without braking forces;

- LC2: Loading from superstructure with braking forces;

- LC3: Loading from superstructure with braking forces, and 1 m scour.

These loading conditions are depicted in Figure 21.

The values of the horizontal (point) loads and the vertical distributed load for the different loading
combinations are given in 3.2.1, 3.2.2 and 3.2.3.

Note: The maximum braking force given in Table 6 is considered for the case where two trains are
passing each other. At that point it is assumed that one train uses its maximum braking force, while the
other train accelerates. Since the braking force is the opposite of the accelerating force, both forces work
in one direction eventually.
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321 LC1
Name Level w.r.t NAP Load
[m] [KN/m’]
Soil pressure 1 10.25 -2.25
Soil pressure 2 9.50 -9.00
Soil pressure 3 8.50 -18.00
Soil pressure 4 7.50 -25.00
Soil pressure 5 6.50 -30.00
Soil pressure 6 5.50 -35.00

Table 2: Horizontal (point) loads on diaphragm wall for LC1

The vertical load acting on the bottom level of the spread foundation consists of a uniform load (q,), a
surcharge load (gy) and a vertical distributed load from the spread foundation (gs) given in Table 3, Table

4 and Table 5,

respectively. For

G5 = Ny, X 7, = 3% 24 = 72KN/m’

Name

Load [KN/m?]

0: (soil weight)

75

Table 3: Uniform load — LC1

the 3 m thick spread foundation

Name Distance from Load
diaphragm wall [m] [kN/m?]

0 (vertical load 1.50 174

superstructure) 11.50 174

Table 4: Surcharge load — LC1

Name Distance from Load
diaphragm wall [m] [kN/m?]

gz (vertical distributed 1.50 72

load spread foundation ) 11.50 72

Table 5: Vertical load from spread foundation — LC1

3.2.2. LC2
Name Level w.r.t NAP Load
[m] [kN/m’]
Soil pressure 1 10.25 -2.25
Soil pressure 2 9.50 -9.00
Soil pressure 3 8.50 -18.00
Soil pressure 4 7.50 -25.00
Soil pressure 5 6.50 -30.00
Soil pressure 6 5.50 -35.00
Braking force 1 6.00 -114.00
Braking force 2 7.00 -114.00

Table 6: Horizontal (point) loads on diaphragm wall for LC2

is found that

The vertical load acting on the bottom level of the spread foundation consists of a uniform load (qg,), a
surcharge load (gy) and a vertical distributed load from the spread foundation (gs), which is equal to the
one calculated in LC1. For LC2, g, acts over an effective width of 7.17 m of the spread foundation. These
loads are given in Table 7, Table 8 and Table 9.
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Name

Load [kN/m?]

q: (soil weight)

75

Table 7: Uniform load LC2

Name

Distance from
diaphragm wall [m]

Load [kN/m?]

gz (vertical load 1.50 225
superstructure) 8.67 225
Table 8: Surcharge loads LC2
Name Distance from Load
diaphragm wall [m] [kN/m’]
gs (vertical distributed 1.50 72
load spread foundation ) 11.50 72

Table 9: Vertical load spread foundation

3.23. LC3

For LC3, the horizonal and vertical loads are the same as for case LC2. The only difference is now that
due to scour the bottom of the ancillary channel is at NAP +1 m.
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Figure 21: Loading conditions in SLS
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3.3. Assumptions

For the calculations the following assumptions have been made in PCSheetPileWall and Plaxis 2D:
1. Consider only one soil layer, in particular: clean sand (firm).

Although the soil profile consists of 13 layers, the most common material to be found is sand. For
calculation purposes assume the average of the soil parameter values. For the exact soil profile and
the soil parameter values for the different layers reference is made to Appendix B.

Consider only the loading combinations in SLS.

Since the occuring settlements and lateral displacement of the diaphragm wall are studied as a
function of its varying bending stiffness, the loading combinations in the SLS are of importance.
Therefore the material factors and safety coefficients will be set to 1.0. The loading combinations in
SLS have already been given in section 3.2.

No water pressure difference between the groundwater inside and outside of the packing
structure. Therefore, assume 1 groundwater level inside and outside of the packing structure at NAP
+8 m. In order to avoid additional loading on the diaphragm wall due to water pressure difference, a
feed-through was applied in practice.

Consider only the representative panel type with the basic reinforcement applied within it:
Starter panel of 2.8 m wide with basic reinforcement 16@32.

The diaphragm wall consists of 3 types of panels. The reinforcement cages used in these panel types
are different. The properties of the panel types are given in Table 10. The basic reinforcement given
in this table is the reinforcement present at each side of the panel thickness, in particular at the
channel side and the pillar side. The applied concrete cover is 100 mm. From Figure 22 it can be
noted that there are also corner panels with reinforcement cages D and G. However, only the panels
lying around the mid cross-section A-A are regarded as representative, since they will be the most
heavily loaded panels compared to the panels which are further away. Based on the amount of
reinforcement applied, the starter panel is taken as the representative panel for calculations in
PCSheetPileWall. This panel is the ‘weakest link’ among the different panel types.

Panel type Reinforcement cage Panel width [m] Basic reinforcement
per side
Starter panel (‘starter’) A 2.8 16032
Intermediate panel (‘volger’) B 3.051 19932
Closure panel (‘sluiter”) C 3.051 19032

Table 10: Properties panel types
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Figure 22: Panel layout diaphragm wall

3.4. Calculation software — input

In order to investigate the soil-structure interaction, two calculation software programs were used during
this research, in particular:

= PCSheetPileWall (Version 1.36) — a discrete model and;

= Plaxis 2D (Version 8) —a continuous model.

The geometric and physical nonlinearities are taken care of by the software programs. In case of
geometric nonlinearity the force distribution is influenced by the deformation. The physical nonlinearity
concerns a changing bending stiffness El as the load increases. In PCSheetPileWall, both the geometric
and physical nonlinearity are included by the program itself. However, this is not totally the case with
Plaxis 2D. This program takes the geometric nonlinearity automatically into account, but does not allow
for the physical nonlinearity. In Plaxis 2D the varying bending stiffness for structural elements subjected
to bending should be implemented manually. The element is divided into parts, where each part is
considered to behave linear-elastic (with a constant EI).

3.4.1. PCSheetPileWall

PCSheetPileWall is a discrete numerical model based on the beam on elastic foundation method (BEF-
method). Based on the properties of the reinforced concrete diaphragm wall and the occurring bending
moment, the cracked bending stiffness is calculated by the program. The diaphragm wall can consist out
of more than one section in vertical direction, where for each section the bending moment capacity is
represented by an M-(N)-k diagram for the SLS and ULS. An overview of the calculation results from
this program is given in Figure 23. A representation of the lateral stiffness over the wall height (El-
distribution) together with an indication of the cracked and uncracked zones over the wall height, is
regarded as one of the most important features of this program.
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Figure 23: Output PCSheetPileWall

3.4.1.1. The material properties of the structure and the soil in PCSheetPileWall
The properties of the diaphragm wall and the input data for the sand are according to Table 11 and Table
12, respectively.

Property

Total length I [m] 22.5

Thickness d[m] 1.5

Reinforcement Aveint. [MM*/m’] (depends on studied case)

Cover Ceoncr- [MM] 100

Concrete quality C30/37

Compressive strength concrete | fy [N/mm?] 37

Tensile strength concrete fom [N/Mm?] 2.9

E-modulus concrete Ecm [N/mm?] 33000

Reinforcement B500B

Yield stress reinforcement £ [N/mm°] 500

Table 11: Properties diaphragm wall in PCSheetPileWall
Parameter Value Unit

Soil unit weight above phreatic level Ydry 19 [KN/m?]

Soil unit weight below phreatic level Ysat 20 [KN/m?]

Cohesion (constant) Cref 0 [kN/m?]

Internal friction angle [0) 30 []

Wall friction angle d 30 []

Dilitancy angle ] 0 []

Over consolidation ratio OCR 1 [-]

Shell factor 1 [-]

Modulus of subgrade reaction Ky 26000 [KN/m?]

(Secant) ks 13000 [kN/m’]
ks 6500 [KN/m?]

Table 12: Material properties sand

For determination of the bending stiffness (M-(N)-x diagram) of the diaphragm wall, the following
options are taken into account:

= No reinforcement holes;

No influence of reinforcement in compression zone;

= No creep;

Material and safety factors are equal to 1;

= N only due to self-weight, N due to shear force along wall not included:
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The vertical shear forces along the wall (due to friction wall-soil) have an eccentricity equal to 0.5x
wall thickness. By this eccentricity, extra moments are exerted onto the diaphragm wall. In case one
considers Niot = Nseit-weight + Nishear force, then the Ny for the left and right wall are different. In order not to
complicate the calculations and iteration procedure with 2 different M-N-« diagrams for both walls, it is
assumed to consider only Ngeirweight When the impact of N is studied. The self-weight of the diaphragm
wall is calculated with a specific weight of yeoncrete = 24 KN/m?;

3.4.1.2. The calculation model in PCSheetPileWall

In PCSheetPileWall it is only possible to draw one diaphragm wall (Half Model) where at both sides the
surface level, groundwater level, soil layers, loading, anchors/struts and/or supports are defined for each
construction phase. An impression of the calculation model for the “Waalbrug-project” is depicted in
Figure 24.

Since in PCSheetPileWall it was only possible to schematize one wall with loads working at both sides of
it, both walls were modelled apart. The left wall was schematized using LC1, LC2 and LC3. Since from
these loading combinations it was clear that LC3 was the representative loading condition (because of the
larger cracked zone in the left wall), it was not necessary to look at the impact of the other loading
combinations on the right wall. So for the right wall the only loading combination applied was LC3,
indicated as LC3, R.

FC=SheetFileWall INPUTDATA construction phase no. 3
T e H"I' PR P R P P P P
T =z =
7 380
T 170
3 050 -
T =7
T =0
T 710
T <=0
T 1150
::.203 i1?6¢ i13.:l3 i-E--E-G ii-i-l: ?Cl}ﬁ iuc i-E--E-C i13.:l3 i1?613 ::.:.03
LESEND- | — . f Ancharisind m Undenwater concrate
| Shees plle we e oo “*  Spring suppont + —}{— IEE R
e e <“ Fheexd supppoart G\"‘/_ Momenk
/I‘ﬂ T — Fully clamped T T T vemesina:

Figure 24: Impression calculation model in PCSheetPileWall (Hinged case — LC3)

3.4.2. Plaxis 2D

In a discrete (spring) model, such as PCSheetPileWall, the soil stiffness has a great influence on the
deformations, while its impact on the force distribution is much smaller. A better calculation model is the
finite element model (FEM), such as Plaxis 2D. It gives a qualitative good insight into the deformations
of the wall and the soil. In general, the calculated deformations mainly depend on the chosen soil model
and the associated soil parameters. In the context of this research the following material models are used:
= The Linear Elastic Model (LE) : for the diaphragm walls and the spread foundation;

= The Hardening Soil Model (HS) . for the soil.
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3.4.2.1. The material properties of the structure and the soil in Plaxis 2D
The properties of the diaphragm wall as implemented in Plaxis 2D are given in Table 13. The material
properties of the sand and the interfaces are according to Table 14.

Parameter Name Value Unit
Type of behaviour Material type | Elastic [-]
Normal stiffness EA * [KN/m]
Flexural rigidity El * [KNm?“/m]
Equivalent thickness d 1.5 [m]
Weight Wiine 23 KN/m/m
Poisson’s ratio Veoncrete 0.2 [-]

Table 13: Material properties of the concrete diaphragm wall

Notes Table 13

- * El will be derived from the M-(N)-k diagram and the corresponding EA is then calculated.

- Wiine is a line load in the direction of the height of the diaphragm wall, caused by the self-weight of the
wall. When considering 2.5 m of the wall to be above phreatic level and the remaining 20 m to be
below the phreatic level, an average specific weight can be taken into account based on:

o Yconcrete, dry = 24 kN/m®
o Yeonorete, wet = 24 — 10 = 14 KN/m® (assuming yyaer =10 KN/m?®)

From this an average specific weight follows: 7Yconcrete, average = 24x2.5+14%20 —15 kN/m®, resulting in

22.5
Wiine = Yconcrete, average X d = 15X 1.5 =23 kN/m? or 23 kN/m/m (a line load per unit width of the diaphragm
wall).

Parameter Name Value Unit
Material model Hardening soil model [-]
Type of material behaviour Drained [-]
Soil unit weight above phreatic level Ydry 19 [KN/m?]
Soil unit weight below phreatic level Yat 20 [KN/m’]
Permeability in horizontal direction Ky 1 [m/day]
Permeability in vertical direction Ky 1 [m/day]
Secant stiffness in standard drained triaxial test Eso™ 37500 [KN/m?]
Tangent stiffness for primary oedometer loading Eoed 37500 [KN/m?]
Unloading and reloading stiffness Eu™ 112500 | [kN/m?]
Power for stress-level dependency of stiffness m 0.55 [-]
Cohesion (constant) Cref *0.5 [KN/m?]
Internal friction angle 0] 30 ']
Dilitancy angle ] 0 ']
Strength reduction factor Rinter 1 [-]

Table 14: Material properties of the sand and interface

Notes Table 14:

- *For improved numerical analysis Plaxis recommends a value for the cohesion above 0.2. Therefore Crs
is taken as 0.5

_ Eurref =3* Esoref

-¥Y=¢-30

- Riner: In general, for real soil-structure interaction the interface is weaker and more flexible than the
associated soil layer, implying that the interface strength Rjyr should be less than 1. In case the
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interface should not influence the strength of the surrounding soil it holds that R, = 1 (no reduced
strength properties).

The material of the spread foundation has not been modelled as reinforced concrete, but rather as a soil
layer. From core samples it has been found that the material has changed in the course of time from
concrete in a more or less granular material. The granular material is modelled as a soil layer using the
‘Linear Model — Drained” model with material parameters as depicted in Table 15.

Parameter Name Value Unit
Material model Linear elastic [-]
Type of material behaviour Drained [-]
Soil unit weight above phreatic level YVunsat 24 [kN/m’]
Soil unit weight below phreatic level Vsat 24 [KN/m7]
Stiffness E™ 1x10° | [kN/m?]
Poisson’s ratio v 0.2 [-]
Strength reduction factor Rinter 1 [-]

Table 15: Material properties spread foundation

3.4.2.2. The calculation model in Plaxis 2D

In Plaxis 2D it is possible to draw both the:

- Half Model, considering only the left wall with the braking forces and the;

- Total Model, considering the total packing structure.

An impression of both calculation models for the “Waalbrug-project” for the representative loading case
LC3 is depicted in Figure 25 and Figure 26. The positive X-Y coordinate system is also given in these
models.

S T T s

Figure 25: Impression Half Model in Plaxis 2D (Hinged case — LC3)
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Bog el Bof of

Figure 26: Impression Total Model in Plaxis 2D (Hinged case — LC3)

Load modelling PCSheetPileWall vs. Plaxis 2D

See Figure 24 vs. Figure 25: In PCSheet it is not possible to have different levels, within one construction
phase, at which one can put the loading. For each construction phase there is one surface level for the left
side and one for the right side at which all the loads have to be defined. Therefore it was not possible to
have the same model as in Plaxis 2D, where different levels for the distributed loads are possible within
one construction phase. For the model in PCSheet ¢, and gz are defined to account for the soil above NAP
+5 m and the spread foundation, respectively. So, qi, gs and the point loads due to horizontal soil
pressure, do not have to be defined in Plaxis 2D, because the soil and the foundation slab can just be
drawn. The only loading to be modelled in Plaxis 2D are the braking forces and q.
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3.5. Roof structure — Equivalent Beam Model

In order to model the roof structure in Plaxis 2D, the 3D-model including the recess in the roof structure,
had to be converted into the so-called ‘Equivalent Beam Model’. The 3D-model of the roof was made in
the program Scia Engineer, and this model was used to determine the normal stiffness (EA) and the
bending stiffness (EI) of the equivalent beam for calculation in Plaxis 2D. To determine EA and EI of the
equivalent beam, a strip of 1 m is considered in the representative mid-section. The roof is schematized
as to be supported by hinges along line elements 1 and roller supports along line elements 2 (see Figure
27). It is worth mentioning that along line elements 3 and 4 the roof is supported by springs and roller
supports, respectively. If at both sides 3 and 4 the roof is supported by roller supports, the structure
becomes unstable.
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Figure 27: Equivalent beam model using 1 m strip at representative mid-section

= Normal stiffness EA
For determination of EA a ‘unit force’ F = 360 kN/m’ was applied along the circumference of line

elements 2 as depicted in Figure 28. This resulted in a horizontal elongation Al =1.79mm. With
F-l. 360x14.232
Al 1.79-10°°

l,.e =14.232mit is found that: EA = =2.862x10° KN/m'.

= Bending stiffness El

For determination of EI two cases must be considered, in particular:
- 1-sided loading;
- 2-sided loading.

+« El: 1-sided loading

Only one diaphragm wall is loaded, represented by a unit moment M = 1000 kNm/m’ at one side (along
line elements 2) of the roof structure as depicted in Figure 29. This results in the angular rotations ¢y =
0.91 mrad and ¢, = 3.79 mrad. For the 1-sided loaded equivalent beam the rotational stiffness

3El

c= (see Figure 29c¢) . El is then found from:
mid

c= 3El Mz 3El < El = M g = 1000)(14'212 < El =1.252%10° KNm?/m', with:
L ®, mid 3, 3x3.79-10

- An equivalent thickness of the roof structure of: deq = ’% =2.29mand;

- Arrotational stiffness: ¢ = 2.64x10° kNm/rad/m'.
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% El: 2-sided loading

Both diaphragm walls are loaded simultaneously, represented by a unit moment M = 1000 kNm/m’ at
both sides (along line elements 1 and 2) of the roof structure as depicted in Figure 30. This results in the
angular rotations ¢, = 4.25 mrad and ¢, = 4.71 mrad. For the 2-sided loaded equivalent beam the

rotational stiffness ¢ = 2El (see Figure 30c). El is then found from:
mid
Cc= 2El <:>M= 2El < El = M g :1000><14.23>E < El =1.511x10° KNm?*/m', with:
lia [/ 2.9, 2x4.71-10

- An equivalent thickness of the roof structure of: Ao = ,% =2.52mand;

- Arrotational stiffness: ¢ =2.12x10° kNm/rad/m'.

For this research the 2-sided loaded structure is applicable, since both walls deform outwards
simultaneously. Due to the loads on both walls, an extra deformation of the structure is obtained
compared to the 1-sided loaded structure (Figure 29b vs. Figure 30b), resulting in a lower rotational
stiffness. This is the most representative case, and therefore the EI determination for the equivalent beam
model is based on the 2-sided loaded structure. Furthermore, it is found that deq for the equivalent beam
model is higher than the actual thickness of the roof dey = 0.9 m. The explanation lies in the actual
geometry of the roof; because of its upright conical shape it becomes more difficult to bend this than in
case of a flat roof.

The El-calculation for the equivalent beam model is based on a 2-sided loaded structure. This is the most
representative, since it results in the lowest rotational stiffness (lowest resistance against deformation of
the walls). The equivalent beam model has the following properties:

- EA =2.862x 10° kN/m ;

- El'=1.511 x 10° KNm2/m ;

- deq=2.52m

Uy [mm]
000
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Figure 28: Determining EA
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loaded structure

Fix [mrad]
[ a8
30
300
270
240
210
180
150
120
050
080
030
000
030
060
O3
{ B
mid
e~ e M
/ ol e _‘—'
! e X é\t_\ }»;
] \ 7 i 25 e
:' » E q)l q’: d
! ]
1
\ -» ! (c) Equivalent beam model
\ 1
| |/
I
\ -]/ M-l S5
U , =
\ —’ "Forget-me-not": @ 3EI c= 7
1 2 M=cxo, nid

Figure 29: Determining EI for 1-sided loaded structure
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3.6. Calculation strategy
The structure will be calculated with the following stiffnesses for the diaphragm wall:

= The totally uncracked stiffness: Elo = 33000 x I,
= The totally cracked stiffness: El, = 11000 x Ig;
= The variable stiffness Elyar.

The calculations with El, are required to determine whether or not the results obtained with this stiffness
are lying within the results obtained with the outer boundaries El,and El... The diaphragm wall properties
for Elp and El,, are given in Table 16. The El,,, must be determined for each case using the M-(N)-«
diagram.

EI E EI EA | d.guivatent
[MPa] | Nm’] [kNm'/m'] iN/m'] | [m]
El, | 33000 |3.30E+07|928E<06|495E+07| 15

EL. 11000 | 1.10E+07 | 3.09E+06 | 1.65E-07 1.5
Table 16: Diaphragm wall properties for Elpand El.,

In this thesis the structural behaviour is expressed in terms of the bending moment (Mgyg), settlement (3,)
and lateral wall displacement (Uy), which are calculated at the bending stiffnesses El,, El., and El, as a
function of both N = 0 kN and N # 0 kN. The structural behaviour will be investigated for the following
calculation models using the representative loading case LC3:

= Walls only; hinged

= Walls and roof; hinged

= Walls only; clamped

= Walls and roof; clamped.

Calculations based on Ely, turned out to be an iterative procedure. In order to obtain the actual El-

distribution of the diaphragm walls, the reinforcement plays a major role in this research. With regard to

the wall-roof connection two cases are considered:

= The hinged case, where determination of El,, is based on a basic reinforcement of pyr = 0.6% per
meter panel width applied over the total wall height of 22.5 m;

= The clamped case, where the determination of El,, will be based on a yet to be defined amount of
reinforcement.

It needs to be noted that since the hinged connection was finally chosen for the execution of the

“Waalbrug-project” the required amount of reinforcement was only calculated for the hinged case.

In order to reach the aimed results, a certain strategy is applied using the Half Model and Total Model in
the calculation programs PCSheetPileWall and Plaxis 2D. The Half Model concerns the left wall with the
braking forces on it. The intended purpose of each step of this strategy is as follows:

= PCSheetPileWall — Half Model :Use the El-distribution (El.,) as input in Plaxis;

= Plaxis 2D — Half Model :Validate El-distribution (El4) from PCSheetPileWall by
checking the M-line using an approximation for the actual El-
distribution;

= Plaxis 2D — Total Model :Find the El-distribution for both walls. In the Half Models only

the El-distribution of the left wall is known. The calculations
based on El, turn out to be an iterative procedure. Two iteration
procedures are applied, which are explained for each case. By
implementation of the final El-distribution of both walls the
aimed results are obtained.

39



Realistic bending stiffness of diaphragm walls for structural analysis TU Delft

4. RESULTS AND DISCUSSION

4.1. Walls only; hinged

This section deals with the impact of El,, on the diaphragm walls only in case of a hinged wall-roof
connection. In order to find a valid iteration procedure for calculations with El,,,, different strategies have
been employed using the Half Model in PCSheetPileWall and the Half and Total Model in Plaxis 2D.
Two cases will be considered for El,, namely:

= Case a with EI (x), where El,4 is determined using the M-k diagram, and;

= Case b with EI (k, N), where El,, is determined using the M-N-k diagram.

4.1.1. Case a: EI (k)
The determination of the calculation strategy for El (k) will be explained step by step in this section.

4.1.1.1. PCSheetPileWall — Half Model

Consider both walls separately with their corresponding M-line and El-distribution over the wall height
for the representative loading combination - LC3 for the left wall and LC3,R for the right wall - as
depicted in Figure 31 and Figure 32, respectively. The left wall (with the braking forces) is partially
cracked, while the right wall remains uncracked. The bending stiffness of the left wall is characterized by
the “El-bite” in the cracked zone. According to Table 17, LC3 gives the largest cracked zone for the left
wall (7.8 m), thereby distinguishing the following cracking pattern from the top to the bottom of the wall
which is also shown in Figure 32: (1) uncracked zone, (2) cracked zone and (3) uncracked zone. For LC3
the cracked zone also starts earlier and ends later compared to LC2. LC1 and LC2 will not be considered
further.

Loading Zone Length [m]
LC1 1 | Uncracked 225
LC2 1 |Uncracked 3.6
2a
2b | Cracked 5.5
2c
Left wall 3 | Uncracked 13.4
LC3 1 |Uncracked 3.1
2a
2b | Cracked 7.8
2c
3 | Uncracked 116
Right wall| LC3 R | | |Uncracked 225

Table 17: Cracked and uncracked zones of both walls for the considered loading combinations

The M-k diagram for both walls, represented in Figure 33, is based on:
= Atotal reinforcement ratio of p, ., = 0.6% per meter width (16432 per side/2.8 m panel width);

*N=0 kN (Nselfweight = 0, Nshear force = 0)
The cracking moment M, = 1150 kNm.
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Figure 33: M-k diagram both walls (hinged connection, N = 0 kN)
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The El-distribution of both walls is given in Table 18. Since it is impossible to implement the exact El-
distribution obtained from PCSheetPileWall into Plaxis 2D, the cracked zone of the left wall is split up
into 3 sections (see Figure 32). Here an average El-value is calculated for the sections 2a and 2c, and a
minimum El-value (Elyn) for section 2b. This was the most reasonable partition for the cracked zone. The
reason behind this is explained further in section 4.1.1.2.

In this research it is assumed that Eyncracked = 33000 MPa and Epackea = 11000 MPa. From the calculations
in PCSheetPileWall it is found that the E-modulus is higher in the uncracked zones (34381 MPa). This
can be attributed to the contribution of the reinforcing steel, since Encracked = 33000 MPa includes only the
E-modulus of plain concrete (without the reinforcement). According to PCSheetPileWall the E-modulus
in the cracked zone is not always above the assumed Egraed = 11000 MPa. In section 2b one finds a
minimum E-modulus of 9407 MPa.

Zone[Length [From | To EI EA E |dy,

[m] | [m] | [m] | Nm'/m']| [1oN/m'] | [MPa] | [m]

1 31 10.5 | 7.4 | S.67E+-06 [5.16E+07] 34381 (1.5

2a 1.4 14 6 | 4. 71E+06 |2 51E+07) 16737 | 1.5

Leftwall | 2b | 4385 6 |1.15| 2.65E+06 |1 41E+07| 9407 | 1.5
2c 1.55 | 1.15 | -0.4 | 4.58E+06 |2 45E+07] 16316 | 1.5

3 11.6 | -0.4 | -12 | 3.67E+06 |5.16E+07]| 34381 | 1.5

| Right wall | 1 225 | 105 | -12 | 9.67E+H06 |5.16E+07] 34381 [ 1.5

Table 18: El-distribution of both walls obtained from PCSheetPileWall

4.1.1.2. Plaxis 2D — Half Model

The Plaxis 2D — Half Model is used to validate the El-distribution of the left wall (half model) obtained
from PCSheetPileWall. Therefore, the M-line of the Half Models is checked in both programs. The main
input in Plaxis 2D consists of:

= The El-distribution for the left wall according to Table 18;

" Wpize = 0 kKN/m/m’ for the diaphragm wall in order to simulate Nt weight = O in PCSheetPileWall;

" Riner = 1 (no friction between soil and wall) in order to simulate Nghear force = 0 in PCSheetPileWall;

= Fixed-end anchor to simulate the hinged wall-roof connection (see Figure 34a).

In section 4.1.1.1 the cracked zone of the left wall is split up into 3 sections. However, the impact of a
minimum El-value and a weighted average El-value over the total cracked zone of 7.8 m of the left wall
has also been examined. By doing so it is checked which of these 3 approaches, with regard to the El-
distribution for the cracked zone of the left wall, gives the most reasonable results where the results
(especially the M-line) with El,, are expected to lie within the results obtained with Ely and El... The
results are given in Table 19.

El 6, [mm] | M. [ENm/m"] | U, [mm]
M, M,
EL 72 2190 | 140 17
EL. 80 1780 | 410 225
YEL, (cracked 3 sections) 79 1780 | 460 -24
YEIL, (cracked minimum) 81 1740 | 510 25
YEL, (cracked weighted average)| 79 1850 405 -23

Table 19: Results for Plaxis 2D — Half Model, using 3 different approaches for the El,,, of the cracked zone
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Clarification Table 19:

DEl (cracked_3sections): The cracked zone of the left wall is split up into sections 2a, 2b and 2c of
which the corresponding El is given in Table 18.

2El, (cracked_minimum): A minimum El-value of Ely, = 2.65E+06 kKNm%m’ is applied over the total
cracked zone of 7.8 m of the left wall.

9El,, (cracked_weighted average): A weighted average of Elyeignes = 3.49E+06 KNm?%m’ is applied over
the total cracked zone of 7.8 m of the left wall.

Although the 3 approaches return results which are not differing a lot from each other, the El,
(cracked_3 sections) is chosen as the safest approach. In case of El, (cracked_minimum) the total
cracked zone is assumed to have a very low bending stiffness, which is not true. For El
(cracked_weighted average) the results lie perfectly in between the results of El, and El.,, but this is not
representative since there are sections with a lower EI than Elyeigned = 3.49E+06 kKNm*m’. The M-line
obtained with the El,, (cracked_3 sections) in Plaxis 2D is given in Figure 34b. Compared with
PCSheetPileWall the difference in the maximum bending moment is about 12% (1780 vs. 1588 kNm).

" Fixed-end anchor —]

-~
S
|
e
[ —

Il (1780 kNm |
(+4.8 .\'AP)tF l:l
S

A
b

Al

0\

]
—;/460 KNm
7-’ (-6.9 NAP)

[

(a) Deformed mesh (b) M-line

Figure 34: (a) Deformed mesh and (b) M-line of left wall for El, (cracked_3 zones) in Plaxis 2D — Half
Model

Based on the results from the Half Model in PCSheetPileWall and Plaxis 2D, the following is observed:
= The M-line configuration in Plaxis 2D is in accordance with PCSheetPileWall, but there is a difference
(12%) in the magnitude of the maximum bending moment for N = 0 kN;
= This difference can be attributed to:
- The approximation of the El-distribution in the cracked zone (3 sections) obtained from
PCSheetPileWall;
- The different soil models: PCSheetPileWall is a discrete model, while Plaxis 2D is a continuous
model;
- No possibility of a 1-on-1 translation of the loading in both programs.

These findings lead to the following statement:

The El-distribution for the left wall according to PCSheetPileWall is acceptable in Plaxis 2D. The
approximation of the El-distribution in the cracked zone of the left wall by means of 3 sections forms a
safe approach.
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4.1.1.3. Plaxis 2D — Total Model

With the validation of the El-distribution for the left wall, the M-line and El-distribution of the right wall

also need to be checked with those according to PCSheetPileWall. This is done by means of the Plaxis 2D

— Total Model. The main input in Plaxis 2D consists of:

= The El-distribution for both walls according to Table 18. Note that the right wall is totally uncracked
according to PCSheetPileWall;

" Wyiate = 0 kKN/m/m’ for both diaphragm walls in order to simulate Neei weignt = O;

" Riner = 1 (no friction between soil and wall) in order to simulate Nenear force = O;

= Node-to-node anchor to simulate the hinged wall-roof connection, where the bending stiffness of the
roof structure itself has no impact on the diaphragm walls (see Figure 35a).

The M-line obtained from the Plaxis 2D — Total Model is depicted in Figure 35b, showing clearly that the
right wall is more heavily loaded than the left wall. This phenomenon can be attributed to the fact that
when in Plaxis 2D the left wall (with the braking forces on it) moves sidewards, the right wall is pulled
along with it, creating an extra load on the right wall. This is not taken into account in PCSheetPileWall.
Since both walls have the same M-k diagram the cracking moment for the right wall is also equal to M, =
1150 kNm, implying that in contrast to PCSheetPileWall, the right wall is cracked. Based on these
findings it can be stated that:

The El-distribution for the right wall according to PCSheetPileWall is not valid. In order to find the
cracked height and the actual El-distribution for the right wall an iteration procedure is required.

Node-to-node anchor : -
1| 1340 kNm £
- +6 NAP) |
' : 12400 KNm|
A — /(+1 NAP)
~ o ~ VA ~*——X _ _.. AN — “' ' 1070 KNm
. - L e W s . B - g
(a) Deformed mesh (b) M-line

Figure 35: Hinged case - (a) Deformed mesh and (b) M-line for the walls only at N = 0 kN

4.1.1.4. Iteration procedure 1 — right wall

Iteration procedure 1 is conducted to find the cracked height and the corresponding El-distribution of the

right wall. The following assumptions were made for:

= The left wall: The El-distribution according to PCSheetPileWall will be maintained with each iteration
(see Table 18);

= The right wall: The 1% assumption is that the right wall is totally uncracked, thereby using the
uncracked stiffness according to PCSheetPileWall (see Table 18).

= Number of iterations: The iteration process for the right wall will go on until the cracked height remains
the same. A difference of 5% is acceptable;

Since the M-k diagram (from PCSheetPileWall) and the M-line of the right wall (from Plaxis 2D — Total
Model) are known, the cracked height and the corresponding El can be found at every iteration step. For
the cracked zone of the right wall the following must be taken into account, with regard to:
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= The height of the cracked zone (lcrackea): This will be obtained from Plaxis 2D. Since the M-line and
the M-« diagram (cracking moment) are known, the cracked height can be determined: if Mggq > M, the
section is cracked;

= The EI of the cracked zone ((El)eqmin): For the EI of the cracked zone the highest occurring moment
in the cracked area of the right wall (Mgqmax) is taken as point of departure. Based on Mggmax the El is
determined from the M-k diagram by means of interpolation. It concerns the lowest El of the cracked
area: (El)eqmin. Actually, just as for the left wall one should divide the cracked area into more zones for
a more reasonable result. Since it was found that refining the cracked area did not influence Mgy max that
much (2-3%), the (El)eqmin Will be applied over the total cracked area. This is a safe approach.

The iteration process for the right wall consists of the following steps:

1. Start with the uncracked stiffness of the right wall. This results in a certain M-line with the
corresponding lcracked. Based on Meg max the (Eleqmin is calculated and maintained for the total lcracked;

2. This leracked With its corresponding (Eleqmin Will be entered in the next iteration, which will result in
another M-line. From this new M-line, a new leackeq With its corresponding (El)eqmin (based on the
new Megg max) Can be determined;

3. Repeat step 2 until the I ea remains constant. For all the iterations, reference is made to Appendix
CL

An overview of the iteration results for the right wall is given in Table 20, observing a jump between the
even and uneven iterations with regard to the Meggmax and lerackea. FOr the uneven iterations the leracked
decreases, while for the even iterations the lqaeq inCreases. But at a certain point the iteration procedure
cannot go on and the results of one iteration step are equal to another. In this case iteration # 11 and 12
are equal to iteration # 13 and 14, respectively. The l¢acked lingers beween 7.9 m and 10.9 m. For both the
even and uneven iterations the Mggmax IS plotted against the lgackeq in Figure 36. Failed attempts to
generate the actual value for Mgg max and leracked With the computer lead to the following assumption:

If the ‘average result’ in the middle of both graphs (average of lracked aNd Megmax) i Figure 36 is chosen
as input in Plaxis 2D, the result obtained for the right wall in Plaxis 2D must be equal to the ‘average
result’.

Mggmax | EDgdmin EA s
Tteration #| [kNm] | [kNm*m']| [KNm] [m]
1 2400 1. 61E+06 | 8.37E+D6 12.2
2 1350 J.63EHM6 | 1.94EH)T 6
3 2050 1. 85E+H06 | 9.86E+06 11.9
4 1470 J12EHM | 1.67E+HDT 6.9
5 1930 1 98E+H06 | 1.05E+07 11.6
6 1520 2 B9E-06 | 1.54E+07 74
7 1850 208E~06 | 1.11E+HDT 11
8 1560 2 T4EHWG | 1 46EH)T 7.8
9 1820 2 13E+06 | 1.13E+07 10.8
10 1570 270E+HG | 1.44E+HT 8
11 1830 211E-06 | 1.13E+H07 109
12 1560 274E-06 | 1. 46E+H07 79
13 1830 211E~06 | 1.13E+H07 109
14 1560 274E06 | 1 46EHT 79
FINAL 1695 2.36E+06 | 1.26E+07 0.4

Table 20: Results iteration process right wall for N = 0 kN - hinged connection
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Figure 36: Results for even and uneven iterations of right wall for N =0 kN

» Validity ‘average result’ assumption for right wall

In order to check the validity of the ‘average result’ assumption the next steps are taken, considering the

last even and uneven iteration step where the iteration process stops.

1. Determine the average and the course of l¢racked;

2. Determine the average of Mgqmax and the corresponding El and EA,;

3. Use the above-mentioned input (Iackess EI @and EA) for the right wall in the Plaxis 2D - Total Model
and check the result.

Step 1:
Figure 37 shows the M-line and the cracked height of the right wall belonging to the iterations #13 and

#14. From this one can determine the:

- Average cracked height: l¢; o= 0.5 X (10.9+7.9) = 9.4 m;

- Course of cracked height: starting at 0.5 x (6.5+6) = 6.2 m and ending at 0.5 x (-4.4+-1.9) = -3.2 m with
regard to NAP-level.

Step 2:
The average Mgy max IS equal to: 0.5 x (1830+1560) = 1695 kNm. From interpolation in the M-k diagram it

is found that (El)gg min = 2.36E+06 KNm%*m’ with a corresponding EA =1.26E+07 kN/m’.

The average calculated values at step 1 and step 2 have also been given in Table 20 for the final iteration.
These values will now be used as input for the right wall in the Plaxis 2D — Total Model.

(+6.5) (+6) (+6.2)
l=109m 1830 ler=79m 1560 loray=24m 1695
+1) (+2.375)
1.9) (3.2)
(-4.4)
Iteration #13 Iteration # 14 'Average result’

Figure 37: The assumed ‘average result’ for the right wall based on iteration #13 and #14.
(Note: Bending moment values in KNm and levels with regard to NAP are placed between brackets)
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Step 3:

For a good overview, the input in the Plaxis 2D — Total Model for both walls is given in Table 21. Note
that the El-distribution for the left wall is according to PCSheetPileWall, while the El-distribution for the
right wall is based on the assumed ‘average result’ following from the even an uneven iterations. This
input results in Figure 38. On comparison of the assumed ‘average result’ in Figure 37 and the Plaxis-
result in Figure 38 there appears to be hardly any difference (see Table 22). Based on these findings it can

be concluded that:

For an iteration procedure which comes to a standstill after a number of iterations: By implementing the
assumed ‘average result’ from the last even and uneven iteration as input in the Plaxis 2D — Total Model,
one finds a method which converges for the right wall.

Zone| Cracked' | Length |From | To El EA
uncracked| o [ g | pmp | Nmm']| provime
I |uncracked| 3.1 | 105 | 74 | 9.67E+06 |5.16E-07
et 2a 14 | 74 | 6 | 471E-06 |251E-07
(Fom PCShest. | 2 | cracked | 485 | 6 |1.15| 2.65E+06 |L41E+07
PileWall) 2c 155 | 1.15 | -04| 4359E+06 |245E+07
3 |uncracked| 116 | 04 | -12 | 9.67E-06 |5.16E-07
Right wall I |uncracked| 43 | 105 | 62| 9.67E+06 |5.16E-07
(fom ‘average | 2 | cracked | 94 | 62 |-32| 2.36E+06 |1.26E+07
result'iterations) | 3 | uncracked| 88 | 32 | -12| 9.67E+06 |5.16E+07

Table 21: El-distribution for both walls used as input in Plaxis 2D — Total Model for iteration procedure 1

1180
(+6)
(-4.1)
ler=35m

(-7.6)

(+6.25) _
(+6.5)
[ Tlg=18m
+4.7)
lep=925m
3L
1330
(-6.2)

1670

fﬁas}

Figure 38: Final result El,,, according to iteration procedure 1 in Plaxis 2D — Total Model.
(Note: Bending moment values in KNm and levels with regard to NAP are placed between brackets)
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Assumed Plaxis-
'average result’ | result
Leracea [M] 9.4 9.25 OK!
Miignt wan [KNm/m'] 1695 1670 1% OK!
Table 22: Comparison of the assumed ‘average result’ and the Plaxis-result for the right wall

Difference | Check

I:_lf

i
[

(=}

(=}l

4.1.1.5. Problem left wall

Summarizing the process from the beginning till this point, the following steps have been taken:

- Maintain the El-distribution according to PCSheetPileWall of the cracked left wall (“EI-bite”) and the
uncracked right wall for further calculations in Plaxis 2D;

- When from the Plaxis 2D — Total Model it turns out that the right wall is also cracked, the iteration
procedure 1 is set up to find the actual El-distribution and cracked zones of the right wall. The El-
distribution of the left wall according to PCSheetPileWall is maintained here;

- After finding the lgaceq and M-line of the right wall with the converging iteration procedure 1, it is now
found that the left wall cracks differently than initially assumed.

According to Figure 38 the left wall is found to be cracked over 2 different sections at the top (1.8 m) and
the bottom (3.5 m) of the wall after an intensive iteration procedure for the right wall. This is in
contradiction with the result from PCSheetPileWall where the left wall is cracked over 1 section (7.8 m).
Because of these different cracked zones (see Figure 39) it can be concluded that the El-distribution of the
left wall in Plaxis 2D is not in accordance with the 1% assumed El-distribution of the left wall from
PCSheetPileWall. As a result of the wall movement, the El-distribution of the left wall has also changed.
Based on these findings it can be stated that:

\ In all probability it concerns a back-and-forth iteration process between the left and right wall.
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2 5 \ —7
E 54 | Icracked
E 101 — —/
8 7 I~
O -12 T T T T 7 TJ(
3 15881201.4814.8 428.2 416 -345 7 i
& MOMENT [kN.m/m’]
(a) PCSheetPileWall: Cracked zone left wall (b) Plaxis 2D - Total Model: Cracked zones left wall

Figure 39: Contradicting cracked zones for the left wall

The research question arising at this point is:

Are the results following from iteration procedure 1 valid for El,?

In order to investigate this matter further a new strategy, the so-called iteration procedure 2, is devised.
This is dealt with in section 4.1.1.6.
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4.1.1.6. Iteration procedure 2 — both walls

Iteration procedure 2 is set up to verify the final result of iteration procedure 1. The applied strategy here

is as follows:

= Do not use the El-distribution from PCSheetPileWall as input;

= Estimate the M-line and cracked zones of both walls based on the results with Ely and El.,. The
behaviour at the outer boundaries is a known fact and the actual behaviour of the structure is assumed to
lie in between;

= Check the results with those of iteration procedure 1, for whether or not the same pattern for the M-line
and leracked have been obtained.

Iteration procedure 2, steps (for both walls):

1. Determine the average M-line and the average lgacked from Elg and El,. This is depicted as the
‘average result’ in Figure 40.

2. Based on the average bending moment, the El and EA are determined for the average |l acked. The El is
determined by means of interpolation in the M-k diagram (M = 1150 kNm). The input in the Plaxis
2D — Total Model for the left and the right wall are given in Table 23. This input results in Figure 41.

1540

EIO EL. 'Average result’
7.5 +7.4) (+6.8) (+6.4) (+7.2) (+6.9)
1240 = 1390 .
l=6m lcr_3'4m lcr_ 4.7m
+3. - =
15 le=133m 2390 34 | -o4m 1750 ¢25 | 114w
3.0)
860 59 1060 960 49

2070

Figure 40: The ‘average result’ based on El, and El.,
(Note: Bending moment values in KNm and levels with regard to NAP are placed between brackets)

Zone| Cracked/ |Length |From | To | Mgy ayerage EI EA
uncracked|  rh |y | (]| povmm']| (BNmOmT| peNm)
1 uncracked 33 105 | 7.2 - 9 67E+06 | 3.16E-07
Left wall 2 cracked 47 72 |25 1390 3.63E+06 | 1.94E-07
3 |uncracked| 145 25 | -12 967E+06 | 5. 16E+07
1 | uncracked 36 10.5 | 6.9 - 9.67E+HD6 | 5.16E+07
Right wall 2 cracked 11.4 69 (453 2070 1.83E+06 | 9. 76E+D0
3 | uncracked 7.5 45 | -12 967E+06 | 3. 16E-07

Table 23: El-distribution for both walls used as input in Plaxis 2D — Total Model for iteration procedure 2
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+6.6 +5.8)
(+6) (+4.1)
lep=7m 1470
|| (+2.5)
=
(-1.2)~
(-4.1)
lep=3.7m { 1330
(-7.8) {(-3.5)

Figure 41: Final result El,,, according to iteration procedure 2 in Plaxis 2D — Total Model.
(Note: Bending moment values in kKNm and levels with regard to NAP are placed between brackets)

Results iteration procedure 1 vs. iteration procedure 2:

On comparison of the final result according to iteration procedure 1 and iteration procedure 2 (Figure 38
vs. Figure 41) it can be stated that the points of departure for procedure 2 with regard to the cracked zones
are obviously more reliable compared to procedure 1. For iteration procedure 2 only one iteration is
required for both walls to get the same cracking pattern and M-line configuration as with iteration
procedure 1. With iteration procedure 1 an intensive iteration process was required for the right wall only,
after which the El-distribution of the left wall was still not ensured. In all probability, many more
iterations are required to reach the same result as of iteration procedure 2. Based on these findings it can
be stated that:

The results of iteration procedure 2 are valid for El ;.

4.1.1.7. Final results EI (k)
The M-line of both walls for Ely, El., and El, is given in Figure 42. The reported values in Table 24
concern the maximum values for the occuring bending moment (Mgg), the settlement (3,) and the lateral
wall displacement (Uy). Based on these results the following conclusions can be drawn:
= The right wall (without braking forces on it) is the most heavily loaded wall for Elg, El., and El,4. In all
3 cases the representative bending moment is the field moment of the right wall;
= The right wall has the largest lateral displacement (in the direction of the braking force) for El, El., and
Elvar;
= The results with El,4 are not lying within the results of the outer boundaries El, and El..
- dyand Uy are higher than expected;
- The Mgg-values are even lower than expected, except for the bottom part of the left wall where Mgq =
1330 kNm.
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Explanation more heavily loaded bottom part of left wall for El a2

Large displacements cause large shear stresses in the soil, by which the soil comes into action and takes
over the load. For both Elg and El., the left wall is more heavily loaded at the top, while for El,, the wall
is more heavily loaded at the bottom. For El, a smaller wall displacement will occur due to the relatively
high El, resulting in smaller shear stresses in the soil and thus a smaller contribution of the soil in taking
up the load. For Elg the load is mainly carried by the wall. The opposite holds for El... Due to the
relatively low El, a higher wall displacement will occur, resulting in higher shear stresses in the soil and
thus a higher contribution of the soil in taking up the load. For El., the wall is less loaded, while the soil
carries a greater part of the load. The reason for the more heavily loaded bottom part of the left wall for

Elvar lies in the mutual relationship between the wall stiffness (EI) and the soil stiffness:

= Low stiffness at the top: Due to the cracked zone (lower EI) and the lower stress-level in the soil
(Tlower soil stiffness) at the top part of the wall, less load can be carried at the top of the wall. As a
result, the load will have to be transferred to a more rigid part of the wall;
= High stiffness at the bottom: Because of the increased depth, a higher soil stiffness is present at the
bottom part of the wall. Therefore, in spite of the cracked zone in the wall at the bottom part, the
combination soil-wall in its entirety behaves more rigid which makes it possible to take up more load at

the bottom of the wall.

1540
(+4.75)

El)

860
(-6.6)

2390
1)

1240
(+6)

EL.

1060
(-3.5)

1750
(+2.2

1200
(+6)

EI\'al'

1330
(-5.5)

1470
(+2.5)

Figure 42: Hinged case — The M-line for El,, El,,and El,,- for N=0 kN

(Note: Bending moment values in kKNm and levels with regard to NAP are placed between brackets)

Mg, B, U, [mm]
[ENm/m'] | [mm] | Left wall |Right wall
EI, 2390 91 44 62
EL. 1750 112 64 -85
EL,, 1470 118 -69 92

Table 24: Hinged case - Final results for Ely, El,,and El,,- for N=0 kN
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4.1.2. Caseb: EI (x, N)

The determination of the calculation strategy for El (k, N) is found to be similar as for El (k). The only
difference now is that an axial force is included in determining the bending stiffness of the diaphragm
wall. Therefore, this section presents the relevant results without going into too much detail. If necessary,
reference will be made to section 4.1.1 for detailed explanation.

4.1.2.1. PCSheetPileWall — Half Model

Consider both walls separately with their corresponding M-line and El-distribution over the wall height as
depicted in Figure 43 and Figure 44, respectively. The left wall (with the braking forces) is partially
cracked, while the right wall remains uncracked. According to Table 25, LC3 gives the largest cracked
zone for the left wall (7.3 m), thereby distinguishing the following cracking pattern from the top to the
bottom of the wall which is also shown in Figure 44: (1) uncracked zone, (2) cracked zone and (3)
uncracked zone.

Loading Zone Length [m]
LC1 1 | Uncracked 225
LC2 1 |Uncracked 16
2a
2b| Cracked 50
2c
Left wall 3 | Uncracked 139
LC3 1 |Uncracked 3.25
2a
2b| Cracked 73
2c
3 | Uncracked 1195
[Right wall] LC3. R | 1 Uncracked 225

Table 25: Cracked and uncracked zones of both walls for the considered loading combinations

The M-N-k diagram for both walls, represented in Figure 45, is based on:
= Atotal reinforcement ratio of p, = 0.6% per meter width (16432 per side/2.8 m panel width);

- N = Nse|fweigh[ = _810 kN/m’ (bX d Xyconcrete =1X1.5X 24)

" Nshear force — 0

The cracking moment M, = 1351 kNm.

Since it is impossible to implement the exact El-distribution obtained from PCSheetPileWall into Plaxis
2D, the cracked zone of the left wall in Figure 44 is split up into 3 sections similarly as for EI (k). For the
mid-section of the cracked zone (section 2b) a minimum El-value (El.;,) is applied with a corresponding
E-modulus of 10539 MPa which is below the assumed Egackeq = 11000 MPa. An average El-value is
calculated for the sections 2a and 2c. The El-distribution of both walls is given in Table 26.
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Figure 43: M-line both walls from PCSheetPileWall (hinged connection, N # 0 kN)
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Figure 45: M-N-k diagram both walls (hinged connection, N # 0 kIN)

Figure 44: El-distribution both walls from PCSheetPileWall. Left wall characterized by “EI-bite” in cracked
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Zone (Length |From | To EI EA E |d,
m] | [m] | [m]| [KNm'/m']| [kKN/m']| [MPa] |[m]

1 3.25 10,5 | 7.25 | 9.67E+06 |5.16E+07]| 34381 |15
2a 1.25 7.25 ] 4 66E+06 |2 45E+07] 16380 | 1.5
Left wall | 2b 4 ] 2 2.96E+06 |1.38E+07]| 10539 (1.5
2c 2.05 2 |-0.05] 4.63E+D6 |2 48E-DT]| 16517 |15

3 1195 | -005 | -12 | 9687E+06 |5.16E+H07] 34381 | 1.5
ight wall 1 225 105 | -12 | 967E+06 [3.16E+07| 34381 (1.5
Table 26: El-distribution of both walls obtained from PCSheetPileWall

4.1.2.2. Plaxis 2D — Half Model

The Plaxis 2D — Half Model is used to validate the El-distribution of the left wall (half model) obtained
from PCSheetPileWall. Therefore, the M-line of the Half Models is checked in both programs. The main
input in Plaxis 2D consists of:

= The El-distribution for the left wall according to Table 26;

" Wpyiate = 23 kKN/m/m’ for the diaphragm wall in order to simulate Neeit weignt # 0 in PCSheetPileWall;

" Riner = 1 (no friction between soil and wall) in order to simulate Nehear force = 0 in PCSheetPileWall;

= Fixed-end anchor to simulate the hinged wall-roof connection (see Figure 46a).

In section 4.1.2.1 the cracked zone of the left wall is split up into 3 sections. Just like in the former case
with EI(x), the impact of a minimum EI-value and a weighted average El-value over the total cracked
zone of 7.3 m of the left wall has also been examined. The results obtained with these 3 approaches for
El. are given in Table 27. The results (especially the M-line) are expected to lie within the results
obtained with Ely and El..

EI 5, [mm]|M,,, [KNm/m']| U, [mm]
M, | M,
ElL 77 | 2300 | 60 18
EIL. 85 1810 | 330 25
YEL, (cracked 3 sections) 84 1950 | 270 24
YEI_ (cracked minimum) 85 1880 | 350 -25
Y EL, (cracked weighted average)| &2 1940 270 22

Table 27: Results for Plaxis 2D — Half Model, using 3 different approaches for the El,,, of the cracked zone

Clarification Table 27:

YEl,. (cracked_3sections): The cracked zone of the left wall is split up into sections 2a, 2b and 2c of
which the corresponding El is given in Table 26.

2El (cracked_minimum): A minimum El-value of Ely, = 2.96E+06 kKNm%m’ is applied over the total
cracked zone of 7.3 m of the left wall.

IE Iy (cracked_weighted average): A weighted average of Elyeighied = 3.81E+06 kKNm?*m’ is applied over
the total cracked zone of 7.3 m of the left wall.

Based on the same reasoning as given in case of El(k) in section 4.1.1.2, the El,, (cracked_3 sections) is
chosen as the safest approach. The deformed mesh and the M-line for the left wall obtained with El
(cracked_3 sections) in Plaxis 2D are given in Figure 46. Compared with PCSheetPileWall the M-line
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configuration is the same but then with a difference in the maximum bending moment of about 21%
(1950 vs. 1616 kNm). The difference can be attributed to the same reasons listed in section 4.1.1.2.

~ " Fixed-end anchor —]

1950 kNm |
(+4 NAP)

[T
5

270 kNm

/ (6.8 NAP)

L

(a) Deformed mesh (b) M-line
Figure 46: (a) Deformed mesh and (b) M-line of left wall for El,, (cracked_3 zones) in Plaxis 2D — Half Model

4.1.2.3. Plaxis 2D — Total Model

With the Plaxis 2D — Total Model the M-line and El-distribution of the right wall are checked with those

according to PCSheetPileWall. The main input in Plaxis 2D consists of:

= The El-distribution for both walls according to Table 26. Note that the right wall is totally uncracked
according to PCSheetPileWall;

" Wpyiate = 23 kKN/m/m’ for both diaphragm walls in order to simulate Neeif weignt # 0;

" Riner = 1 (no friction between soil and wall) in order to simulate Nenear force = O;

= Node-to-node anchor to simulate the hinged wall-roof connection, where the bending stiffness of the
roof structure itself has no impact on the diaphragm walls (see Figure 47a).

Node-to-node anchor _ A |
1430 10w = —
m KN
(+5 NAP) I
|
N 12460 KNm
= /(+1 NAP)
my ,
| 930 kKNm
_ \ ] (-6.0 NAP)
(a) Deformed mesh (b) M-line

Figure 47: Hinged case - (a) Deformed mesh and (b) M-line for the walls only at N # 0 kN

The deformed mesh and the M-line of both walls are depicted in Figure 47. Similarly as for El(x) it is
obvious that the right wall, in contrast to PCSheetPileWall, must be cracked. For the right wall the field
moment has exceeded the cracking moment M, = 1351 kNm. Since the El-distribution for the right wall
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according to PCSheetPileWall is not valid anymore, iteration procedure 1 is set up to find the cracked
height and the actual El-distribution for this wall.

4.1.2.4. Iteration procedure 1 — right wall

Iteration procedure 1 is conducted to find the cracked height and the corresponding El-distribution of the

right wall. The following assumptions were made for:

= The left wall: The El-distribution according to PCSheetPileWall will be maintained with each iteration
(see Table 26);

= The right wall: The 1% assumption is that the right wall is totally uncracked, thereby using the
uncracked stiffness according to PCSheetPileWall (see Table 26).

= Number of iterations: The iteration process for the right wall will go on until the cracked height remains
the same. A difference of 5% is acceptable;

The determination of the cracked height (lcrackea) @nd its corresponding El ((El)eq min) Will take place in the
same way as explained in section 4.1.1.4. The steps to be taken in the iteration process for the right wall
have also been explained thoroughly in this section. For all the iterations in case of EI (k, N) reference is
made to Appendix C2.

An overview of the iteration results for the right wall is given in Table 28. Similarly as for EI(x) a jump is
observed between the even and uneven iterations with regard to the Mgy max and lerackeds, Where at a certain
point the iteration procedure cannot go on and the results of one iteration step are equal to another. In this
case iteration # 10 and 11 are equal to iteration # 12 and 13, respectively. The lgackes lingers beween 7.1 m
and 9.9 m. For both the even and uneven iterations the Mgq max iS plotted against the lgackeq in Figure 48.
Failed attempts to generate the actual value for Mgy max and lerackes With the computer lead to application of
the ‘average result” assumption for the right wall just like in case of EI(k):

If the ‘average result’ in the middle of both graphs (average of I racked @aNd Megmax) i Figure 48 is chosen
as input in Plaxis 2D, the result obtained for the right wall in Plaxis 2D must be equal to the ‘average
result’.

Mgg max | (EI)ed min EA Leracked
Tteration #| [kKNm] |[kNm/m']| [KN/m'] [m]
1 2460 202E+06 | 1.08E+07 13
2 1540 4 TTEH6 | 2.55E+H07 5
3 2200 228E+H06 | 1.22E+07 10.9
4 1630 JOTEHDG | 2.12EH0T 6.1

5 21100 | 2.41E+06 | 1.2BE+D7 10.5
5] 1650 | 3.84E+D6 | 2.05E+HDT 6.4
7 2060 | 245E+D6 | 1.33E+07 10.1
3
9

1650 | 3.61E+06 | 1.92E+07 6.8
2020 | 2.56E+06 | 1.37EHDT 10

10 17200 | 3.46E+06 | 1.B4E+07 7.1
11 2020 | 2.56E+06 | 1.37EHNT 9.9
12 17200 | 3.46E+06 | 1.84E+07 7.1
13 2020 | 2.56E+06 | 1.37EH07 9.9

FINAL 1870 |2.91E+06| 1.55E+07 8.5
Table 28: Results iteration process right wall for N # 0 kN — hinged connection
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Figure 48: Results for even and uneven iterations of right wall for N # 0 kN

» Validity ‘average result’ assumption for right wall

In order to check the validity of the ‘average result’ assumption, the same procedure given in section
4.1.1.4 is applied in case of El(x, N), considering the last even and uneven iteration step where the
iteration process stops.

Step 1.
Figure 49 shows the M-line and the cracked height of the right wall belonging to the iterations #12 and

#13. From this one can determine the:

- Average cracked height: I, =0.5 X (9.9+7.1) =8.5m;

- Course of cracked height: starting at 0.5 x (5.5+6.1) = 5.8 m and ending at 0.5 x (-1.6+-3.8) = -2.7 m
with regard to NAP-level.

Step 2:
The average Megqgmax iS equal to: 0.5 x (1720+2020) = 1870 kNm. From interpolation in the M-N-k

diagram it is found that (El)ggmin = 2.91E+06 KNm%/m’ with a corresponding EA =1.55E+07 kN/m’.

The average calculated values at step 1 and step 2 have also been given in Table 28 for the final iteration.
These values will now be used as input for the right wall in the Plaxis 2D — Total Model.

(+5.5) (+6.1) (+5.8)
B 1720 1S -85 1870
lep=71m (+2.3) lep=99m ey e
(-1.6) -2.7)
(-3.8)
Iteration #12 Iteration #13 'Average result’

Figure 49: The assumed ‘average result’ for the right wall based on iteration #12 and #13.
(Note: Bending moment values in KNm and levels with regard to NAP are placed between brackets)
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Step 3:
For a good overview, the input in the Plaxis 2D — Total Model for both walls is given in Table 29. Note

that the El-distribution for the left wall is according to PCSheetPileWall, while the El-distribution for the
right wall is based on the assumed ‘average result’ following from the even an uneven iterations. This
input results in Figure 50. On comparison of the assumed ‘average result’ in Figure 49 and the Plaxis-
result in Figure 50 there appears to be hardly any difference (see Table 30). Based on these findings it can
be concluded that with iteration procedure 1 a method has been found which converges for the right wall.

Zone| Cracked/ |Length |From | To EI EA
uncracked [m] [m] | [m] [KNm*/m'] [KN/m']

1 | uncracked| 325 | 105 | 725 | 9.67E+06 |5.16E+07
e 2a 125 | 725 | 6 | 4.66E+06 |2.49E+07
{from PCSheet- 2b cracked 4 ] 2 2.90E+H0 |1.38E+07
Pueall) 2 205 | 2 |-005| 4.65E+06 |2.48E+07

3 | uncracked | 1195 | -0.05| -12 | 9.67E+06 |5.16E+07
Right wall 1 uncracked 47 105 | 58 | S.67EHM6 |5.16E+07
i{from 'average 2 cracked 8.5 5.8 |27 29EH |1.55E+0T
result’ iterations) 3 | uncracked 93 2.7 | -12 | S.67EHM |5.16E+07
Table 29: El-distribution for both walls used as input in Plaxis 2D — Total Model for iteration procedure 1

1280 (+5.9) —
(+6)
1 =86m 11830
(+2.2)
=
27 L
1120
(-6)

Figure 50: Final result El,,, according to iteration procedure 1 in Plaxis 2D — Total Model.
(Note: Bending moment values in KNm and levels with regard to NAP are placed between brackets)
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Assumed Plaxis-
'average result' | result

Lraciea [m] 8.5 8.6 1% OK!

Mot wan [ENmM/m'] 1870 1850 -1% OK!
Table 30: Comparison of the assumed ‘average result’ and the Plaxis-result for the right wall

Difference |{Check

4.1.2.5. Problem left wall

After an intensive iteration procedure 1 for the right wall, the left wall is now found to be totally
uncracked according to Figure 50. This is in contradiction with the result from PCSheetPileWall where
the left wall is cracked over a section of 7.3 m (see Figure 44). From this it can be concluded that the EI-
distribution of the left wall in Plaxis 2D is not in accordance with the 1% assumed El-distribution of the
left wall from PCSheetPileWall. In all probability, just like in case of EI(x), it also concerns a back-and-
forth iteration process between the left and the right wall for El(x, N). Therefore, iteration procedure 2
will also be conducted for the case El(k, N) without using the EI-distribution from PCSheetPileWall.

4.1.2.6. Iteration procedure 2 — both walls

Iteration procedure 2 is set up to verify the final result of iteration procedure 1. The applied strategy has
already been explained in section 4.1.1.6.

Iteration procedure 2, steps:

1. Determine the average M-line and the average lcacked from Elg and El.,. This is depicted as the
‘average result’ in Figure 51.

2. Based on the average bending moment, the El and EA are determined for the average lqacked. The El is
determined by means of interpolation in the M-N-k diagram (Mg = 1351 kNm). The input in the
Plaxis 2D — Total Model for the left and the right wall are given in Table 31. This input results in
Figure 52.

1620

El EL- 'Average result’
+6.
(+7.0) (+6.9) 57 67 63
| —52m 1290 1455 [l S bm
cr TC
(1.8 l=118m 2430 l,=76m 1780 4Dy =07m
-1.9) (-3.9)
(4.9)
700 970 835

2105

Figure 51: The ‘average result’ based on El, and El.,
(Note: Bending moment values in KNm and levels with regard to NAP are placed between brackets)
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Zone | Cracked/ |Length [From | To | Mggaveraee|  EI EA
uncracked fm1 | pm | fml| peNm/m')] leNm )| (<N/m']
1 | uncracked 38 105 |67 - 9 67E+06 |3 16E+HDT
Leftwall | 2 cracked 26 6.7 | 4.1 1453 6.06E+06 |3.23E+H)T
3 |uncracked | 16.1 41 | -12 - 9 67E+06 |3 16E+HDT
1 | uncracked 42 105 |63 - 9 67E+06 |3 16E+HDT
Right wall| 2 cracked 8.7 6.3 |-34| 2105 241E+HD6 | 1.29EHNT
3 | uncracked 8.6 -34 | -12 - 9 67TE+06 |3 16E+HDT
Table 31: El-distribution for both walls used as input in Plaxis 2D — Total Model for iteration procedure 2
+ +5.5)
1400 (+63) (
(+3.6) _
I.':r— E.EII[ 169[}
(+2.3)
(-1.3)~
1000
(-3.5)

Figure 52: Final result El,,, according to iteration procedure 2 in Plaxis 2D — Total Model.
(Note: Bending moment values in kKNm and levels with regard to NAP are placed between brackets)

Results iteration procedure 1 vs. iteration procedure 2:

On comparison of the final result according to iteration procedure 1 and iteration procedure 2 (Figure 50
vs. Figure 52) it can be stated that both procedures result in a cracking pattern and M-line configuration
for El,, which are comparable with the cracking pattern and M-line configuration from the outer
boundaries (Elo and El.. in Figure 51). Similarly as for the case of EI(k), with iteration procedure 2 only
one iteration is required for both walls to get a reliable cracking pattern and M-line configuration. This in
contrast to procedure 1, which required an intensive iteration process for the right wall, after which the
El-distribution of the left wall was still not ensured. In all probability, many more iterations are required
to reach the same result as of iteration procedure 2.

It is found that the points of departure for iteration procedure 2 are obviously still more reliable compared
to iteration procedure 1, regardless of the presence of an axial force N # 0 kN. Based on these findings it
can be stated that:

The results of iteration procedure 2 are still valid for El,,,, irrespective of the presence of an axial force. \
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4.1.2.7. Final results EI (kx, N)

The M-line of both walls for El,, El., and El, is given in Figure 53. The reported values in Table 32
concern the maximum values for the occuring bending moment (Mgg), the settlement (8,) and the lateral

wall displacement (Uy). Based on these results the following conclusions can be drawn:

= The right wall (without braking forces on it) is the most heavily loaded wall for Elo, El, and El,,. Inall

3 cases the representative bending moment is the field moment of the right wall;

= The right wall has the largest lateral displacement (in the direction of the braking force) for Elo, El.., and

Elvm;

= The maximum occurring moment obtained with El,, does not lie within the outer boundaries; it is

lower than expected.

= The §, and U, obtained with El,, lie within the results of the outer boundaries Ely and El...

1620
+4.75)

700
(-6.6)

El

2430

1

1290
(+6)

ElL-

970
(-5.5

1780
(+2.2)

1400
(+5.1)

EIY&[I'

1000
(-5.5)

1690
+2.3)

Figure 53: Hinged case - The M-line for Ely, El.,and El4 for N # 0 KN

(Note: Bending moment values in KNm and levels with regard to NAP are placed between brackets)

Mg, 3, U, [mm]
(Nm/m’]) fmm] | g wan Right wall
EL, 2430 | 101 45 63
EL 1780 | 121 65 -84
EI,, 1690 | 115 59 82

Table 32: Hinged case - Final results for Elg, El,and El,, for N # 0 kN
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4.2. Walls only; clamped

This section deals with the impact of El,, on the diaphragm walls only in case of a clamped wall-roof
connection. The clamped connection concerns a design case for which the amount of reinforcement over
the wall height has to be determined first. After this a valid iteration procedure is defined for calculations
with El,. For the hinged case the iteration procedure 2 was found to be valid for calculations with El,.
For the clamped case it needs yet to be proven whether this iteration procedure is also applicable.
Therefore, the same strategy as applied for the hinged case will also be applied for the clamped case. The
Half Model in PCSheetPileWall and the Half and Total Model in Plaxis 2D will be employed. Two cases
will be considered for Ely,, namely:

= Case a with EI (x), where EI,4 is determined using the M-k diagram, and;

= Case b with EI (x, N), where El,, is determined using the M-N-«k diagram.

4.2.1. The clamped connection: A design case

Since the hinged connection was chosen above the clamped connection for the execution of the
“Waalbrug-project” the required amount of reinforcement was only calculated for the hinged case. For the
hinged case the El,, was determined based on a basic reinforcement of p; s = 0.6% per meter panel width.
This has already been dealt with in section 4.1. For the clamped case there is no input with regard to the
reinforcement. This implies that the clamped case is a fictitious case requiring an own interpretation, or in
other words:

>

“The clamped case is a design case.’

4.2.2. Defining the reinforcement for the clamped case

In order to find the amount of reinforcement for the clamped case, both the PCSheetPileWall — Half
Model and the Plaxis 2D — Half Model were applied considering the following basic assumption:

“Create a sufficiently large clamped moment at the top of the diaphragm wall which lies in between the
clamped moment obtained with the outer boundaries El, and El.,..”

¢ Plaxis 2D — Half Model:

First of all, the clamped moment at the top of the diaphragm wall was calculated for the outer boundaries
Elo and El., using the Plaxis 2D — Half Model. For Wy = 0 kN/m/m’ and Riner = 1 (to simulate N = 0 kN)
a clamped moment of 2560 kNm/m’ and 2190 kNm/m’ is found for Ely and El., respectively.

+» PCSheetPileWall — Half Model:

The next step was to design a reinforcement pattern in the PCSheetPileWall — Half Model such that the
obtained clamped moment in PCSheetPileWall (Mampeq) lies in between the calculated moments from the
Plaxis 2D — Half Model. In order to reach this goal, the following steps had to be made in
PCSheetPileWall:

* Introduce the “Fictitious Rigid Plate” above the real wall. Since the clamped connection was
insufficiently present in PCSheetPileWall, a fictitious rigid plate was applied above the real wall
creating a beam on 3 supports. Now a fully clamped connection was created at the top of the wall.

» Introduce the “Stiffened Region” with a high reinforcement ratio. This region, just beneath the top
of the wall, was necessary in order to create a sufficiently large clamped moment at the top of the wall
which lies in between the outer boundaries. According to EC2, clause 9.6.2 a maximum reinforcement
ratio of p;max = 4% is allowed for a diaphragm wall.

The created model in PCSheetPileWall with the fictitious rigid plate (l;gq), the stiffened region (lsi) and
the remaining part of the wall (lse1) is depicted in Figure 54. The corresponding reinforcement ratios in
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each of these regions are also denoted in this figure together with the requirement for the clamped

moment.
i> + M(El) < M M(EI
- <
FICTITIOUS lrigid (El-:) clamped (Elo)
RIGID PLATE P
rigid
i> h4 3> clamped
STIFFENED lstigs =1-5m
REGION +  Pstifs
Fr
FIELD 'fielg =21 ™
Pield M el
i) v

Figure 54: Model in PCSheetPileWall

The Fictitious Rigid Plate

For calculation purposes the following properties are assigned to the rigid plate in PCSheetPileWall:

- Aheight of ligiq=3.5m,

- A wall thickness dyigig = 3.5 m;
- Areinforcement of Ao = 60.000 mm2.

The Stiffened Region

Applying a fictitious rigid plate above the real wall is not enough to create a sufficiently large clamped
moment. In order to take up the clamped moment a relatively high reinforcement ratio is required just
beneath the top of the wall. Therefore, the stiffened region was introduced. In case of insufficient
reinforcement in this region, the diaphragm wall becomes unstable regardless of the properties of the
fictitious rigid plate; the occurring moment is then larger than the ultimate moment capacity and no M-
(N)-x diagram can be generated. It turns out that the stiffened region is the determining factor in attaining
a sufficiently large clamped moment at the top of the wall. Moreover, implementing a very high
reinforcement ratio over the full wall height for the purpose of the clamped connection at the top is not
economical. It is better to apply the high reinforcement ratio (psisr) Only over a part of the upper side of
the diaphragm wall. The research question arising at this point is:

How much reinforcement can be allowed in the stiffened region and how large can |y be?

In order to answer this research question, the following strategy is applied:

* Investigate the influence of lgir, psifr aNd Prietls ON Meampea. This is done by varying one of these three
parameters and keeping the others constant. The influence is observed for:

- Istiff

:05-1-15-2-5m
psitt 06-1-2-3-4%
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- Pfield 06-1-2-3-4%

It should be noted that for the clamped connection the minimum reinforcement ratio for the stiffened
region and the field are kept at 0.6%. This value corresponds with the reinforcement ratio used in the
hinged case. For pgir < 0.6% the wall becomes unstable.

In general, 4 cases have been investigated for LC3 with N = 0 kN, from which the most reasonable
reinforcement pattern is chosen for the clamped connection.

Case 1:

The first attempt is to find a reasonable lgis. For psir = 4% and prieig = 0.6% the results are given in Table
33. For both Igis = 1.5 m and lsitr = 2.0 m an Mgiamped i reached which lies in between the calculated
moments from the Plaxis 2D — Half Model (2190 < Mgampea < 2560 kNm). For the next calculations it is

chosen to maintain:

Istiff =15m
L [m] | Masmpea [KNm/m’]
0.5 1908
1.0 2110
1.5 2247
2.0 2319

Table 33: The clamped moment at different lengths for the stiffened region

Case 2:
In this case the following holds:

lsisr = 1.5 m (constant)
psiitf = 4% (constant)
prieta = 0.6 t0 4% (variable)

P
field | 848 843 847 858 869

1 =4%

stiff = 1M P

0.6% 1% 2% 3% 4%

YTV T T

kv

b b T b2 D

Figure 55: Results case 2

The results for case 2 are depicted in Figure 55. The following is observed:

Regardless of the reinforcement ratio in the field it is found that the Mgampes = 2300 kKNm and the
Mrieig = 850 kKNmy;

Apparently, Mcampea Can only be influenced by pisr and lsiss;

From the last case with a reinforcement ratio of 4% over the total wall height it is obvious that to
reach a certain Mgampea, it IS NOt necessary to apply a high reinforcement ratio over the total wall
height;

Mociamped 1S (almost) not to be influenced by prieig.
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Case 3.

In this case the following holds:
- lgirr = 1.5 m (constant)

- psitt = 0.6 t0 4% (variable)

- prietls = 0.6% (constant)

0.6% 1% 2% 3%

4%

7

1014 956 888 863

P T N

848

Figure 56: Results case 3

The results for case 3 are depicted in Figure 56. The following is observed:
*  Maiamped depends mainly on pisr (Mciamped iNCreases with pgis).

Case 4:

In order to examine the influence of Iy in combination with the determining factor pgis, as observed from

case 3, the Iy is increased. In this case the following holds:
- lsirr = 5 m (constant)

- psifr = 0.6 t0 4% (variable)

- priels = 0.6% (constant)

1 =0.6%

o =5m;
stift =7 ™ Prera

0.6% 1% 2% 3%

4%

¥

P
stiff

7 1760

1014 955 880 840

S VT

Ery e b

b7 2350

812

Figure 57: Results case 4

The results for case 4 are depicted in Figure 57. When compared to case 3, the following is observed:
= Despite the large increase of I this does not result in an appreciable increase in the Mgamped.
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The parameters that influence the Mcjampeq are:
" lsie AN g OF 1.5 m is determining. A further increase of ls has almost no impact on Mgjamped;

" pgitt - 1he Mgamped depends mainly on the pgisr, While it is hardly influenced by the pfeq. Therefore,
prieta Will be kept at a minimum of 0.6%. Considering the intended Mgamped (2190 < Mgiampea < 2560
kNm) at lgisr = 1.5 m and prieig = 0.6% a psise OF 3 - 4% can be chosen (see Figure 56). However, the
problem is that a reinforcement ratio of 3 - 4% in the stiffened region is too high, because in that case
concrete crushing (Mp) occurs before yielding of the reinforcement (Me). This is not desirable. For this
research a pgirr = 2% is acceptable with a difference of 3% in the Mciampes With regard to the lower
boundary obtained in Plaxis 2D — Half Model (2120 vs. 2190 kNm)

It needs to be noted that the phenomenon of the occurrence of concrete crushing before yielding of the
steel is observed from M-k diagrams based on N = 0 kN and no influence of the reinforcement holes
and compression reinforcement on the bending stiffness of the wall. In case one considers the influence
of the compression reinforcement, the stiffness is increased where in case of pgigr = 2 - 3% the more
desirable situation M. < My, is obtained. This does not hold for psitr = 4%;

= A local thickening of the cross-section at the top side of the wall. This will increase the Mcjamped, but it is
practically irrelevant.

Based on these findings it can be stated that:

For the clamped connection a sufficiently large clamped moment is attained for lgi = 1.5 m, psir = 2%
and pfeig = 0.6%. The El4 in the clamped case will be determined based on these parameters.

4.2.3. Case a: EI (k)

The calculation strategy for El (k) and the obtained results with the iteration procedures 1 and 2 are
presented in this section.

4.2.3.1. PCSheetPileWall — Half Model

Consider both walls separately with their corresponding M-line for the representative loading
combination - LC3 for the left wall and LC3,R for the right wall - as depicted in Figure 58. The left wall
(with the braking forces) is cracked over 1.7 m just beneath the top of the wall, while the rest remains
uncracked. The right wall is totally uncracked. Since two different reinforcement ratios are applied, peiss =
2% over the 1.5 m stiffened region and preiq = 0.6% over the remaining part of the wall, it is obvious that
two M-k diagrams must be considered for both walls. The stiffened region and the field are denoted as
region I and region II in Figure 58, respectively. The M-k diagrams for both regions are represented in
Figure 59 and Figure 60, and are based on N = 0 kN. The cracking moment for:

» Region I : M, (I) = 1291 KNm;

= Region II: M, (IT) = 1150 KNm.

The El-distribution of both walls is given in Table 34. It should be noted that an average El-value is
considered for the cracked zone of the left wall. Furthermore, it can be noted that the E-moduli in the
uncracked zones of the walls are found to be higher than the considered Encracked = 33000 MPa.
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Figure 58: M-line both walls from PCSheetPileWall (clamped connection, N = 0 kN)

M-k diagram Stiffened Region (I)

Kk [1/mm] *E-6

12000
10000 —
2000 ¢
—_ -= Service limit state
= Calculated WITHOUT stiffness compression reinforcement
= 6000 Mr=  1291.488 Kr= 0.123%1E-6 —
= Me= 9445.648 Ke= 2.556*1E-6
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Figure 59: M-k diagram both walls for the Stiffened Region (I)
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i M-k diagram Field (II)
3000 — = ¢
2500 +—4
E’-OOO -- Service limit state |
_Z‘ Iy Calculated WITHOUT stiffness compression reinforcement
g ' Mr=  1150.338 Kr= 0.119%1E-6
1500 Me=  3022.314 Ke= 2.179%1E-6 I
4 Mpl= 3121.392 Kpl= 9.028%1E-6
1000 Mu= 3144.304 Ku= 47.337%1E-6 -
Normal force= 0.000
500
0 : : . ; ;
0 5 10 15 20 25 30 35 40 45 50
K [1/mm] *E-6
Figure 60: M-k diagram both walls for the Field (II)
Zone| cracked/ |Length |From | To EI EA E |dy
uncracked [m] [m] | [m] [IL‘ﬂ'mzfm'] [EN/m'] | [MPa] | [m]
- 1 cracked 1.7 105 | 8.8 | 7.34E+06 |3.91E+07| 26089 | 1.5
E WA 5 [ uncracked | 208 | 88 |-12| 9.67E+06 |5.16E~07| 34381 |15
EE— 1 uncracked 1.5 10.5 9 L.OSE+Q0T |5.63E+07| 37507 | 1.3
WA IS | uncracked | 21 9 |-12| 9.67E+06 |5.16E+07| 34381 | 1.5

Table 34: El-distribution of both walls obtained from PCSheetPileWall

4.2.3.2. Plaxis 2D — Half Model

The Plaxis 2D — Half Model is used to validate the El-distribution of the left wall (half model) obtained

from PCSheetPileWall. Therefore, the M-line of the Half Models is checked in both programs. The main

input in Plaxis 2D consists of:

= The El-distribution for the left wall according to Table 34;

" Wpige = 0 kKN/m/m’ for the diaphragm wall in order to simulate Nt weight = O in PCSheetPileWall;

" Riner = 1 (n0 friction between soil and wall) in order to simulate Nghear force = 0 in PCSheetPileWall;

= Fixed-end anchor plus rotation fixity (beams) to simulate the clamped wall-roof connection (see Figure
61a).

The deformed mesh and the M-line for the left wall obtained in Plaxis 2D for El,4 are given in Figure 61.
The results obtained with Elo, El. and El. are given in Table 35. It is obvious that the Mgjamped With Elyar
lies within the outer boundaries. Compared with PCSheetPileWall the M jampes fOr Elyor differs with about
13% from the Plaxis 2D — Half Model (2390 vs. 2120 kNm).With this difference the El-distribution of the
left wall according to PCSheetPileWall is accepted for the Plaxis 2D — Total Model.
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EI| 3, | Mumpea | Maas | Us
[mm]| [KNm/m']| [KNm/m'] | [mm]

El, | o7 2560 1040 16
EL.| 70 2190 930 16
EL.| 67 2330 1110 16

Table 35: Results in Plaxis 2D — Half Model for Ely, El,, and Ely,,

lIcl:u:np@l:l
2300 kNm
Miiela
1110 kKNm
(+2.23 NAP)
130 KNm
(-7.1 NAP)
(a) Deformed mesh (b) M-line

Figure 61: (a) Deformed mesh and (b) M-line of left wall for El,,, in Plaxis 2D — Half Model

4.2.3.3. Plaxis 2D — Total Model

With the Plaxis 2D — Total Model the M-line and El-distribution of the right wall are checked with those

according to PCSheetPileWall. The main input in Plaxis 2D consists of:

= The El-distribution for both walls according to Table 34. Note that the right wall is totally uncracked
according to PCSheetPileWall;

" Wpyiae = 0 KN/m/m’ for both diaphragm walls in order to simulate Neeif weight = O;

" Wrictplae = 0 KN/m/m’ for the fictitious rigid plate, because in PCSheetPileWall the axial force of the
fictitious rigid plate is also ignored;

" Riner = 1 (no friction between soil and wall) in order to simulate Nenear force = O;

= Stiff structure above the diaphragm walls to simulate the clamped connection in the Plaxis 2D —Total
Model. The stiff structure consists of rigid plates connected by struts (see Figure 62a). For the
properties of the rigid plates and the struts reference is made to Appendix D.

The M-line obtained from the Plaxis 2D — Total Model is depicted in Figure 62b, showing clearly that the
right wall is more heavily loaded in the field than the left wall. It is obvious that the right wall, in contrast
to PCSheetPileWall, must be cracked in both the stiffened region and the field. It is found that:

= In the stiffened region: Mciamped > M (I) and;

= |n the field Mieig > M, {n.

Since the El-distribution for the right wall according to PCSheetPileWall is not valid anymore, iteration
procedure 1 is set up to find the cracked height and the actual El-distribution for this wall.
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Figure 62: Clamped case - (a) Deformed mesh and (b) M-line for the walls only at N = 0 KN

4.2.3.4. Iteration procedure 1 — right wall

Iteration procedure 1 is conducted to find the cracked height and the corresponding El-distribution of the

right wall. The following assumptions were made for:

= The left wall: The El-distribution according to PCSheetPileWall will be maintained with each iteration
(see Table 34);

= The right wall: The 1% assumption is that the right wall is totally uncracked, thereby using the
uncracked stiffness according to PCSheetPileWall (see Table 34).

Since the M-k diagrams of both regions (region I and region II) and the M-line of the right wall (from
Plaxis 2D — Total Model) are known, the cracked heights with their corresponding EIl can be found at
every iteration step. For the cracked zone of the right wall the following must be taken into account, with
regard to:
» The height of the cracked zones (lcr; and lcr,u): This will be obtained from Plaxis 2D. Two cracked
zones are to be distinguished over the wall height:
= For the stiffened region: le.1, where Mgg > Mg (1);
= For the field: I, where Mgg > M, (I1).

= The EI of the cracked zones ((El)ed,ming aNd (E1)eg,minn): FOr both I.; and I the highest occurring
moment (Megmax) in these cracked zones is taken as point of departure for the calculation of the
corresponding El. The El is determined from the M-« diagrams by means of interpolation. It concerns
the lowest EI which is applied over the cracked region. One distinguishes:

= For the stiffened region: (EDEqming applied over l..;, where the bending stiffness is
determined from Meg,max = Miamped;
= For the field: (EDgqminn @pplied over Iy, where the bending stiffness is

determined from Megg,max present over I ;.

The iteration process for the right wall consists of the following steps:

1. Start with the uncracked stiffness of the right wall. This results in a certain M-line with I.; and Iy
for which the corresponding ((E1)gd.min; @nd (ENga.minn are calculated, respectively;

2. Both cracked zones with their corresponding EI will be entered in the next iteration, which will result
in another M-line. From this new M-line, a new set of I..; and l..;; with their corresponding EI can be
determined;

3. Repeat step 2 until 1., and I.,;; remain constant. For all the iterations, reference is made to Appendix
C3.
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An overview of the iteration results for the right wall is given in Table 36, observing a jump between the
even and uneven iterations with regard to the cracked zones I..; and I .;;. The observed cracking pattern
for the even and uneven iteration is as depicted in Figure 63.

1'“.[ — .'._ Il.'l:.f
— levan

| P

Uneven iteration _ ' Even iteration

Figure 63: Cracking pattern at an uneven and even iteration step

Iteration #| L j[m] | L, 5 [m]
1 1.4 3.6
2 1.5 0.8
3 1 013
4 1.5 0e
5 09 02
[i] 1.5 0.9
7 03 133
8 1.5 1.2
9 0.9 96
10 1.5 1
11 0.9 o4
12 1.5 09
13 09 o3

Table 36: Results iteration process right wall for N = 0 kN — clamped connection

The iteration procedure for the right wall is very laborious, without noticing significant differences in the
cracked zones for the even and uneven iterations. At a certain point the iteration procedure comes to a
standstill, where it is found that the cracked zones of one iteration step are equal to another. Similarly as
in the hinged case the average result of the last even and uneven iteration step, where the iteration process
stops, is considered as input in the Plaxis 2D —Total Model. In this case the average result of iteration #
10 and 11 are considered as input for the right wall. The obtained result will then be compared with the
result obtained with iteration procedure 2.
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Iteration procedure 1, steps (right wall only):

Points of departure:

1. The El-distribution of the left wall is according to PCSheetPileWall;
2. The El-distribution of the right wall is based on the average result of iteration #10 and 11, as depicted
in Figure 74. The average cracked zones and the average M-line are determined for the right wall.
From the average M-line the El and EA are derived,;
3. The above is used as input for the Plaxis 2D — Total Model, see Table 37. This input results in Figure
65, showing the final result for El,, according to iteration procedure 1.
2470 ) 1800 2135 ]
" 1640 ~_ lerg =13 ————— ———Illa=0s i:|:],:rI =15
— @ o Llrm=10 —— 980 e 1310 -
— S :;-/ (+9) ~|. +9) % lem@=o0s
;7 .- /‘_ (+4.3) - .
/] 1 ’J/— +4.
[ \ - 5 3.4
% m—T A Y 1790 1330
"_\ 4’1‘ (+1) t lcr,]:[ =94 : 1) lcr,]:[ (2)=438 +1)
—.\\ j >_\‘ —;’f
- ] — —/ L9
) - 5.1) v
‘/," :('JI ‘/ff ’/
[/ y 7 =
L/ \/ T/ |/
/ Iteration # 10 7 Iteration # 11 |/ 'Average result’

Figure 64: The assumed ‘average result’ for the right wall based on iteration #10 and #11.
(Note: Bending moment values in kKNm, cracked zones in m, and levels with regard to NAP are placed

between brackets)
Zone | Cracked/ |Length |From | To | Mggaverage| EI EA
uncracked 31 m [ )| pesmim | Nm?m']| povim)
Left wall 1 cracked 1.7 105 | 8.3 7.34E+H06 |3.91E+H07
(From PCSheet-PileWall)| 2 |uncracked | 208 g8 |-12 9 67EH06 |5.16E+07
1 cracked 15 | 105 | 9 2135 5.70E+06 |3.04E+07
Right wall 2 | cracked | 05 9 | 85| 1310 | 445E+06 |2.37E+07
(From 'average result’ 3 | uncracked 5.1 85 |34 - 9 6TEHI6 | 5.16E+07
ferations) 4 cracked 4.3 i4 |-14 1330 4 20E+H06 |2.24E+07
5 | uncracked 10.6 -14 | -12 9 67E+06 |5.16E+07

Table 37: El-distribution for both walls used as input in Plaxis 2D — Total Model for iteration procedure 1

Clarification Table 37:
b Actually, the average I.;; = 1.2 m from the top. Since the introduction of an extra uncracked zone of 0.3
m in the stiffened region has no effect on the load distribution, the total cracked stiffened region of 1.5 m
is considered as basic input in Plaxis 2D.
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Figure 65: Final result El,, according to iteration procedure 1 in Plaxis 2D — Total Model.
(Note: Bending moment values in KNm, cracked zones in m, and levels with regard to NAP are placed

between brackets)

4.2.3.5. Iteration procedure 2 — both walls

Iteration procedure 2 is set up to verify the final result of iteration procedure 1. The applied strategy has
already been explained in section 4.1.1.6.

Iteration procedure 2, steps:

1. Determine the average M-line and the average cracked zones from Ely and El., for both walls. This is
depicted as the ‘average result’ in Figure 51;
2. Based on the average bending moment, the El and EA are determined for the average cracked zones.
The input in the Plaxis 2D — Total Model for the left and the right wall are given in Table 38. This
input results in Figure 77, showing the final result for El,4 according to iteration procedure 2.

1

El,
2120
ll:r,I =1.5 l L l
erJI (1) =0.2 1
+3.7)
620
lem)=33
730 46

er,I=1.5
cer,I(1)=02

1640

EIL.

1820

ltr,I =10 I

610

L lcr,I =10

1180

lcr,I: l.SI

'Average result’

1970

(+2.7)
lcr,]:[ =350

(2.3)
740

]:lcr,I: 1.5

1410

Figure 66: The ‘average result’ based on El, and El,,
(Note: Bending moment values in KNm, cracked zones in m, and levels with regard to NAP are placed

between brackets)
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Zone | Cracked/ |Length |[From | To | Mggayerage|  EI EA
uncracked o T i | m) | oNm/m'] | BeNmTm'T| provime
1 | cracked | 13 | 105 |92| 1970 | 6.05E+06 |3.23E+07

Left wall 2 | uncracked 02 92 9 - 1.053E+07 |5.63E+07

3 | uncracked 21 9 -12 - 0 67E+06 |5.16E+07

1 cracked 1.5 10.5 9 1970 6.05E+06 |3.23E+07

. ) 2 | uncracked 6.3 2. 0 67E+06 |5.16E+07
Right wall 3 cracked 5 27 |-2

7 -
3 1410 3 48E+06 |1 .BAEHDT
4 | uncracked 8.7 -23 | -12 9 67TE+06 |5 16EH)T
Table 38: El-distribution for both walls used as input in Plaxis 2D — Total Model for iteration procedure 2

2140
lcr,I = l'S:L Ilcr’l =1.5
lermmy=03 % lerry =03
550
(+2.25) 2.4
l 1290
cr, I (2)=4.4 +1)
(2.0)
810
(-5.5)

Figure 67: Final result El,,, according to iteration procedure 2 in Plaxis 2D — Total Model.
(Note: Bending moment values in KNm, cracked zones in m, and levels with regard to NAP are placed
between brackets)

Results iteration procedure 1 vs. iteration procedure 2:

On comparison of the final result according to iteration procedure 1 and iteration procedure 2 (Figure 75
vs. Figure 77) it can be observed that the cracking pattern and the M-line configuration are similar. While
iteration procedure 2 requires only one iteration for both walls, an intensive iteration process is performed
according to iteration procedure 1. This phenomenon is comparable with the hinged case. Noteworthy is
that according to both procedures the stiffened region appears to be totally cracked. Based on these
findings it can be stated that:

The results of iteration procedure 2 are valid for El,,, both for a hinged and a clamped wall-roof
connection.
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4.2.3.6. Final results EI (k)

The M-line of both walls for Ely,, El., and El,, is given in Figure 78. The reported values in Table 39

concern the maximum values for the occuring bending moment (Mgg), the settlement (8,) and the lateral

wall displacement (Uy). Based on these results the following conclusions can be drawn:

= In the field the right wall (without braking forces on it) appears to be more heavily loaded than the left
wall. This is the case for Ely, El., and El,,. The governing bending moments are the clamped moments
(Mgiampea), Which are equal for both walls;

= The right wall has the largest lateral displacement (in the direction of the braking force) for Ely, El., and
Elvar;

* The Mgampes Obtained with El,, does not lie within the outer boundaries; it is higher than expected,;

» The &, and U, obtained with El, lie within the results of the outer boundaries El, and El.;

= For El it is obvious that both walls crack over the total stiffened region (lsirr = 1.5m, peiss = 2%). The
occurring Maampes Makes it impossible to keep the stiffened region uncracked, despite the high
reinforcement ratio. Based on this finding it can be stated that:

The clamped connection is an academic case which is not realizable/ practicable, because the total
stiffened region cracks. Therefore, do not connect the roof rigidly to the diaphragm wall. Otherwise,
perform the analysis in accordance with a hinged/ ‘cracked’ connection.

620
(+2.25)

ElL EL. Elvar

2120 1820 2140

610 550
(+3.5) 1180 | (+2.23)

1640 )

1)

730 750 810
(55 (5.5) (5.5)

1290
(+1)

Figure 68: Clamped case — The M-line for Ely, El,and El, for N =0 KkN
(Note: Bending moment values in KNm and levels with regard to NAP are placed between brackets)

Mg, 5, U, [mm]
[KNm/m'] | [mm] | [ eft wall |Right wall
EIL, 2120 54 -35 -37
EL, 1820 64 45 -50
EI., 2140 57 -38 42

Table 39: Clamped case - Final results for Elo, El,,and El, for N =0 kN
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4.2.4. Case b: EI (x, N)

The calculation strategy for El (k, N) and the obtained results with the iteration procedures 1 and 2 are
presented in this section.

4.2.4.1. PCSheetPileWall — Half Model

Consider both walls separately with their corresponding M-line for the representative loading
combination - LC3 for the left wall and LC3,R for the right wall - as depicted in Figure 69. The left wall
(with the braking forces) is cracked over 2 different sections in the stiffened region and the field. The
right wall is totally uncracked. Since two different reinforcement ratios are applied, psisr = 2% over the 1.5
m stiffened region and preg = 0.6% over the remaining part of the wall, it is obvious that two M-N-k
diagrams must be considered for both walls. The stiffened region and the field are denoted as region I and
region II in Figure 69, respectively. The M-N-« diagrams for both regions are represented in Figure 70
and Figure 71, and are based on N = Nt weight = -810 kN/m’. The cracking moment for:

= Region I : M, (I) = 1488 kNm;

= Region II: M, (II) = 1351 kNm.

From the M-N-x diagram of the stiffened region it is noted that due to N # 0, concrete crushing occurs
before yielding of the steel (M < M,). When defining the reinforcement for the clamped case, this
situation was not desirable. Howbeit, a ductile failure is still guaranteed since the reinforcement yields
before the concrete compression zone fails, thus before reaching M,. The El-distribution of both walls is
given in Table 40. The uncracked zone in the field of the left wall has an E-modulus of 34381 MPa, as a
result of the combined stiffness of the concrete and the tensile reinforcement (the compression
reinforcement is not taken into account for the stiffness determination, which would otherwise result in a
higher E-modulus). The uncracked zone in the stiffened region of the left wall has an even higher E-
modulus of 37507 MPa, which can be attributed to the higher reinforcement ratio in the stiffened region.
The E-moduli in the uncracked zones of the walls are found to be higher than the considered Encracked =

33000 MPa.
g 14 = | I E 14 I I T
®24]  Leftwall.Lc3 | | |® 124{ Rightwall-LC3,R |-
Sl:lfil’med :91,111501:1 (I): i E‘ 1; | W‘? E‘ 12 \WM
stiff E | | 2138 KN E o IRNm Sl
— -] - -
P = 2% z 4 (+10.5 NAP) 5 o |C10SNAD) T
g 2 | 8 o !
g 882 LNm B ; 343 KNm
ield (ID): = 0 +0.8 NAP £ (+0.4 NAP)
|FlEld H E o { X } E = i
=21
field m g 4 g Fi
p =0.6% 5 T 6
field = 5 = 5 j{
E 1 E 10 i
¥ |G -12 o -12 |
ﬁ 883 278.6-325.3930 21534 62130 5 1242 925 608 291 -26 -343
-8 MOMENT [KN.mim"] o MOMENT [kN.mJim"]

Figure 69: M-line both walls from PCSheetPileWall (clamped connection, N # 0 kN)
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M-N-x diagram Stiffened Region (I)

K [1/mm] *E-6

11000
10000 -ﬁ_ =
000 /
8000 /
— 7000 / -- Service limit state
E 5000 Calculated WITHOUT stiffness compression reinforcement [
=3 / Mr= 1488.144 Kr= 0.139*1E-¢
= 000 / Me=  9888.467 Ke= 2.604*1E-6 —
4000 Mpl= 39679.862 Epl= 2.547*1E-6
/ Mu= 10162.995 Ku= 13.088*1E-6
3000 / Normal force= -810.000 —
2000
1000
0 v T T T T T T 1
0 2 4 6 ] 10 12 14
¥ [1/mm] *E-6
Figure 70: M-N-k diagram both walls for the Stiffened Region (I)
M-N-k diagram Field (II)
4000
3500 /._.-—-—"*
3000
— 2500 - e
= -- Service limit state
5 2000 Calculated WITHOUT stiffness compression reinforcement
E Mr= 1351.038 Kr= 0.139*1E-¢6
Me= 3524.368 Ke= 2.251*1E-6
1500 1 Mpl= 3650.008 Kpl= €.675%15-6
Mu= 3691.924 Ku= 34.998*1E-6
1000 Normal force= =-810.000 —
500
0 T T T T T T T 1
0 5 10 13 20 25 30 335 40

Figure 71: M-N-k diagram both walls for the Field (IT)
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Zone| Cracked/ |Length |From | To EI EA E |d,
uncracked | [m)] [m] | [m] [ILTmzr'm'] [EN/m'] | [MPa] | [m]

| cracked 13 105 | 92| 7T22E+06 |3.85E+H07| 25669 | 1.5

Left wall 2 | uncracked 0.3 92 | 89| 105E+07 |5.63E+07| 37507 |1.5

3 cracked 0.2 8.9 | 87| 811E+D6 [4.33E+07| 28837 |15

4 | uncracked | 20.7 8.7 |-12| 9.67E+D6 |5.16E+07| 34381 | 1.5

] 1 | uncracked 1.5 105 | 9 | 1LOSE+D7 |3.63E+07| 37507 | 1.5
Right wall

2 uncracked 21 9 -12 | 967E+06 (5. 16E+HDT| 34381 (1.5
Table 40: El-distribution of both walls obtained from PCSheetPileWall

4.2.4.2. Plaxis 2D — Half Model

The Plaxis 2D — Half Model is used to validate the El-distribution of the left wall (half model) obtained

from PCSheetPileWall. Therefore, the M-line of the Half Models is checked in both programs. The main

input in Plaxis 2D consists of:

= The El-distribution for the left wall according to Table 40;

" Wpyiate = 23 kN/m/m’ for the diaphragm wall in order to simulate Neeit weight # 0 in PCSheetPileWall;

" Riner = 1 (no friction between soil and wall) in order to simulate Nhear force = 0 in PCSheetPileWall;

= Fixed-end anchor plus rotation fixity (beams) to simulate the clamped wall-roof connection (see Figure
72a).

The deformed mesh and the M-line for the left wall obtained in Plaxis 2D for El,4 are given in Figure 72.
The results obtained with Elo, El. and El. are given in Table 41. It is obvious that the Mgjampes With Elyar
lies within the outer boundaries. Compared with PCSheetPileWall the M ¢ampes fOr Elar differs with about
19% from the Plaxis 2D — Half Model (2540 vs. 2138 kNm).

[mm] | [ENm/m']| [ENm/m'] | [mm]

EL,| 72 2630 1020 16
EL.| 76 2340 1000 -16
EL.| 73 2540 1130 16

Table 41: Results in Plaxis 2D — Half Model for Ely, El,, and Ely,,
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------------------------------------------------------- ] M lamped
: . S % pe
: Fixed-end anchor + Rotation fixity | ?st nped
| i | Miela
I 1190 KNm
A It (+2.25 NAP)
| |k |
| |
40 kNm
| | (-7.0 NAP)
B +F +F + +F +F +F +F H
(a) Deformed mesh (b) M-line

Figure 72: (a) Deformed mesh and (b) M-line of left wall for El,,, in Plaxis 2D — Half Model

4.2.4.3. Plaxis 2D — Total Model

With the Plaxis 2D — Total Model the M-line and El-distribution of the right wall are checked with those

according to PCSheetPileWall. The main input in Plaxis 2D consists of:

= The El-distribution for both walls according to Table 40. Note that the right wall is totally uncracked
according to PCSheetPileWall;

" Wpiae = 23 kKN/m/m’ for both diaphragm walls in order to simulate Neei weigh: # 0;

" Wrictplae = 84 KN/m/m’ for the fictitious rigid plate, because in PCSheetPileWall the axial force of the
fictitious rigid plate due to its self weight is also included,;

" Riner = 1 (no friction between soil and wall) in order to simulate Nenear force = O;

= Stiff structure above the diaphragm walls to simulate the clamped connection in the Plaxis 2D —Total
Model. The stiff structure consists of rigid plates connected by struts (see Figure 73a).

The M-line obtained from the Plaxis 2D — Total Model is depicted in Figure 73b, showing clearly that the
right wall is more heavily loaded in the field than the left wall. It is obvious that the right wall, in contrast
to PCSheetPileWall, must be cracked in both the stiffened region and the field. It is found that:

= In the stiffened region: Mcamped > M (I) and;

= |n the field Msieig > M, D).

Since the El-distribution for the right wall according to PCSheetPileWall is not valid anymore, iteration
procedure 1 is set up to find the cracked height and the actual El-distribution for this wall.
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2200
760 —
(+2.15) — |169D
(-0.08)
— 530 —
—7 (-5.5) —
|
(a) Deformed mesh (b) M-line real walls

Figure 73: Clamped case - (a) Deformed mesh and (b) M-line for the walls only at N # 0 kN

4.2.4.4. Iteration procedure 1 — right wall

Iteration procedure 1 is conducted to find the cracked height and the corresponding El-distribution of the

right wall. The following assumptions were made for:

= The left wall: The El-distribution according to PCSheetPileWall will be maintained with each iteration
(see Table 40);

= The right wall: The 1% assumption is that the right wall is totally uncracked, thereby using the
uncracked stiffness according to PCSheetPileWall (see Table 40).

The determination of the cracked height (l..; and l.;) and their corresponding El ((El)ggmin; and
(EDEaminn) Will take place in the same way as explained in section 4.2.3.4. The steps to be taken in the
iteration process for the right wall have also been explained thoroughly in this section. For all the
iterations in case of EI (k, N) reference is made to Appendix C4.

An overview of the iteration results for the right wall is given in Table 42, observing a jump between the
even and uneven iterations with regard to the cracked zones I.,; and |..;;. The observed cracking pattern
for the even and uneven iteration is similarly as depicted in Figure 63.

Iteration #| L. ;[m] | 1,y [m]
1 12 6.5
2 1.5 0
3 1 6.8
4 1.5 0.3
5 1 6.9
6 1.5 0.4

Table 42: Results iteration process right wall for N # 0 kN — clamped connection

Similarly as observed in section 4.2.3.4, where N = 0 kN, the iteration procedure for the right wall comes
to a standstill. In this case the average result of iteration # 5 and 6 are considered as input for the right
wall. The obtained result will then be compared with the result obtained with iteration procedure 2.
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Iteration procedure 1, steps (right wall only):

Points of departure:

1. The El-distribution of the left wall is according to PCSheetPileWall;
2. The El-distribution of the right wall is based on the average result of iteration #5 and 6, as depicted in
Figure 74. The average cracked zones and the average M-line are determined for the right wall. From
the average M-line the El and EA are derived;
3. The above is used as input for the Plaxis 2D — Total Model, see Table 43. This input results in Figure
75, showing the final result for El,, according to iteration procedure 1.

2050
| 1190 I ll:r,I =10
+9)
(+3.3)
LR
_ 1750
lerm=6.9 /I 1)
/
(-3.6)
Iteration #5 f

2410

1550
+9)

Tteration # 6 .

2230

1370
+9)

(+2.7)
lene-= 3.5[

(-0.8)

'Average result’

L ll:r,I =13
T lem@y=02

1470
¢+

Figure 74: The assumed ‘average result’ for the right wall based on iteration #5 and #6.
(Note: Bending moment values in KNm, cracked zones in m, and levels with regard to NAP are placed

between brackets)

Zone | Cracked/ [Length |From | To | Mgg averaee EI EA
uncracked! 10 | | (m]| peNma]| NmYm') | pom']
1 | cracked | 13 | 105 |92 7.20E+06 |3.85E+07
&L'E;tg;:“ 2 |uncracked| 0.3 9.2 |89 1LOSEHT |5.63E+07
o eal-
PileWall) 3 | cracked | 0.2 8.9 |87 8.11E+06 |4.33E+07
4 |uncracked| 207 | 87 |-12 9.67E+06 |5.16E+07
1 | cracked | 13 | 105 |92| 2230 | 6.25E+06 |3.33E+07
Rioht wall |2 meracked| 02 | 92 | 9 1.05E+07 |5.63E+07
ght wa 3 | cracked | 02 9 [s88]| 1370 | 8.70E+06 |4.64E+07
{from ‘average —
result’ iterations) |4 uncracked | 6.1 88 |27 - 9 67E+06 |5.16E+07
5 | cracked | 35 | 27 [-08] 1470 | 5.77E+06 [3.08E-07
6 |uncracked| 112 | -08 [-12 9.67E+06 |5.16E+07

Table 43: El-distribution for both walls used as input in Plaxis 2D — Total Model for iteration procedure 1
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Figure 75: Final result El,, according to iteration procedure 1 in Plaxis 2D — Total Model.
(Note: Bending moment values in KNm, cracked zones in m, and levels with regard to NAP are placed
between brackets)

4.2.4.5. Iteration procedure 2 — both walls

Iteration procedure 2 is set up to verify the final result of iteration procedure 1. The applied strategy has
already been explained in section 4.1.1.6.

Iteration procedure 2, steps:

1. Determine the average M-line and the average cracked zones from Ely and El., for both walls. This is
depicted as the ‘average result’ in Figure 76.

2. Based on the average bending moment, the EIl and EA are determined for the average cracked zones.
The input in the Plaxis 2D — Total Model for the left and the right wall are given in Table 44. This
input results in Figure 77, showing the final result for El,4 according to iteration procedure 2.
El, FI. "Average result’
2250 1940 2095
lcr,I=1.3 ]: ]:IU'!I =13 l"’I =081 Il“"I =038 ltr,I =1-0I? %Iltr,l =1.0
(+3.0)
730 670 700 (+2.6)
lcr,]:[ =63 =" 2230 l:r,]:[=3.2[ L1450
0.6)
(-3.3)
530 620 573

Figure 76: The ‘average result’ based on EI, and El,,
(Note: Bending moment values in KNm, cracked zones in m, and levels with regard to NAP are placed
between brackets)
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Zone| Cracked/ |Length |[From | To | Mgg averase EI EA
uncracked| b | (] | [m]| pcNmv/m'| BNm*m'| peN/m'
1 cracked 1 10.5 | 25| 2095 6.60E+06 |3.52E+07
Left wall | 2 | uncracked 0.5 5 9 1.05E+07 |5.63E+07
3 | uncracked | 21 g |-12 - 9 67E+06 |5.16E+07
1 cracked 1 10.5 | 25| 2095 6.60E+06 |3.52E+07
2 | uncracked | 0.3 9.5 | 9 - 1.03E+07 |5.63E+07
Right walll 3 | uncracked| 64 9 |26 - 9.67E+06 |5.16E+07
4 | cracked 3.2 26 |-0.6| 1450 6.17E+06 |3.29E+07
S | uncracked | 114 | -0.6 |-12 - 9 67E+06 |5.16E+07

Table 44: El-distribution for both walls used as input in Plaxis 2D — Total Model for iteration procedure 2

2180
“m I? ‘%Ilcu =12
730 (+2.8)
lcl‘,]:[ =56 (+0.6)
(-2.8)
570
(-3.5)

Figure 77: Final result El,,, according to iteration procedure 2 in Plaxis 2D — Total Model.
(Note: Bending moment values in KNm, cracked zones in m, and levels with regard to NAP are placed
between brackets)

Results iteration procedure 1 vs. iteration procedure 2:

On comparison of the final result according to iteration procedure 1 and iteration procedure 2 (Figure 75
vs. Figure 77) it can be observed that the cracking pattern and the M-line configuration are similar.
Noteworthy is that according to both procedures the stiffened region appears to be cracked for 80% (1.2
m). While iteration procedure 2 requires only one iteration for both walls, an intensive iteration process is
performed according to iteration procedure 1. With this last case it has been proven that:

The results of iteration procedure 2 are valid for El,,, for every case. It is independent of the connection
type between wall-roof and the inclusion of the axial force in the determination of the bending stiffness.
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4.2.4.6. Final results EI (kx, N)

The M-line of both walls for El,, El., and El, is given in Figure 78. The reported values in Table 45

concern the maximum values for the occuring bending moment (Mgg), the settlement (8,) and the lateral

wall displacement (Uy). Based on these results the following conclusions can be drawn:

= In the field the right wall (without braking forces on it) appears to be more heavily loaded than the left
wall. This is the case for Ely, El., and El,,. The governing bending moments are the clamped moments
(Mgiampea), Which are equal for both walls;

= The right wall has the largest lateral displacement (in the direction of the braking force) for Ely, El., and
Elvar;

= The results obtained with El, lie within the results obtained for the outer boundaries El, and El... The
results with El,, are just about the same as with Ely;

= For Ely, both walls crack over 80% of the stiffened region (lsisr = 1.5m, pgirr = 2%) in case the axial
force of the wall (Nseir weign) 1S included. In case N = 0 kN the stiffened region cracked over its full
height. Nevertheless, it can be concluded that the clamped connection is not practicable.

730
(+2.25)

ETo FL. ELar

2250 1940 2180

=

670 730

1670 | (+2.23) 1230 | (+2.25)
(+1) (+1)

53 620 —
- (5.5 5
5.5

1600
(+0.6)

Figure 78: M-line for Ely, El.,and El4 for N # 0 kN
(Note: Bending moment values in kKNm and levels with regard to NAP are placed between brackets)

Mg, o, U, [mm]
[ENm/m']| [mm] | Left wall |Right wall
EIl, 2250 69 -38 42
EL, 1940 81 49 -54
EI_, 2180 70 -38 42

Table 45: Clamped case - Final results for Ely, El, and El,,, for N # 0 kN
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4.3. Evaluation iteration procedure El,,

Calculations based on El,, concern an iterative procedure. In finding the actual El-distribution of the
walls for a hinged and a clamped wall-roof connection two different iteration procedures were developed.
The points of departure for both iteration procedures are summarized in the following.

Iteration procedure 1:

= Maintain the El-distribution of the left wall according to PCSheetPileWall;

= Perform an iterative process for the right wall to find its actual El-distribution. This is obtained by using
the Plaxis 2D —Total Model;

= Many iterations are required for the right wall.

Iteration procedure 2:

= For both walls the average M-line and the average cracked zone are determined based on the results for
Elg and El,;

= The average M-line is used to determine the El-distribution of both walls;

= Only 1 iteration is required for both walls to reach a similar cracking pattern as obtained with iteration
procedure 1.

In all the studied cases of the “walls only” the points of departure for iteration procedure 2 with regard to
the cracked zones were found to be more reliable compared to iteration procedure 1. The results of
iteration procedure 2 have proven to be valid for El., in all the previous studied cases. Therefore, the
results of all the remaining cases to be investigated yet are also based on iteration procedure 2.

4.4. Walls and roof; hinged

By adding the roof, which is approached by the equivalent beam model, to the walls in Plaxis 2D it is
found that the results for the case "Walls and roof; hinged" are nearly the same as for the case "Walls
only; hinged". Because of the hinged connection there is no bending moment transfer between the walls
and the roof. The roof stiffness is irrelevant for the moment distribution of the walls, the obtained
settlements and the lateral wall displacements. Therefore, the results of the case "Walls and roof; hinged"
are not reported and will also not be dealt with further.

4.5. Walls and roof; clamped

In the Plaxis 2D — Total Model the roof, which is approached by the equivalent beam model, is added to
the walls for Elg, El., and El,,.. The behaviour of the total packing structure and the M-line configuration
are depicted in Figure 79.

Roof: EA =2.86%10° kN/m'
~ EI=151"10° kNm'/m'
] : e de=25m

Stiffened region (I): =

Lstiff= 1.5 m -

pser=2% | RN

H}
pa
Ve

lpg=21m
Prie = 0-6% ~

/ | S
\ & '

\ / Al Field (ID): \\\

ki id i hidl i hid i i i \d

(a) Deformed mesh (b) M-line configuration

Figure 79: Clamped case — (a) Behaviour of the total packing structure and (b) the corresponding M-line
configuration
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4.5.1. Case a: EI (k)

The M-line and the cracked zones of both walls for Elg, El, and El,, at N = 0 kN are given in Figure 80.
Note that the cracked zones for Ely and El,, are imaginary and are only used to determine the cracked
zones for Ely,. From this figure it can be observed that the cracked zones obtained with El,, lie within
the imaginary cracked zones obtained at the outer boundaries. The reported values in Table 46 concern
the maximum values for Mgq, 6, and U, obtained at the 3 stiffnesses in the Plaxis 2D — Total Model. The
right wall has the largest lateral displacement (in the direction of the braking force) for El,, El., and Ely,.
The 6, and Uy obtained with El,, are found to be lying within the outer boundaries, while this is not the
case for Mgg.

1890
(+4.75)

Elp El- Elvar
460 . 310 . 550
50 970 000
o TLLITR o T o T T
1520 ;
lep=8 (+4.9) o ler =58 1910
(+4.75) ltr= 8.1 348
(+1.9) '
1. =89 1760 =2 Lep= 1_61 1190 .
(+0.6) cr =1) +0.3) (+1) 0.7) l,.=53
%))
)
710 32%) 730
(o) ' )

1400
=14)

Figure 80: Clamped case — The M-line and cracked zones of the total structure for Elg, El,and El,,, at N=0
kN

Mg, 6, U, [mm]
[kNm/m'] | [mm] | Left wall | Right wall
EL, 1850 86 -38 -51
EIL, 1520 101 -51 -63
EL,, 1910 g9 -41 -55

Table 46: Clamped case - Final results for the total structure for Ely, El,and El,, at N =0 kN

4.5.2. Case b: EI (x, N)

The M-line and the cracked zones of both walls for Ely, El., and El,,r at N # 0 kN are given in Figure 81.
Note that the cracked zones for Ely and El,, are imaginary and are only used to determine the cracked
zones for Ely,. From this figure it can be observed that the cracked zones obtained with El,, lie within
the imaginary cracked zones obtained at the outer boundaries. The load distribution for El, is almost
similar as for El,. The reported values in Table 47 concern the maximum values for Mgq, 8, and Uy
obtained at the 3 stiffnesses in the Plaxis 2D — Total Model. The right wall has the largest lateral
displacement (in the direction of the braking force) for Elo, El,, and Ely,. The Mgg, 8, and Uy obtained
with Ely, are found to be lying within the outer boundaries. It is observed that the results with El are
heading towards the behaviour at El,.
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Figure 81: Clamped case — The M-line and cracked zones of the total structure for Elg, El,and El,, at N#0
kN

Mgy o, U, [mm]
[KNm/m']| [mm] | Left wall |Right wall
El, 1500 97 -41 -54
EIL, 1450 112 -54 -65
EI_, 1850 97 41 55

Table 47: Clamped case - Final results for the total structure for Ely, El,and El,, at N # 0 kN

45.3.

If one only considers the walls for the clamped case (see section 4.2), a relatively high Mgampes (2100-
2200 KNm) is obtained leading to an (almost) totally cracked stiffened region. Moreover, the right wall
appears to be more heavily loaded in the field than the left wall. The opposite occurs by including the
roof, noticing a drastical reduction of the Mgamped. From both Figure 80 and Figure 81 it can be stated that:

Impact roof stiffness

By including the roof the stiffened region does not crack anymore and the left wall is now more heavily
loaded in the field. The roof stiffness is apparently so small that the connection acts more towards a
hinged connection.

In Figure 82 a comparison in the bending moment distribution has been made for the realistic roof

stiffness (equivalent beam model) and a very stiff roof with a de = 3.5 m. This was especially done to

find out the impact of the roof stiffness on the loading of the walls. The following is observed:

= The transition from the realistic roof stiffness to a very stiff roof leads to a change in the sign of the
Moaiampea fOr the left wall. As the roof stiffness decreases the M-line of the left wall is positioned more
outwards. Hereby, it is found that the maximum Myggq4 Of the left wall for the hinged case (for which the
roof stiffness is irrelevant) lies in between the field moments obtained at the realistic roof stiffness and
a very stiff roof for the clamped case. Based on this phenomenon the more heavily loaded left wall in
case of the realistic roof stiffness can be attributed to the fact that:

“By including a roof with a low bending stiffness, the rotation of the roof leads to an extra deformation
of the left wall as a result of which a higher load can be exerted on the left wall.”

By introducing a very stiff roof, it is proven that the wall stiffness indeed has a great impact on the
loading of the walls. The walls are now less loaded. The maximum Mcampes inCreases with a factor 3,
making it almost impossible to reinforce the roof structure. In practice it becomes difficult to reinforce a
structure with an Mciampeq greater than 2000 kNm/m’. It can be stated that:
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“Although a very stiff roof results in less heavily loaded walls, a very stiff roof should be avoided for it
becomes practically impossible to reinforce the roof structure.”

Realistic_roof stiffness: Verv stiff roof:
)Idimw (max) = 900 - 1000 kKNm Md.amped (max) = 3000 kNm
s =15 P T . P | 9 - "
stiff =1 .:'nf'n A \\\ e = 1.5 il // \\. I /
pai = 2% e LM Pz =2% A N /
A S : AL - ) .
‘ \ I - | F \‘\\
kY Roof: 6 > i Roof:
~ EA =286%10 kN/m EA =1%10" KN/m' 1=225m| &
™ = e Nm /m' 22 —0.6% AN
lgy=2lm S~ E171'5_310 i S =21m | N EI = 1%10" kNm /m’ ] p=0.6% .
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M A j v 4 .
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Figure 82: Impact roof stiffness on bending moment distribution
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5. EVALUATION: SAFETY ANALYSIS

In this chapter a safety analysis is performed for El,.. Therefore, a distinction is made between:

= The basic case : A basic reinforcement ratio is applied for the hinged and the clamped case;

= The hinged connection in particular: To determine whether the safety analysis for the hinged connection
remains the same under different conditions, two extra variations are studied for the hinged case.

Throughout this research the reinforcement was the main input for determining the El,,. For the hinged
case a basic reinforcement ratio of p it = 0.6% per meter panel width was applied. For the clamped case a
reinforcement pattern consisting of pgitr = 2% over Iy = 1.5 M and prieig = 0.6% over lgeg = 21 m, turned
out to be the most strategic solution. These applied reinforcement ratios for the hinged and the clamped
case are addressed to as the basic reinforcement ratio. First of all, the results obtained with the basic
reinforcement ratio will be represented in section 5.1. This paragraph gives a total overview of the aimed
results, in particular the maximum (absolute) values for the occurring bending moment (Mgg), the
settlement (8,) and the lateral wall displacement (U,) for the different cases considered in chapter 4:

= Walls only; hinged

= Walls only; clamped

= Walls and roof; clamped.

For each case the results are represented at the 3 stiffnesses Elg, El., and Ely, at N =0 kN and N # 0 kN.
Based on these results a safety analysis is performed for El,, at the basic reinforcement ratio.

Afterwards, two extra cases were investigated for the hinged connection in section 5.2. This concerns:

= A high reinforcement ratio of pr = 1% per meter panel width over the total wall height and,;

= A different soil type.

The results obtained for El, at these two extra cases for the hinged connection are based on iteration
procedure 2. For the clamped connection (“walls and roof”) no additional cases were investigated,
because of the limited freedom of movement with regard to the reinforcement.

5.1. Basic reinforcement ratio — safety analyis

The results for the basic reinforcement ratio applied in the hinged and the clamped case are given in Table
48. For a good comparison with regard to the structural safety the results Mgq, 8, and Uy are plotted in
Figure 83, Figure 84 and Figure 85, respectively.

Case Bending moment Settlement Lateral wall displacement
Mgy [ENm/m'] 6, [mm] U, [mm]
# EI N=0 NZ0 N=0 NZ0 N=0 NZ0
1 EIL, 2380 2430 91 101 62 63
R 2 E 1750 1730 11 121 84
750 780 2 2 85 -
HINGED - L - -
3 EL, 1470 1690 118 115 82 g2
4 EIL, 2120 2250 54 69 37 42
WALLS ONLY; _ E 520 1920 . 51 - .
CLAMPED > L e i > s
] EL, 2140 2180 57 70 42 42
7 EI, 1890 1900 8o 97 51 5
WALLS + ROOE, 8 E 1520 1490 101 112 63 5
520 - J < J -
CLAMPED L. - -
9 EL,, 1910 1890 89 97 55 55

Table 48: Basic reinforcement ratio — Overview of results for the hinged and clamped case
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Figure 85: Basic reinforcement ratio — Maximum lateral wall displacement for the hinged and clamped case

Analysis of results:
From the results in Table 48 it follows that in general, the presence of an axial force does not have a

significant impact on the occurring bending moment Mgy of the diaphragm walls. This is evidenced by
comparing Figure 42 and Figure 53 for the hinged case, and by comparing Figure 80 and Figure 81 for the
clamped case (‘walls and roof”). Based on these findings it can be stated that:

The axial force (N) does not have a significant influence on the realistic stiffness Elqr.

Based on the graphs in Figure 83, Figure 84 and Figure 85 a safety analysis is performed for Ely,.
Herewith, a certain tendency is observed in the structural behaviour. The following can be stated for the:
= Walls only; hinged:
s Elgvs. Ely, (case 1 vs. 3):
- From Figure 83 it follows that Mgq is higher for El, than for El,,. This implies that for a calculation
based on El, more reinforcement is required for the diaphragm wall, which is a safer approach;
- From Figure 84 it follows that &, is lower for El, than for El,. This implies that the calculated
settlements at Elg are lower than in reality;
- From Figure 85 it follows that Uy is lower for El, than for El.,. This implies that the calculated lateral
wall displacements at El, are lower than in reality.

s Elsvs. Ely,(case 2 vs. 3):

- From Figure 83, Figure 84 and Figure 85 it can be stated that Mgg, 6, and Uy for the stiffnesses El.,
and El, are almost similar. From this it follows that the analysis with El. is a very good analysis for
the hinged case; the iteration process for El,, can be omitted since the results of El,~ EL,.

Based on the safety analysis for the case “Walls only; hinged” it can be stated that:

For the ‘Waalbrug-project’, where a hinged wall-roof connection has been applied, the packing structure
could have been designed based on the totally cracked stiffness El., for the diaphragm walls.
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= Walls and roof; clamped:
« Elgvs. Ely,, (case 7 vs. 9):
= From Figure 83, Figure 84 and Figure 85 it can be stated that Mgy, 3, and Uy for the stiffnesses El,
and El,, are almost similar. From this it follows that the analysis with El, is a very good analysis for
the clamped case; the iteration process for El,, can be omitted since the results of El,, = El,.

« El, vs. Ely (case 8 vs. 9):

- From Figure 83 it follows that Mgq is lower for El,, than for El,s. This implies that for a calculation
based on El., the bending moment is underestimated with the risk of placing less reinforcement than
required in reality;

- From Figure 84 it follows that d, is higher for El, than for El,,. This implies that the calculated
settlements at El., are higher than in reality, which is a safe approach (conservative);

- From Figure 85 it follows that Uy is higher for El, than for El.. This implies that the calculated
lateral wall displacements at El., are higher than in reality, which is a safe approach (conservative).

= Walls only; clamped:

For this case no safety analysis has been performed for El.4, since it was observed that (almost) the total
stiffened region cracked. However, from the graphs in Figure 83, Figure 84 and Figure 85 it is obvious
that the results for Elys at “Walls and roof; clamped” lie in between the results for El,, obtained for
“Walls only, hinged” and “Walls only; clamped”. This phenomenon is observed for Mgq, 3, and Uy,
where case 9 lies in between the cases 3 and 6. Noteworthy is that for the deformations &, and Uy the
results obtained at each of the stiffnesses Ely, El, and El, for “Walls and roof; clamped” always lie in
between the results for “Walls only; hinged” and “Walls only; clamped”. This does not hold for Mgg.

From the safety analysis performed for El,, at the “Walls only; hinged” and the “Walls and roof;
clamped” the following can be stated:

For the hinged case, an analysis based on:
= El : - is awrong analysis for ¢, and U,
: - is a correct analysis for Mgq (safe approach)

= El, : - is a very good analysis, since the results for El,o, = El.,

For the clamped case (walls and roof), an analysis based on:
= El, : - is a wrong analysis for Mggq
. - is a correct analysis for 6, and Uy (safe approach)

= El : - is a very good analysis, since the results for El,, = EI,

The behaviour at the clamped case (walls and roof) is the exact opposite of the behaviour at the hinged
case. It is remarkable that at both the hinged case and the clamped case an error can be made in the
structural safety. For the hinged case the packing structure is totally safe if the walls are designed based
on the totally cracked stiffness El., while for the clamped case a totally safe design is reached by
applying the totally uncracked stiffness El, for the walls. Since from the analysis it is proven that the
results with El,, may also lie outside the outer boundaries El, and El.,, it can be concluded that:

\ A calculation procedure based on El,, is always a safe method.

An incorrect way of thinking is that calculations based on El, are always safe (conservative). This is
especially emphasized by the hinged case, where the actual deformations are much greater than the
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calculated deformations based on El,. This can be logically explained by the fact that a more rigid
structure deforms less. With El, there is a variation of stiff and less stiff parts over the wall height, as a
result of which the load distribution and deformations will be different from a totally uncracked or totally
cracked wall. The occurring load distribution and the displacements are a result of the mutual relationship
between the wall stiffness, the soil stiffness and the applied wall — roof connection.

5.2. Variations hinged connection

In order to investigate whether the structural safety based on the basic reinforcement ratio of pyt = 0.6%
for the hinged case changes, two variations were made for the hinged case. This is dealt with in section
5.2.1and 5.2.2. Eventually, a comparison is made between the basic case and the two variations in section
5.2.3.

5.2.1. High reinforcement ratio

For the first variation in the hinged case, the walls were made stiffer by introducing a high reinforcement
ratio of pjt = 1%. The basic reinforcement ratio of p;r = 0.6% is an optimized value calculated for the
“Waalbrug-project”. If pir < 0.6%, one encounters:

= Brittle failure by steel rupture (not enough reinforcement) or;

= An unstable diaphragm wall (Mgq > M,).

Therefore, the impact of El,, on the structural safety had to be examined for p) > 0.6%.

In this case:

= The soil properties remain the same, according to 3.4.2.1, Table 14;

= The realistic wall stiffness (Els) changes due to p;r = 1%. This implies that the structural behaviour at
Elar will be different compared to the basic case with p; i = 0.6%. Nevertheless, the behaviour for Ely
and El., will be the same for both reinforcement ratios, since the soil properties in the Plaxis 2D — Total
Model are maintained.

The input and results obtained with iteration procedure 2 for El, based on pj ot = 1% at N =0 kN and N #
0 are given in Appendix E1 and E2, respectively. The M-(N)-x diagrams, the M-line and the cracked
zones are included.

5.2.2. Different soil type

The second variation in the hinged case was made by introducing a different soil type, the so-called: ‘Soil
Type 2’ (loose sand). In this case:

= The material properties of Soil Type 2 and the interfaces in Plaxis 2D are according to Table 49;

= The realistic wall stiffness (El,) is based on the basic reinforcement ratio pj ot = 0.6%.
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Parameter Name Value Unit
Material model Hardening soil model [-]
Type of material behaviour Drained [-]
Soil unit weight above phreatic level Yary 19 [KN/m]
Soil unit weight below phreatic level Veat 20 [KN/m7]
Permeability in horizontal direction Ky 1 [m/day]
Permeability in vertical direction Ky 1 [m/day]
Secant stiffness in standard drained triaxial test Eso™ 15000 | [KN/m?]
Tangent stiffness for primary oedometer loading Eoed™ 15000 | [kN/m?]
Unloading and reloading stiffness Eu™ 45000 | [kN/m?]
Power for stress-level dependency of stiffness m 0.55 [-]
Cohesion (constant) Cret 0.5 [kN/m?]
Internal friction angle [0) 30 [’]
Dilitancy angle W 0 [’]
Strength reduction factor Rinter 1 [-]

Table 49: Material properties ‘Soil Type 2’ in Plaxis 2D

The input and results obtained for Ely, El., and El,, at Soil Type 2 for N =0 kN and N # 0 are given in
Appendix F1 and F2, respectively. The M-(N)-k diagrams, the M-line and the cracked zones are included.

5.2.3. Hinged case in particular — safety analysis

An overview of the results obtained for the hinged case at a basic reinforcement ratio (pjr = 0.6%), a
high reinforcement ratio (p;t = 1%) and Soil Type 2 are given in Table 50. The reported values for the
cracked zone in this table relate to the heaviest loaded wall for the hinged case, namely the right wall. For
a good comparison with regard to the structural safety for the hinged case the results Mgq, 6, and Uy are
plotted in Figure 86, Figure 87 and Figure 88, respectively.

Case Bending moment Settlement Lateral wall displacement| Cracked zone
Mg, [KNm/m'] 8, [mm] Uy [mm] Liraq [m]
# EI N=0 | N#¥0 | =0 | Nz0 N=0 N#0 N=0 | N#0
BASIC 1 ElL, 2390 2430 91 101 62 63 -
REINFORCEMENT| 2 EL. 1750 1780 112 121 8s 84 -
RATIO 3 EL.,, 1470 1690 118 115 92 82 7 6.8
HIGH 4 EIL, 2390 2430 91 101 62 3 -
REINFORCEMENT| 5 EIL. 1750 1780 112 121 83 84 - -
RATIO 6 EIL., 1810 1970 106 109 78 73 9.7 8.9
7 EIL, 2860 2820 210 232 131 133 -
SOIL TYPE 2 8 EL. 2300 2300 245 268 166 167 - -
0 El., 1820 2020 267 274 191 177 10.4 0.8

Table 50: Overview of results for the hinged case at different reinforcement ratios and soil types
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Figure 86: Maximum occurring bending moment of the walls for the hinged case at different reinforcement

ratios and soil types
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Figure 88: Maximum lateral wall displacement for the hinged case at different reinforcement ratios and soil
types

Analysis of results:

In section 5.1 it was already determined that a safe structural design was obtained for the hinged case if
the walls were designed based on the totally cracked stiffness El.., since the results for El,s = El... With
regard to the structural safety, the following was expected for:

- A high reinforcement ratio: At pir = 1% the diaphragm walls are expected to crack less, as a result of
which the structural behaviour at El,, will have a tendency to go towards the behaviour at El,.
However, this is not the case. From the cracked heights given in Table 50 it can be derived that a higher
reinforcement ratio results in greater cracked zones, implying that the wall behaviour tends faster
towards the behaviour at El... At pyior = 0.6% an lgacked = 7 m is noted, while at pyor = 1% the leracked = 9-
10 m for the highest loaded wall (right wall). From Figure 86, Figure 87 and Figure 88 (cases 5 vs. 6) it
is observed that Mgg, 8, and Uy for the stiffness El4 tend to go towards El.,;

Based on these findings it can be stated that:

The findings regarding the safety analysis for El, at a hinged wall-roof connection remains the same,
irrespective of the reinforcement ratio applied for the diaphragm wall: the results for El,, = El... At a
higher reinforcement ratio the behaviour tends even faster towards EI.,.

- Soil Type 2: The total stiffness of the geotechnical structure, which can be regarded as a combined
stiffness of the wall and the soil, is expected to decrease at a lower soil stiffness. Due to a lower
stiffness of the geotechnical structure, larger cracked zones are expected for the wall. From Table 50 it
is indeed found that lckeq increases from about 7 m to 10 m at a lower soil stiffness. This implies that
the structural behaviour at El,, tends towards the behaviour at El.. This is confirmed by the results in
Figure 86, Figure 87 and Figure 88 (cases 8 vs. 9). It is observed that Mgg, 6, and Uy for the stiffness
El,y are lying closer to El.. Nevertheless, the deformations at El,, for Soil Type 2 are greater than
obtained with El... It is therefore better to calculate the deformations based on El,,,, since this is always
safer.
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At a lower soil stiffness the structural behaviour at El,, still tends towards El., for a hinged connection.
However, the actual deformations prove that a calculation based on El.,, is always a safer method.

5.3. Risk analysis required reinforcement ratio for El 4,

Due to the strongly varying bending moment over the height of the diaphragm wall, it is usually not
efficient to apply the same reinforcement over the entire height of the diaphragm wall. In practice, the
reinforcement is therefore varied over different sections. For enough strength the reinforcement is based
on the M-line following from El, (totally uncracked wall). In general, the reinforcement is exactly
designed based on this M-line. Therefore, the so-called ‘dekkingslijn’ is drawn to calculate the amount of
reinforcement over different sections. For the “Waalbrug-project” this strategy was also applied by the
contractor; an example of determining the reinforcement based on the dekkingslijn for the starter panel is
depicted in Figure 89. This example shows that not only does the reinforcement differ over the wall
height itself, but it also differs at both sides of the wall.

The remaining question now is whether the applied reinforcement variation over the wall height based on
Ely is sufficient to cope with the M-line in accordance with El4. In other words:

What is the risk in designing the reinforcement exactly in conformity with the uncracked stiffness Ely? Is
it enough to cope with the actual load distribution according to El,?
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Figure 89: The ‘Waalbrug-project’: Example of ‘dekkingslijn’ bending moments used for reinforcement
design over the wall height of the starter panel [11]?

In order to answer this question a comparison of the load distribution (M-line) at El, and El,, has been
made for a number of cases. Since it concerns a mirrored situation (trains run in both directions), the basic

* Source from Intranet (not publicly available) of Engineering Office of Rotterdam (IGR)
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assumption here is that for both Ely, and El,, the highest occuring moment over a certain section of the
wall height of both the left and the right wall is used to design the reinforcement. With this basic
assumption the risk with regard to the required reinforcement ratio is determined for El,, which is
represented in Table 51. Depending on the applied reinforcement ratio and the soil properties it is
observed that in reality there is a risk of applying 20% - 47% less reinforcement at the bottom part of the
walls in the hinged case. This highest risk occurs over a region from NAP -5 m to NAP -7 m. In the
clamped case (walls and roof) there is a possible risk of applying a lower reinforcement ratio at the top of
the wall (in the stiffened region) than required for a situation based on El,. In the clamped case this risk
is very low compared to the hinged case. It is observed that for a lower soil stiffness in the hinged case an
even higher amount of extra reinforcement (about 50%) is required for El.. This can be attributed to the
fact that due to the lower soil stiffness the diaphragm wall will redistribute the forces more towards the
stiffer bottom part. This same phenomenon occurs when the wall cracks at the upper part, the
redistribution of forces then takes place towards the stiffer bottom part of the wall (see also section
4.1.1.7).

It is also not recommended to design the reinforcement based on the M-line configuration of both El, and
El., implying that the governing moments following from these stiffnesses should be considered over the
real wall. This does not hold in all cases; it is observed that the bending moment for El,, can be greater in
some regions than the values following from both El, and El... Therefore it can be concluded that:

It is necessary to always design the reinforcement based on a load distribution according to El,
otherwise there is a great risk of placing less reinforcement over a certain part of the wall than required
for the actual situation. This applies primarily to the hinged case.

Studied case Detailed info Elyar Reference Risk at Elya
méf donly; rBe?rii‘f)rcemen t ratio EI (k) Seclt__li(; ?Jri }1'21'7’ 35% less reinforcement at bottom part wall
EI (x, N) Seclt__li(; ?Jri é'32'7’ 30% less reinforcement at bottom part wall
x\i/r?g: donly; |r_|eli?1?orcement ratio EI () Appendix E1 23% less reinforcement at bottom part wall
EI (x, N) Appendix E2 20% less reinforcement at bottom part wall
?1Ai/r?g|;|es donly; ?gilll ;%?ﬁeis()lower EI () Appendix F1 45% less reinforcement at bottom part wall
EI (x, N) Appendix F2 47% less reinforcement at bottom part wall
Walls and roof; | Basic EI () SeC_tion 451, Possible risk of less reinforcement at top of
clamped reinforcement ratio Figure 80 wall
I (k. N Section 4.5.2, Possible risk of less reinforcement at top of
(, N) Figure 81 wall

Table 51: Risk with regard to required reinforcement ratio for El,,

Based on the analysis above it is clear that for the hinged case it is not a good philosophy to design the
reinforcement based on Ely, since there is a high risk that a certain part of the wall will contain less
reinforcement to take up the actual behaviour (M-line). The idea that an Ely based calculation is always
correct, has thus proven not to be true. However, it should be noted that in reality there is a certain degree
of safety, because for short-term loading (the braking force in this research) it generally holds that the soil
behaves much stiffer (5-10 x the static stiffness). As a result a great part of the load is transferred directly
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to the soil under the foundation level (within the packing structure). Based on this theorem the diaphragm
wall is loaded less in reality. Ignoring the theorem of a higher soil stiffness in case of short-term loading,
it can be stated that:

The philosophy for designing the reinforcement based on El, is conservative for the hinged case, only if
the maximum occurring bending moment of both walls is considered over the total wall height for
calculation of the reinforcement. However, this is a too safe approach!

Of more practical relevance would be to design the reinforcement based on the ‘dekkingslijn’-principle,
where:

- Elp is used, but then placing 30-50% extra reinforcement at the bottom part of the wall;

- The bending moment envelope (in Dutch: omhullende M-lijn) based on different simulations with El,;,
(e.g. variation in wall stiffness and soil stiffness) is used to design the required reinforcement.

For (similar) future projects this should be taken into account.

5.4. Evaluation cracked zones for El,,,

For LC3 (representative loading case with braking forces on the left wall and 1 m scour), the occurring
cracked zones largely depend on the wall-roof connection. An overview is given in Table 52, where the
cracked zones are identified at the top, middle and bottom part of the walls.

For the hinged case it is obvious that the right wall (without the braking forces) has the largest cracked
zone compared to the left wall. The right wall cracks over approximately 30% of its height. This cracked
zone is concentrated in the middle part of the right wall. For stiffer walls (higher reinforcement ratio) or a
lower soil stiffness this increases to even 40-45%. For the clamped case, both walls seem to crack over a
reasonable height of about 30%; the cracked zones are more concentrated at the top part of the left wall
(below the stiffened region) and at the middle part of the right wall.

_ _ Cracked

Studied case Detailed info Bl Left ;Z el Right wall
e i e
Walls only; hinged -:E: remforcement E Efr:) ;mm(tgop;) g:; 2 Eﬁjﬁg
b e RN F Y N XY
Walls and roof; clamped rBaZiC reinforcement Ei th‘) S‘,-.' lmm['fig} iz 2 Eijﬁg

Table 52: Cracked zones for El, 4 as a function of the connection type, wall properties and soil properties

5.5. Overview and answering of research questions

In order to reach the aim of this research project, a number of research questions had to be answered in
the first place. These were distinguished into two main streams. In the following, the research questions
are listed and answered briefly, with reference to relevant sections of the thesis.

I. Determine the structural safety for different calculation models

1) What is the safety level for each of the calculation models with regard to:
a) The diaphragm walls only;
b) The total packing structure.
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2)

3)

4)

The safety level is not expressed in terms of a unity check, but it rather concerns an evaluation
whether the structural behaviour at a realistic stiffness El,, lies indeed within the behaviour of an
uncracked (Elo) and fully cracked structure (El.), as indicated by the Eurocode 2. In this thesis the
structural behaviour is expressed in terms of the bending moment (Mgg), settlement (5,) and lateral
wall displacement (Uy), which are calculated at the bending stiffnesses Elo, El., and El,, as a function
of both N = 0 kN and N # 0 kN. The structural safety was investigated for the following calculation
models:

= Walls only; hinged

= Walls only; clamped

= Walls and roof; clamped.

In the above-mentioned models a basic reinforcement ratio was the main input for determining El 4.
For the hinged case a basic reinforcement ratio of p;: = 0.6% per meter panel width was applied. For
the clamped case a reinforcement pattern consisting of pgisr = 2% over lgig = 1.5 m and psieg = 0.6%
over lseg = 21 m turned out to be the most strategic solution. The results have been plotted into
diagrams, for which reference is made to section 5.1. For the “Walls only; hinged” it was found that
the packing structure was totally safe if the walls were designed based on El.,, while for the “Walls
and roof; clamped”- model a safe structure was reached if the walls were designed based on Ely. The
“Walls only; clamped”- model showed that a fully clamped connection is only an academic case,
which is not realizable.

Should El,, indeed be accounted for?
a) Should Elyar be accounted for as EI (k) or as EI (k, N)?
b) What is the contribution of the axial force (N) to Elys?

Yes, Ely should be accounted for. From this research it is proven that for both a hinged and a
clamped connection an error can be made in the structural safety. For the basic case (basic
reinforcement ratio) it is found that for the hinged case a wrong analysis is obtained for the
deformations based on El,, while for the clamped case a wrong analysis is obtained for the bending
moments based on El.. From the variations made for the hinged case it is also observed that the
representative (highest) values for the bending moment and deformations following from both El, and
El., are not always a guarantee for a safe structure. Therefore, El,, based calculations are necessary.
It has been proven that the axial force (N) has no significant impact on El 4.

Are the applied models, based on El, and El.., conservative?

This depends on the chosen connection type, the wall properties (reinforcement ratio in particular)
and the soil properties. At the basic reinforcement ratio it was found that:

= For a hinged wall-roof connection a model based on El.. is conservative;

= For a clamped wall-roof connection a model based on Ely is conservative.

Does the safety level change for stiffer diaphragm walls (e.g. thicker wall, higher reinforcement
ratio), and if so how much does it change?

If stiffer diaphragm walls, achieved by applying a high reinforcement ratio, are used in case of a
hinged wall-roof connection it is obvious that a model based on El.. is still conservative. At a higher
reinforcement ratio the behaviour tends even faster towards El.,, (occurrence of greater cracked
Zones).

When the soil properties (lower soil stiffness) are changed in case of a hinged wall-roof connection, it
is obvious that El., is still a safe approach for the bending moment. However, for the deformations an
El.. based calculation is a safer method, because the actual deformations prove to be larger than what
follows from the lower bound stiffness El..
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5)

6)

7)

1)

2)
3)

1)

Based on the structural safety, which calculation model is the most adequate for this project and
why?

For the execution of the ‘Waalbrug-project’ the choice for a hinged connection was correct, since
there was no integral model representing the internal forces in both the walls and the roof. In this
research, an integral model has been studied for the clamped case, where the 3D-model of the roof is
approached by an equivalent beam model. From the “Walls and roof; clamped”- case it has been
proven that due to the relatively low stiffness of the roof, the situation can be approached by a hinged
connection. Therefore, it can be concluded that it was not absolutely necessary to design the packing
structure based on a hinged wall-roof connection, but that a clamped connection would also have
been a good choice.

Which parameters have an impact on the structural safety?
As mentioned before, the obtained results prove that the chosen connection type, the wall properties
and the soil properties have a large impact on the structural safety.

If a calculation model forms an unsafe approach, how can this be dealt with?

Throughout this research it has been observed that considering both the outer boundaries Ely and El.,
is not always a guarantee for a safe structure. The best way is to always consider El,, for the load
distribution and the deformations. Especially, when designing the reinforcement a load distribution
according to El, should be considered. Otherwise, there is a great risk of placing less reinforcement
over a certain part of the wall, in particular for the hinged case. An Ely based calculation for
reinforcement design is only conservative if the maximum occurring bending moment of both walls is
considered over the total wall height.

Knowledge building and guidelines for similar conditions as the ‘Waalbrug-project’

Interaction concrete structure (diaphragm wall) — soil:

How is the El-variation over the wall height and/ or how does the wall crack (location cracked
Zones):

a) As a function of the loading, soil condition and boundary condition?

b) With/ without the roof structure at the given soil and loading condition?

This has been dealt with in section 5.4.

How does El, influence the soil reaction, e.g.: relaxation, settlements?
Does the interaction soil-wall change for another loading or soil condition, and if so, how does it
change?

In answer to research question II.A.2 and I1.A.3:

Depending on the connection type, the settlements due to El,,; can be safely approached by:

= El, in the hinged case;

= Ely in the clamped case.

At a lower soil stiffness the settlements increase and the calculation of the settlements should then be
based on the actual stiffness El,, of the wall.

Boundary condition w.r.t. connection diaphragm wall — roof structure:
What is the influence of the boundary condition on the diaphragm wall?
Was it necessary to consider the impact of the boundary condition?

As concluded before, the chosen connection type is of great importance in the safety analysis of the
diaphragm walls.
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C. Response of total packing structure:
1) What is the influence of El,,r and the boundary condition on the safety of the total structure?
2) Under which circumstances is it (not) necessary to take El,,, into account?

In answer to research question II.C.1 and I1.C.2:
This has been dealt with in section 5.1 and 5.2.3.

3) Which calculation model gives the most optimized design w.r.t. safety?
The most optimized design is obtained for the following models based on El,;:
= “Walls only; hinged”, which is practically similar to the “Walls and roof; hinged”- model;
= “Walls and roof; clamped”- model.
The only exception is the “Walls only; clamped”- model. This model does not have to be considered.

102



Realistic bending stiffness of diaphragm walls for structural analysis TU Delft

6. CONCLUSIONS AND RECOMMENDATIONS

6.1. Introduction

In this thesis the impact of a realistic bending stiffness (El.,) on the safety of a structure is investigated.
According to the standards a safe structure is obtained by considering both the uncracked stiffness (Elo)
and the fully cracked stiffness (El.,), which is assumed to be 5 El. In order to determine to which extent
one is compromising the safety of the structure by calculating with El4 and the impact of the boundary
condition (hinged or clamped connection) in addition to that, different calculation models were set up:

= Walls only; hinged

= Walls only; clamped

= Walls and roof; clamped

The structural behaviour is expressed in terms of the bending moment (Mgg), settlement (8,) and lateral
wall displacement (Uy), which are calculated at the bending stiffnesses Elo, El., and El,, as a function of
both N = 0 kN and N # 0 kN. The El,, was determined by means of the M-(N)-k diagram of the
reinforced concrete section.

6.2. Conclusions
Based on the results and discussion the following conclusions could be drawn with regard to:

= A valid iteration procedure for Ely;,,:

El.e based calculations turned out to be an iterative procedure. During this research two iteration
procedures were developed to find the actual El-distribution over the diaphragm wall height. An
evaluation of the load distribution and cracked zones according to both iteration procedures, finally led to
the conclusion that the results of iteration procedure 2 were valid for El,, and that too for every
calculation model. In iteration procedure 2 the actual El-distribution over the wall height is obtained by
considering the average M-line and average cracked zones based on El, and El.,.

= Safety analyis — basic reinforcement ratio:

The safety level for El,, was not expressed in terms of a unity check, but it rather concerned an evaluation
whether the structural behaviour at El lies indeed within the behaviour of an uncracked (Ely) and fully
cracked structure (Elx). In the above-mentioned models a basic reinforcement ratio was the main input
for determining El,,. For the hinged case a basic reinforcement ratio of p;: = 0.6% per meter panel width
was applied. For the clamped case a reinforcement pattern consisting of pgisr = 2% over Iy = 1.5 m and
prieid = 0.6% over lgeq = 21 m, turned out to be the most strategic solution. The clamped case concerned a
design case, for which it could be concluded that the reinforcement ratio to be applied in the stiffened
region was limited. Application of a reinforcement ratio greater than 2% in the stiffened region led to an
undiserable situation where concrete crushing (M) occured before yielding of the reinforcement (Me).

Based on the applied basic reinforcement ratio for the hinged and the clamped case the following
conclusions were drawn: For the “Walls only; hinged”’- model it was found that the packing structure was
totally safe if the walls were designed based on El., while for the “Walls and roof; clamped”- model a
safe structure was reached if the walls were designed based on El,. The “Walls only; clamped”- model
showed that a fully clamped connection is only an academic case, which is not realizable.

= Safety analyis — hinged case in particular:

For the “Walls only; hinged”- model it can be concluded that the safety analysis remains the same for a
higher reinforcement ratio (stiffer walls). A model based on El. is still conservative. At a higher
reinforcement ratio the behaviour tends even faster towards El.,.
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In case of a lower soil stiffness it is obvious that El. is still a safe approach for the bending moment.
However, for the deformations an El,, based calculation is a safer method, because the actual
deformations prove to be larger than what follows from the lower stiffness EL..

= Conservative design model:

Whether a calculation model based on El, or El, is conservative depends totally on the boundary
condition (hinged or clamped connection), the wall properties (reinforcement ratio in particular) and the
soil properties. For the basic reinforcement ratio it could be concluded that:

= For a hinged wall-roof connection a model based on El. is conservative;

= For a clamped wall-roof connection a model based on El, is conservative.

= Structural safety based on Ely,,:

From this research it has been proven that the results with El,, can lie outside the outer boundaries,
where especially the wall-roof connection has a significant impact on the results. Therefore, it can be
concluded that El,, based calculations are safe; these calculations are nearer the truth.

On the contrary, there is a chance that one is compromising the structural safety with El, or El... But this
totally depends on the boundary condition. For both a hinged and a clamped connection an error can be
made in the structural safety. For the hinged case a wrong analysis is obtained for the deformations based
on Elo, while for the clamped case a wrong analysis is obtained for the bending moments based on El...
Therefore, Ely, based calculations are necessary. It has been proven that the axial force (N) has no
significant impact on El,. In the hinged case the results for El., =~ El.,, while for the clamped case the
results for El,4 = El,.

= Hinged or clamped wall-roof connection for “Waalbrug-project”:

For the execution of the “Waalbrug-project’ the choice for a hinged connection was correct, since there
was no integral model representing the internal forces in both the walls and the roof. In this research, an
integral model has been studied for the clamped case, where the 3D-model of the roof is approached by
an equivalent beam model. From the “Wall and roof; clamped” - model it has been proven that due to the
relatively low stiffness of the roof, the situation can be approached by a hinged connection. Therefore, it
can be concluded that it was not absolutely necessary to design the packing structure based on a hinged
wall-roof connection, but that a clamped connection would also have been a good choice.

» Risk w.r.t. required reinforcement ratio for El,,:

When designing the reinforcement a load distribution according to El,, must be considered. Otherwise,
there is a great risk of placing less reinforcement over a certain part of the wall, in particular for the
hinged case. Depending on the wall properties and the soil properties a risk of applying 20% - 47% less
reinforcement at the bottom part of the walls was determined for the hinged case. In the clamped case
(walls and roof) there is a possible risk of applying a lower reinforcement ratio at the top of the wall (in
the stiffened region) than required for a situation based on El,,. But for the clamped case this risk is
rather low.

6.3. Recommendations
For this research the following recommendations can be made with regard to:

= Future projects:

In this research iteration procedure 2 proved to be valid for El,, based calculations. This iteration method,
to find the variable El-distribution over the diaphragm wall height, was validated for different calculation
models used for the specific case of the “Waalbrug-project”. Iteration procedure 2 concerns a general
procedure where it is assumed that the actual El-distribution of the diaphragm wall lies in between Elyand
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El.. For future projects with diaphragm walls the following general procedure according to iteration

procedure 2 is recommended to find the El-distribution over the wall height of the diaphragm wall:

o Determine the M-line and the (imaginary) cracked zones of the wall for El,. The cracked zones are
defined where M > M, ;

« Determine the M-line and the (imaginary) cracked zones of the wall for El.;

« Determine the “average M-line” and the “average cracked zone” based on the results for Ely and El.;

« The average M-line is used to determine the El-distribution of the wall. Based on the average bending
moment, the El and EA are determined for the average cracked zone. The uncracked stiffness is
considered for the remaining part of the wall. The EI of the cracked and uncracked zones is determined
by means of interpolation in the M-(N)-«k diagram;

« The obtained variable El-distribution over the wall height is used as input in the Plaxis 2D model to
find the final results (force distribution and deformations) for El .

= |teration process:

Throughout this research an iteration process based on the bending moment line was conducted to find the
actual El-distribution over the wall height of both walls. For this iteration process two programs were
used, in particular PCSheetPileWall and Plaxis 2D. In Plaxis 2D a stiff structure was applied above the
diaphragm walls to simulate the clamped connection. This resulted in equal forces and displacements at
the top of both walls. In PCSheetPileWall, this fictitious stiff structure could also have been simulated by
conducting an iteration process based on the shear forces at the top of the wall. Therefore, the interaction
between two Half-Models (for the left and right wall) in PCSheetPileWall should be considered. Due to
the loading on the left wall, a shear force occurs at the top of the left wall. This shear force is passed one
on one via the roof structure to the right wall. The iteration process should then go on until the forces and
displacements are equal for both Half-Models in PCSheetPileWall. This iteration procedure based on the
shear forces obviously requires less effort than the applied iteration procedure based on the bending
moments.

= Reinforcement design:

For (similar) future projects the contractor is recommended to use the ‘dekkingslijn’ strategy to design the

reinforcement, considering the following points:

- Place 30-50% extra reinforcement at the bottom part of the wall when using El, based calculations or;

- Use the bending moment envelope based on different simulations with El., (e.g. variation in wall
stiffness and soil stiffness). This is a safe strategy.

= Cyclic loading:

In this research the braking force was considered on the left wall. However, it concerns a mirrored
situation implying that at another point of time the braking force works on the right wall. In Plaxis 2D it is
possible to take cylic loading into account. Due to cyclic loading the soil in between the two walls can get
under tension leading to higher bending moments in the wall. It is recommended to take the cyclic loading
effect into account in a further study.

» Crack width control:
The crack width control was out of scope for this research. For the reinforcement design, especially in the
cracked zone, this is of importance.

= Roof structure:

The variation in stresses of the roof structure (especially at the recess) as a function of the variable
stiffness, boundary condition, temperature loading and roof inclination was out of scope for this research.
It is recommended to gain more insight into this matter.
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