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Abstract
Due to densification of cities and strict demands regarding material use, permanent
Diaphragm walls (D-walls) have become a more common option to use as support-
ing structures of underground tunnels. D-walls require less construction space than
more traditional foundation methods and is currently being used in the West Link
Project in Gothenburg. The tunnel is only connected to the D-walls through the
tunnel roof and thus, the connections become a critical part of the structure. The
aim of this project was to investigate a certain connection used in the West Link
Project, the load effects on the connection and its behavior regarding cracks.

To study the behavior of the connection, three types of analyses were carried out:
two global analyses (one elastoplastic and one elastic) and one local non-linear anal-
ysis. An idealized case of the structure in the sub-project Korsvägen in the West
Link Project was chosen as a case study. First, a finite element model using plane
strain-elements of both the surrounding soil and the structure was analyzed. This
model was then compared to a beam model where the effect of the soil was modeled
as applied loads. Section forces and moments from the beam model was inserted
into a detailed local model, of the critical connection. The local model was analyzed
to study the cracks and inelastic behavior of the concrete.

The results showed that the cracking in the connection was extensive, and a large
crack developed in the upper corner between the D-wall and the tunnel roof. It was
concluded that:

• A tunnel located at a large depth, built with a top-down method results in a
critical situation with respect to the connection. The situation in Korsvägen
is thus more critical than the other sub-projects in the West Link project.

• The earth pressure developed in the plane strain model, including the non-
linear behavior of the soil, showed less mobilization of passive earth pressure
than the analyses using a simplified beam model. One reason may be because
the soil-structure interaction was included in the plane strain model.

• The assumption of elastic structure, and not including the soil-structure inter-
action in the simplified beam-model analyses result in too high mobilization
of passive earth pressure, and thus the crack widths in the connection were
overestimated.

• The FE-analyses indicated that the design of the connection at Korsvägen is
not sufficient regarding allowable crack widths. Additional measures such as a
haunch, additional struts or lighter backfill, may be used to reduce the crack
widths.
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1
Introduction

1.1 Background

1.1.1 Diaphragm walls
During excavation at construction sites support constructions are needed. One ex-
ample is retaining walls which can be executed as sheet pile walls, secant pile walls
or diaphragm walls. Diaphragm walls can, in addition to be used as retaining walls,
also be used as deep foundation elements, cut-off walls or for slope stabilization
(Scholz 2021). The D-walls can be temporary or permanent construction parts, in
the latter case they are used as part of the permanent structure. The D-walls are
often produced in concrete and cast in-situ (Alén et al. 2006). The casting of such a
wall is often done panel-wise where each trench is excavated, filled with a support-
ing liquid, reinforced, and then casted. An example of a tunnel constructed with
permanent D-walls is shown in Figure 1.1.

Cross-wall

Top slab of tunnel

Skin walls
of tunnel

Bottom slab of tunnel

Diaphragm wall

Temporary strut

Figure 1.1: A tunnel connected to D-walls by the tunnel roof

Regulations regarding D-walls are today very few, especially when it comes to design
(Alén et al. 2006). The European Standard EN 1538 contains regulations regarding
the performance and execution of D-walls and is one of the regulations used in Swe-
den today. Regarding the design, some national regulations have been established,
for example Krav TRVINFRA-00227 (Trafikverket 2021b) and Krav Tunnelbyg-
gande (Trafikverket 2016a) as well as additional documents regarding advises to the

1



1. Introduction

two “krav”-documents. There is also some additional information and requirements
regarding permanent D-walls in the Swedish Transport Administration document
about geotechnics, TRVINFRA-00230 (Trafikverket 2022).

1.1.2 The West link project

Kvarnberget

Figure 1.2: Map of the west link project, Modified by OpenStreetMaps 2015. CC
BY-SA 2.0

The West Link Project is a current railway-project in the city center of Gothenburg.
The railway is mainly being built as a tunnel with three main stations, Centralen,
Haga and Korsvägen, see Figure 1.2. The construction of the tunnel and stations
is divided into four main contracts; Centralen, Kvarnberget, Haga and Korsvägen
(Trafikverket n.d.). Since the four different sub-projects have different geotechnical
conditions, local geotechnical variations and different contractors, the excavations
and support constructions differ. At Korsvägen, Centralen and Kvarnberget the
tunnel will be built using permanent D-walls reaching all the way down to bedrock
or cut off in a deep clay layer. The tunnel itself will be connected to the D-walls
through the roof of the tunnel, see Figure 1.1. Below the tunnel, cross-walls will
in some locations be placed to increase the stability (Steffensen 2020). The cross-
walls are similar to D-walls but are unreinforced and not casted up to the surface.
To account for uncertainties related to the cross-walls they should be treated as
temporary structures. With time, the cross-walls, which are not designed to be
durable, are assumed to lose all their load-bearing capacity. Without cross-walls,
the only contact between the tunnel and supporting structures will be the connection
through the tunnel roof and D-walls. Thus, this connection becomes critical.

2



1. Introduction

1.2 Problem description
The connection between the tunnel roof and the D-wall can be designed in several
ways, acting as either rigid or hinged. With few requirements and previous projects
using D-walls as permanent structures, the knowledge of modeling and designing
of D-walls and the connection is limited. Different FE-analyses were carried out
to find a way to model the structure and the connection based on the situation
in Korsvägen in the West Link Project. In addition, the crack-pattern and widths
but also the load transfer and FE-modelling techniques were analyzed to evaluate
important aspects when designing D-walls.

1.3 Aim and Objectives
The aim of this project was to investigate the connection between a diaphragm wall
and tunnel roof at Korsvägen. The specific objectives were:

• What specific conditions characterize the construction at Korsvägen and what
differences exists compared to the other sub-projects?

• How can the soil, structure and soil-structure interaction be modeled and
verified?

• Is it possible to analyze the load-effects of the connection without including
the soil in a FE-model?

• How can the crack-pattern and crack widths in the connection be analyzed
and how do they correspond to hand-calculations used for design?

• Is the design of the connection sufficient regarding crack-limits? If not, suggest
possible modifications with the potential to meet the requirements.

1.4 Limitations
The focus of this work was the connections between D-walls and tunnel roof of an
underground tunnel in an idealized soil profile. The limitations was summarized
into the following points:

• The analyses were done in two dimensions. Thus, any three dimensional effects
were not considered.

• The dimensions, construction method, connection type and foundation of the
D-walls were kept constant, the analysis was limited to the conditions at Ko-
rsvägen.

• No time-dependent effects were considered and characteristic values were used.

1.5 Method
The project started by a literature review of D-walls, requirements, geotechnics, and
the West Link Project. In addition to the literature reviewed about the West Link
Project, three study visits were conducted. At Korsvägen, the 9:th of March 2022,
at Centralen, the 16:th of March 2022 and at Kvarnberget, the 18:th of March 2022.

3



1. Introduction

At Korsvägen the focus was the reinforcement cages of the D-walls, at Centralen
the focus was on the reinforcement of the top slab and the couplers in the connec-
tion. At Kvarnberget, there was mainly focus on the construction site and D-walls.
Inspired from Korsvägen in the West Link Project, the dimensions of the structure,
an idealized soil profile and the connection was established. Three FE-analyses were
conducted using the FE-software ABAQUS. The first model was a 2D plane strain
model where the soil and D-wall were modelled using Mohr-coulomb material and
plane strain elements. The second model was a 2D beam model in which the D-wall
and tunnel were modelled with beam-elements and the horizontal earth pressure in
the soil was introduced as loads. The two models were correlated by comparing the
results regarding deformations and stresses in the D-wall and the tunnel roof. The
local behavior of the connection was modelled by a local model using continuum
elements in a non-linear 2D analysis, using results from the beam model as bound-
ary conditions. A plastic- and damage behavior were used to analyze the concrete
regarding the crack-pattern and crack widths. The method can be summarized into
the following steps:

1. Literature review
2. Study visits
3. Linear analysis of 2D plane strain model
4. Comparison with hand-calculations of earth pressure
5. Linear analysis of 2D beam model
6. Correlation of deformations and stresses with the plane strain analysis
7. Non-linear analysis of 2D local model
8. Comparison of results with hand-calculated crack widths, spacing and stresses
9. Analysis of results

10. Draw conclusions
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Theory

D-walls are underground structures, thus the soil conditions and properties become
important to understand the loads acting on the structure. In addition, there are
several material models and elements-types which can be used to analyse the load
effects and behaviour of D-walls and tunnel.

2.1 Geo-technique

Diaphragm walls are in some cases used as supporting structures and thus considered
to be part of the foundation. Since they are embedded in soil, the most essential
loads acting on the structure will be the ones coming from the soil pressure. The
geotechnical parameters and soil conditions often vary from one place to another
which creates a large difference in load effects acting on D-walls. To account for
these variations of situations some different parameters and conditions have to be
specified.

2.1.1 Soil conditions

Soil is a three-phase material consisting of three different components, water, air
and solid particles (Helwany 2007). To separate different types, the soil is divided
with respect to particle size. The different types are, with a decreasing particle size,
gravel, sand, silt and clay. Gravel, sand and silt is considered to be cohesionless since
the particles do not adhere to each other in the presence of water. Clay particles
start to adhere to other clay particles when water is present and is thereby consid-
ered to be a cohesive soil. The solid particles of the soil is weathered rocks (Helwany
2007). If water is present and all voids in the soil are filled, the soil is saturated and
when the water is drained, the soil is unsaturated. In different locations the layers
of different soil types are different regarding sequence and thickness of each layer.
However, the most common sequence is some sort of sand followed by a clay or silt
layer which reaches down to bedrock or moraine. The soil is assumed to be fully
saturated beneath the groundwater level and fully drained above.
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Length of 
D-wall

Active earth 
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Passive earth 
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Excavation bottom

Soil behind D-wall w.t

Figure 2.1: Active and passive earth pressure acting on the D-wall

The soil can also be divided into different states, at rest, active and passive (Helwany
2007). The at rest state will occur when the D-wall is restricted from any movement
in the lateral direction. The active state occurs when the wall is allowed to move
away from the soil, to the right in Figure 2.1, and is a destabilizing pressure. The
active pressure is in that case developed at the right side of the D-wall. The passive
earth pressure develops at the excavation side when the soil moves towards that soil,
to the left in Figure 2.1. The movement required to mobilize passive earth pressure
is larger than the movement required to mobilize active earth pressure (SIS 2005b).
The most critical case occurs when complete active pressure is mobilized at the right
side of the D-wall and complete passive pressure is mobilized on the left side.

2.1.2 Earth pressure theory
Stresses in the soil is depending on the density of the soil and can be separated into
a vertical and horizontal component, see Figure 2.2 (Helwany 2007). The vertical
stress, σv is calculated as:

σv = z ∗ γsat (2.1)

where z is the depth and γsat is the saturated soil density. The effective stress, σ′
v,

is expressed in terms of the stress σv and the pore water pressure u according to:

σ′
v = z ∗ (γsat − γw) = z ∗ γ′ = σv − u (2.2)

Where γ′ is the effective soil density, equal to the saturated soil density, γsat, reduced
by the water density, γw.
When the soil is completely dry, the effective stress will be equal to the total stress.
The pore water pressure, u, is:

u = Hw ∗ γw (2.3)

Where γw is the water density and Hw is the depth of the groundwater. The soil
density is also referred to as the unit weight of the soil (Helwany 2007).
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D-wall

Soil behind D-wallz

w.t

Figure 2.2: The horizontal and vertical stresses acting on a D-wall

To estimate the horizontal component of the stress, a lateral earth pressure coeffi-
cient has to be defined, K in Figure 2.2. This coefficient depends on which state the
soil is in and is calculated according to Equation 2.4 to 2.6 where ϕ is the internal
friction angle of the soil (Trafikverket 2011). K0 is the at rest, Ka is the active and
Kp is the passive lateral earth pressure coefficient. The horizontal stress-component
is calculated according to Equation 2.7.

K0 = 1 − sinϕ (2.4)

Ka = (1 − sinϕ)/(1 + sinϕ) (2.5)

Kp = (1 + sinϕ)/(1 − sinϕ) (2.6)

σh = K ∗ γsat ∗ z + u(z) (2.7)

where the coefficient, K, vary between K0, Ka and Kp, depending on the current
state of the soil.

2.2 Material models
There are several material models that can be used to describe the behaviour of soil
and concrete. The two models used in this work, in addition to the elastic behaviour,
is Mohr-Coulomb and Concrete damaged plasticity.

2.2.1 Mohr-Coulomb
The Mohr-Coulomb model is the most common material-model to use in geo-techniques
(Jansson and Wikström 2006). The Mohr-Coulomb failure criterion is describing
under which circumstances an isotropic material, such as soil, will fail. The failure
criteria is the line denoted by τ in Figure 2.3.
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=s

Figure 2.3: The Mohr-Coulomb failure criteria, Modified by Taka2san 2012. CC
BY-SA 3.0

The criterion is expressed as a function of a major and minor principal stress, σ1,
and, σ3, in Figure 2.3. It can also be expressed as a function of normal stress, σm,
and shear stress, s, (Knappett 2012). The criterion is based on Mohr and Coulomb
which each state different assumptions. The assumption of Mohr is that failure
will only depend on the minor and major principal stresses and the location of the
normal stress and shear acting on a failure plane. The terms of Coulomb are based
on the assumption that the failure envelope is linear and is used to determine the
critical combination of the normal stress and shear (Knappett 2012). The strength
parameters of the soil is the cohesion and the internal friction angle, denoted as c
and ϕ (Helwany 2007). These will, according to the Mohr-Coulomb failure criteria,
together with the effective vertical stress define the shear strength of the soil, τ ,
Equation 2.8. The shear strength, the failure envelope, is thereby constructed in
such way that if it is exceeded, the soil fails.

τ = c+ σtanϕ (2.8)

From Mohr´s circle we can then express the shear and stress as:

τ = s ∗ cosϕ (2.9)

and
σ = σm + s ∗ sinϕ (2.10)

where
σm = σ1 + σ3

2 s = σ1 − σ3

2 (2.11)

In addition to the internal friction angle and cohesion, the dilation angle is also
needed to define the yield stress criterion is the dilation angle. The dilation angle
is calculated as.

ψ = ϕ− 30ř (2.12)

where both ψ, the dilation angle, and ϕ, the internal friction angle, is expressed in
degrees (Bartlett 2012).
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2.2.2 Soil-structure interaction
The interaction between the soil and the concrete must also be modeled. According
to TK geo 11 (Trafikverket 2011) the friction coefficient between the soil and the
D-walls should be:

µ = tanϕ (2.13)
Where ϕ is the internal friction angle of the soil layer. When having an internal
friction angle of 35° the friction coefficient is 0.7. Decreasing the internal friction
angle also decrease the friction coefficient.

2.2.3 Concrete damaged plasticity
To describe the non-linear behavior of concrete it is possible to use a concrete dam-
aged plasticity material model. The model is based on the assumptions that the
concrete will fail by either cracking or crushing (Jankowiak and Lodygowski 2005).
The mechanical behavior in uniaxial tension is described by Figure 2.4.

Figure 2.4: Behavior of concrete subjected to uniaxial tension, redrawn from Hi-
bbitt, Karlsson, Sorensen 2011

The damage parameter in tension dt is defined in terms of cracking strain εck
t , mod-

ulus of elasticity of uncracked concrete, E0, tensile stress, σt, and bt which is the
relation between the plastic and cracking strain, often set to 0.7 (Zangeneh Kamali
2012). The cracking strain is calculated by:

εck
t = εt − σt

E0
(2.14)

Where εt is the total strain and σt/E0 is the elastic strain, see Figure 2.4. The
damage parameter is calculated for different tensile stresses and cracking strains
with Equation 2.15.

dt = 1 − σt ∗ E−1
0

σt ∗ E−1
0 + εck

t (1 − bt)
(2.15)

From the damage parameter and cracking strain, the plastic strain can be estimated
according to (Wahalathantri et al. 2011):

εpl
t = εck

t − dt

1 − dt

σt

E0
(2.16)
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In addition to the damage parameter, the tension softening behavior after cracking
can be described by a stress-crack opening displacement relation:

σt(w) =
(

(1 + (c1 ∗ w
wc

)3) ∗ e−c2 ∗ w

wc

− w

wc

∗ (1 + c3
1) ∗ e−c2

)
∗ fctm, (2.17)

according to Hordjik (Zangeneh Kamali 2012). c1 and c2 are constants while wc

is the maximum crack opening based on the fracture energy and the mean tensile
strength.

wc = 5.14 Gf

fctm

(2.18)

w is the crack opening displacement for a certain tensile stress smaller than the
mean tensile strength. The fracture energy, Gf is calculated according to Model
code 2010 (fib special activity group, and Taerwe, Luc and Matthys, Stijn 2013).

To define the yield surface and plastic flow, the dilation angle, ψ, the eccentricity, ϵ,
the relation between the equibiaxial and uniaxial compressive yield stress, fb0/fc0, a
coefficient depending on the stress invariants, Kc and a viscosity parameter, µ, are
needed. The plastic flow follows the equation (Lubliner et al. 1989):

G =
√

(ϵ ∗ σt0 ∗ tanψ)2 + q2 − p ∗ tanψ (2.19)
The dilation angle ψ is measured in the p-q plane and σt0 is the uniaxial tensile stress
at failure. The dilation angle is often set to a value in-between 35-40 degrees (Malm
2009). The viscosity parameter is often set to 0.1. p is the hydrostatic pressure
and q is the Mises equivalent effective stress (Lubliner et al. 1989). The yield stress
function is:

F = 1
1 − α

(q − 3αp+ β(εpl)⟨σmax⟩ − γ⟨−σmax⟩) − σc(εpl) = 0 (2.20)

Where:
α = (fb0/fc0) − 1

2(fb0/fc0) − 1 (2.21)

β = σc(εpl
c )

σt(εpl
t )

(1 − α) − (1 + α) (2.22)

γ = 3(1 −Kc)
2Kc − 1 (2.23)

σmax is the maximum principal effective stress. The most common value of fb0/fc0
is 1.16. Kc is ranged between 0.5 and 1 but most often set to 2/3. σt(εpl

t ) and σc(εpl
t )

is the tensile and compressive cohesion stress respectively (Zangeneh Kamali 2012).

2.3 Element-types
There are several element-types that can be used to model soil and concrete. The
choice of element-type depends on which type of structure or material are modeled.
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2.3.1 Plane strain element
Plane strain elements can be used in two-dimensional analyses combined with several
material models (Helwany 2007). The type of element assumes that the strain in the
part is only dependent on planar coordinates (SIMULIA 2022). Thus, the strain in
the out of plane normal and shear direction is zero. The element-type can be used
in combination with both Mohr-coulomb and concrete damage plasticity material
models. When using plane strain elements, the part should be defined in the X-Y
plane, including the loading, and the result in terms of deformations will also be
confined to the same plane. The element-type is often used when having parts that
have a large width in the out of plane direction compared to its width in the plane.
For example, concrete dams, walls, and underground tunnels (Helwany 2007). The
output when having plane strain elements does not allow extraction of section forces
and moments directly but enable extraction of stresses and deformations in both x-
and y-direction.

2.3.2 Beam-element
Beam-elements are a one-dimensional type of element and can be either an Euler-
Bernoulli or a Timoshenko beam (SIMULIA 2022). The Euler-Bernoulli is often
used when analyzing slender beams while Timoshenko can be used for both slender
and thicker beams. Another difference between the two types is that the Timoshenko
beam permit shear deformations while the Euler-Bernoulli does not. The behavior of
the Timoshenko is assumed to be linear elastic in shear. When using the Timoshenko
element type, a transverse shear stiffness is calculated by the FE-program and it is
thus possible to subject the beam to axial strains (SIMULIA 2022). In addition,
the modulus of elasticity defining the shear behavior is definite with no regard of
bending or axial stretch. When using beam-elements, it is possible to extract the
section forces and moments directly from the element-nodes.
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D-walls

3.1 Diaphragm walls
Diaphragm walls are a common type of construction used as retaining walls and
support construction when excavating (Alén et al. 2006). They have initially only
been used as temporary structures in Sweden, but in many other parts of the world
they are used as permanent structure. Diaphragm walls are built by rectangular
panels connected into a complete wall through vertical joints. The most common
material to use is reinforced concrete that is cast in situ (Alén et al. 2006).

3.1.1 Use in Sweden and Worldwide/Previous projects
Diaphragm walls have previously been used as temporary support structures during
construction of Götatunneln in Gothenburg in 2001-2006 (Alén et al. 2006). This
tunnel was, similarly to the current West Link Project, built in loose clay with
cross-walls underneath the bottom of the tunnel. Another Swedish example where
D-walls were used as temporary structures, was during construction of Citytunneln
in Malmö. Citytunneln was, in contrast to the other projects, built in clay-moraine
(Alén et al. 2006). Diaphragm-walls are in general used in dense city centers to lower
the impact on the surroundings and take advantage of the limited space needed dur-
ing construction. The use of D-walls as both temporary and permanent structures
is very common in Europe and the USA (Technical Committee on Performance of
Structures during Construction 2000).

Some examples where D-walls were used as part of the permanent structures are
the railway-tunnel Studenterlunden and SAS Radisson Hotel, both located in Oslo,
Norway (Alén et al. 2006). The use of diaphragm walls, both as temporary and per-
manent, are more common for example in Germany where the first D-wall projects
were executed already in 1959 in Berlin and Munich (Dausch 2020). Since then,
the regulations, machines and construction of D-walls have been further developed
and the construction of D-walls are nowadays quite different from the first projects
(Dausch 2020).

3.1.2 Construction of D-walls
Diaphragm-walls, both permanent and temporary, are built before excavation of the
construction site (Alén et al. 2006). The construction of the walls is done panel wise
but not always subsequently, adjacent panels might not be built directly after one

13



3. D-walls

another. The first step in the construction phase is to excavate a trench, which will
act as formwork to the panel (Alén et al. 2006). The trench is being excavated using
a special type of machine, see Figure 3.1, that will dig downwards while it collects
the soil and carries it up, where it is collected and deported. When the trench is
formed it is filled with a supporting liquid, either water or bentonite, which stabilizes
it and ensures that it stays the wanted size. Into this liquid, a reinforcement cage is
inserted, which also contains reinforcement bars used for the vertical and horizontal
joints (Alén et al. 2006). The next step is to cast the actual wall which is done in
place and from the bottom and up, while the support fluid is being pumped out.
It is possible to use prefabricated elements as well, but the most common way is
to cast in situ. Since there is no way to vibrate the concrete in the trench, it is
important that the casting is done with proper speed. Also, the casting must be
done before the concrete at the top hardens and closes the trench. With the casting
being done from the bottom and up, the oldest concrete appears at the top (Teike
2022a). The speed is consequently important to make sure the wall gets the desired
properties. The procedure of construction is summarized in figure 3.2. Since the
casting is done into the supporting liquid, it is often considered as an underwater
casting and should comply with the corresponding regulations (Alén et al. 2006).

Figure 3.1: Machine used to
excavate the trench of the D-
wall, Photo from Korsvägen
9/3-2022

Figure 3.2: Construction
sequence of D-walls, Modi-
fied, by Bertbau 2017. CC
BY-SA 4.0
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3.1.3 Construction of the tunnel
When the construction of the diaphragm wall is done, there are several ways to
build the tunnel. One way is the top-down method (Teike 2022a). In this method,
excavation is done down to the bottom of the tunnel-roof which then is casted and
connected to the D-wall and the space above is backfilled. After this, excavation
beneath the roof is done where the bottom slab and walls of the tunnel are installed.
The underground excavation makes it possible to use the ground above the tunnel
before the construction is complete. The tunnel is thereby built from the top down
(Teike 2022a).
When D-walls are a permanent part of the tunnel, it can either act as the wall of the
tunnel or be constructed as a two-part wall, with an inner wall called skin wall. The
reasons to use a two-part wall are high requirements of water tightness, fire-safety,
chloride-attacks or freeze. In some projects where there is risk of large deformations
or extra stabilizing measures are needed, cross-walls can be built in between the
D-walls (Alén et al. 2006). The cross-walls are in that case being built in a similar
way as the D-walls but not casted all the way up. The casting of the cross-walls are
done after casting the D-walls and before construction of the tunnel.

3.1.4 Connections
The connections in a tunnel supported by D-walls can be divided into two groups,
vertical and horizontal. The horizontal type is between the D-walls and tunnel-
structure, either the top and bottom slab or both and the vertical connections are
between D-wall panels, see Figure 3.3.

D-wall 
panel

D-wall 
panel

Vertical Connection

D-walls

Tunnel

Horizontal Connection

Figure 3.3: Vertical and horizontal connections of D-walls

The vertical joints between the panels are in most cases executed without reinforce-
ment. Thus, moments and traction-forces are not transferred from one panel to
another. Instead, each panel is designed to carry all forces acting on it and the joint
will only be able to take shear forces and friction. In some special cases, horizontal
reinforcement in between the panels might be necessary, but do often contribute to
a more complex arrangement of the reinforcement cage and inferior quality of the
casting (Alén et al. 2006). When using horizontal reinforcement between two panels
the casting sequence of panels must be done in a certain order using a primary and
secondary type of reinforcement cages, see Figure 3.4. The secondary reinforcement
cage is placed in between two panels casted with primary reinforcement cages. The
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trench of the primary panels must be larger than the primary panels being casted,
such that some of the reinforcement is reaching out into the secondary panel.

Secondary reinforcement cage

Primary reinfocment cage

Primary Panel Primary panel

Trench-edge of 
primary panel

Figure 3.4: Example on how horizontal reinforcement in between D-wall panels
can be conducted, redrawn from Alén et al. 2006

The horizontal connections are possible to design in several ways but act as either
rigid or hinged. Both types are used in the West Link Project and is further described
in Chapter 3.3. The horizontal joints are often reinforced when executed as rigid
connections and, in such case, part of the reinforcement cage. The reinforcement
cage of the D-wall then needs to be adapted and designed with a connection to the
tunnel. This is often done by couplers which need to be strictly monitored when
it comes to the depth in the ground, due to strict requirements for deviation in
the concrete cover in the tunnel roof (Teike 2022b). The same applies for hinged
connections where the designated box for the insertion of the top slab, or bottom
slab, needs to be located at the correct height (Caster, Kendes, and Thunström
2022).

3.2 Design code regulations
Requirements regarding diaphragm walls are today quite few. D-walls have interna-
tionally been used for a long time and the use will likely increase as cities densify.
Although, regulations regarding these types of retaining walls are not developing at
the same pace. The regulations can be divided into national regulations, valid in
Sweden, and international regulations.

3.2.1 National
The Swedish regulations for D-walls are mainly Krav TRVINFRA-00227 (Trafikver-
ket 2021b) and Krav TRVINFRA-00230 (Trafikverket 2022). The documents Krav
Tunnelbyggande (Trafikverket 2016a) and Råd Tunnelbyggande (Trafikverket 2016b)
treat regulations regarding design and construction of tunnels in general but do not
mention diaphragm walls explicitly. An overview of all the different regulations is
presented in Table A.1. The document about bridge-building do mention diaphragm
walls, but only briefly (Trafikverket 2021b). For example, the document advice that
a two-part construction should be used if the structure is exposed to frost attack,
chloride attack or fire. Krav TRVINFRA-00230 (Trafikverket 2022) is the document
that contains the most with regard to D-walls and recently replaced the document
TK Geo. It regulates the design methods of the D-walls in ultimate limit state, with
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partial coefficients, with characteristic values and in service limit state (Trafikverket
2022). These documents are all produced by the Swedish Transport Administration.

3.2.2 International
In addition to the Swedish regulations there are also some international regulations.
The European standard “EN 1538 Execution of special geotechnical work - Di-
aphragm walls”, is also valid in Sweden and referred to as SS-EN 1538 : 2010 +A1 :
2015 (Swedish Standards Institute 2015). This standard treat recommendations and
requirements regarding geotechnical situations, materials and products, execution,
and supervision, testing and monitoring. It also has a chapter about considerations
during design. Whenever some of the national documents have a stricter require-
ment than SS-EN 1538, the national should be applied. The SS-EN 1538 does not
contain any direct requirements regarding the horizontal joints between the roof
and the D-wall but does specify some requirements regarding the vertical joints be-
tween panels. Although, the SS-EN 1538 regulates the rebar-spacing which might
be interpreted as a requirement of the layout of a rigid connection. These other
requirements can, however, in some way affect the joints between the D-walls and
top slab of the tunnel. In addition to SS-EN 1538, the European standard regarding
design of concrete structures, Eurocode 2, is valid (SIS 2005a). In Germany it is
significantly more common to build with D-walls, both as temporary and permanent
structures. As a result, Germany has its own national regulations (Dausch 2020).
The first versions of these national regulations, called DIN 4127 and DIN 4126, were
published already in 1986.

3.3 Connections in the West Link Project
There are several parameters that differ between the different sub-projects in the
West Link Project. These parameters affect the D-wall and the behavior of the
connection between the tunnel roof and D-walls. Example of such parameters are:

• Foundation of D-wall
• The depth of the tunnel
• Construction method of tunnel
• Type of connection

The insertion ratio, the length of the D-wall underneath the excavation bottom to
the excavation depth, have a large impact on the maximum horizontal displacement
of the D-wall and settlements of the surrounding soil (Feng et al. 2022). Both the
settlements and deformations decrease for a higher ratio. Having the same length
of a D-wall, the ratio decreases with an increasing depth of the tunnel. Although,
when the ratio exceed 0.6 the impact of the insertion ratio is smaller than for lower
ratios (Chen et al. 2020). A larger depth of the tunnel also results in a larger weight
from the backfill on top of the tunnel, resulting in a larger load in the connection
between the D-wall and tunnel roof.

The two different types of construction methods that can be used to build the tun-
nel is the top-down and bottom-up method. According to Xu, Zhu, and Ding 2021
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the construction method affects the deflection of the D-walls. In general, using a
top-down method lead to smaller deflections of the walls compared to using the
bottom-up method. In the bottom-up method, the top slab is supported on the skin
wall, and the bottom slab, before backfilling. Thus, the weight from the backfill does
not have to be carried entirely through the connection. Each phase in the top-down
method is further described in Chapter 4.1.3.

The two types of connections, hinged and rigid, have large differences and thus
different advantages and disadvantages. The hinged connection has no reinforcement
through the connection which leads to a reduced risk of bentonite inclusion (Mortier
et al. 2013). Although, it might lead to larger deflections of the D-wall and thereby
larger settlements in the surrounding soil. This might be a decisive point since D-
walls are often used in dense city areas. The use of a hinged connection also creates
a demand to control every load case and fatigue. Having a hinged connection will
result in a larger field moment in the top slab. The rigid connection, on the other
hand, requires more reinforcement but often leads to less settlements in the soil
(Mortier et al. 2013). The disadvantage with more reinforcement is that the casting
of the concrete becomes more critical due to the difficulties getting the concrete in
between the rebars. The rigid connection also has a higher risk of resulting in large
cracks at the top of the tunnel roof near the connection due to larger moment in
the upper edge. This may lead to deterioration and reduced service life or need of
repair.

3.3.1 Rigid connection

The sub-projects of the West Link Project using a rigid connection between the
tunnel roof and D-walls, are Korsvägen and Centralen. The sub-project Korsvägen
is located southeast from the city center of Gothenburg. The tunnel is going through
a varying landscape, located in either rock or clay, whereas the parts located in clay
are supported by D-walls (Steffensen 2020). The design of the tunnel, including the
D-walls and connection is shown to the left in Figure 3.5. The height above the
top slab needed to be backfilled is 9.2m. The connection between the top slab and
D-walls is a rigid connection with reinforcement going through the connection. The
sub-project Centralen, to the right in Figure 3.5, also has a rigid connection with
couplers but have a smaller total depth and is only backfilled approximately 4 m
(COWI 2019). Another difference between the two locations is that the D-walls at
Korsvägen is founded at bedrock while the D-walls at Centralen ends in clay. The
construction method in Korsvägen is a top-down method while the tunnel is built
from the bottom up in Centralen. When comparing the two locations, Korsvägen and
Centralen, it can be argued that Korsvägen is more critical regarding the connection,
mainly due to the construction method and the depth of the tunnel.
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Cross-wall

Tunnel roof

Inner walls
of tunnel

Bottom slab of tunnel

Diaphragm wall

Temporary strut
Couplers in 
rigid 
connection

Inner walls
of tunnel

Korsvägen Centralen

Cross-wall

Diaphragm wall

Bottom slab of tunnel

Temporary strut

Tunnel roof
Couplers in 
rigid 
connection

Figure 3.5: Tunnel and D-walls at Korsvägen and Centralen, redrawn from Stef-
fensen 2020 and COWI 2019

The rigid connections used in Korsvägen and Centralen are designed to transfer mo-
ments and transversal forces from the tunnel roof into the D-wall. The reinforcement
in the tunnel roof needs to be connected with full anchorage length in the D-wall.
The anchorage length ends with a coupler, seen at the upper left in Figure 3.6. The
coupler is needed since the two parts, the D-wall and tunnel roof, are casted at
different times. The couplers are covered by a wooden box when the reinforcement
cage of the D-wall is lowered into the excavation trench, see Figure 3.7, and then
uncovered after the casting of the D-wall is done.

Figure 3.6: Reinforcement bars and cou-
plers in reinforcement cage of a D-wall
at Korsvägen, Photo from Korsvägen 9/3-
2022

Figure 3.7: Wooden box cover-
ing the couplers at Korsvägen, Photo
from Korsvägen 9/3-2022
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The reinforcement layout of the connection is shown in Figure 3.8, showing both
shear and longitudinal reinforcement. The couplers have a radius of 45mm and a
length of 108mm, based on the coupled rebars having a diameter of 32mm. The
limited crack widths in the top slab and D-wall is according to the RKFM 0.2
mm and 0.3 mm respectively, (Steffensen 2020). The construction company which
designed the connection could not meet the requirements regarding crack widths in
the top slab during construction. However, an exception was allowed, accepting a
crack width of 0.55mm during construction. This was accepted if provided additional
measures were taken to prevent the connection to deteriorate and measuring of the
crack width.

ø40s150

ø32s150

ø20s150

ø20s250 BY

ø16s250 BY
ø16s250x300 

ø45mm couplers 

ø32s150

ø40s150

ø40s150

ø40s150

Figure 3.8: Reinforcement layout of the rigid connection, redrawn from COWI
2021

3.3.2 Hinged connection
In the sub-project Kvarnberget, a hinged connection is used to connect the tunnel
roof to the D-walls instead of a rigid connection, as in Korsvägen and Centralen.
Kvarnberget is also different regarding the design of the tunnel compared to Cen-
tralen and Korsvägen, see Figure 3.9. The tunnel has two levels, one mezzanine slab,
acting as the tunnel roof, and one upper, fixed at the top of the D-walls. The space
in between is an installation space. Both the mezzanine slab and the bottom slab
is connected to the D-wall through hinged connection types (SGS 2020). Similar to
Korsvägen, the D-walls are founded at bedrock and built with top-down method.
Since the tunnel at Kvarnberget has an upper level, the load from backfilling is not
imposed onto the tunnel-roof, mezzanine slab which results in lower loads on the
connection. The bottom slab is also connected to the D-walls; in other words, the
connection through the tunnel roof is not the only connection between the tunnel
and D-walls. The tunnel roof at Kvarnberget is significantly thinner than the one
at Korsvägen, 0.8m and 1.8m, respectively, implying smaller loads acting on the
roof. Due to the lack of backfill and the additional connection to the D-walls in the

20
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bottom slab, it can be established that the connection in Korsvägen is more critical
than the one in Kvarnberget.

Cross-wall

Inner walls
of tunnel

Bottom slab of tunnel

Diaphragm wall

Top slab of tunnel

Mezzanine slab

Shear box

Figure 3.9: Tunnel design with mezzanine slab at Kvarnberget, redrawn from SGS
2020

The connection used in Kvarnberget has no reinforcement going through the joint,
thus it acts as a hinged connection, transferring vertical and horizontal forces. The
mezzanine slab is connected to the D-wall through shear boxes (SGS 2020). The
shear boxes are openings in the inner edge of the D-wall which are covered by steel
plates during casting of the D-wall, see Figure 3.10. The steel is later removed,
and the top slab is casted into the opening. The same type of connection is used
to connect the bottom slab to the D-walls. Between the slabs and D-walls, a wa-
terproofing membrane is attached to ensure that the connection is waterproof, see
Figure 3.11. The membrane is in a first phase only covering the connection, ending
in waterbars. The membrane is in later phases welded together with the rest of
the waterproofing membrane along the D-wall (SGS 2020). The depth of the shear
box into the D-wall is 0.4m and the width 0.8m. The tunnel roof is 0.8 m high but
widens at the shear box where the height is 1.2 at the inner edge and 1.3m at the
outer. The metallic formwork used to cover the shear box is slightly larger than the
wanted dimensions of the opening, requiring a leveling of concrete after excavation
down to the connection.
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Steel  plate

Figure 3.10: Shear box with steel
plate cover during construction, re-
drawn from SGS 2020
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Figure 3.11: Shear box with in-
serted mezzanine slab, redrawn from
SGS 2021
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In this work, two methods were used to model the whole D-wall, either using plane
strain elements or elastic beam elements. The first method was used in a 2D plane
strain model where the D-wall and soil were parts of the model. The second method
was used in a 2D beam model of the structure where the soil was inserted as loads.
Both analyses were linear with regard to the structure and assumed elastic behavior
of the tunnel and D-walls. The advantages of the plane strain model were that it gave
a better approximation of the deflections of the D-wall and more accurate stresses in
the soil, but on the other hand it was harder to extract sectional moments and forces
(Everaars and Peters 2013). In the beam model it was possible to extract sectional
forces and moments directly from the structural parts, but it was not possible to see
the deformations of the soil which could be crucial in a dense city region. The third
analysis was a non-linear analysis of the connection, using elastoplastic material
and the damage behavior of the concrete. The FE-analysis was performed in the
software Abaqus FEA 2020.

4.1 FE-model

The conditions, dimensions and construction phases used in the different FE-analyses
was based on Korsvägen, the most critical case regarding the connection, see Chapter
3.3.1 and 3.3.2.

4.1.1 Dimensions and concrete types

The dimension of one D-wall panel is 1.2x7x29 m, the top slab has a thickness of
1.8m and a span length of 22m, see Figure 4.1. The bottom slab is 1.4m thick and
the skin walls have a thickness of 1m. The cross-walls are 1m thick and 3m high with
a center to center distance of 7 m. The D-walls and cross-walls are concrete class
C40/50 while the top slab, bottom slab and skin walls are C35/45. The difference
between the D-walls and cross-walls is that the D-walls are reinforced, and the cross-
walls are unreinforced. In addition to the permanent structure, temporary struts
are installed during the construction. The strut and the top slab are located 3.5 m
and 11 m respectively from the top of the D-walls. The height of the tunnel is 11.5
m, including the bottom and top slab.

23



4. FE-Analysis

29m

1.2m

22m

11.5m

C40/50

C35/45

C35/45
C35/45

C40/50

1.4m

3.5m

11m

1.8m

3m

1m

Figure 4.1: Dimensions and concrete types

4.1.2 Material properties
The elastic properties used to model the elastic behavior of the different materials
are listed in Table 4.1.

Table 4.1: Elastic properties of the different materials

Material ρ [kg/m3] Modulus of elasticity [GPa] ν [-]
C40/50 2500 23.8 0.15
C35/45 2500 34 0.15

Reinforcement 7850 200 0.4
Cross-wall 2400 23.8 0.2

The soil profile at Korsvägen has the following sequence: a top layer with fill, an
underlying layer of clay with varying properties and a layer of friction material down
to bedrock. The D-wall is grouted to the bedrock and thus supported in the vertical
direction (Steffensen 2020). The properties of the soil are summarized in Table
4.2. Beside the soil profile, the space above the tunnel is backfilled with two types
of fill-material after installation of the top slab. One standard material and one
lightweight to reduce the weight on top of the tunnel roof.

Table 4.2: Soil properties

Material Thickness [m] γk [kN/m3] ϕ[ř] c [kPa] Modulus of elas-
ticity [MPa]

ν [-]

Fill 1.5 18 30 0.1 25 0.3
Clay 1 5.5 14.7 35 1 25 0.2
Clay 2 8 15 35 1 25 0.2
Clay 3 3 15 35 1 25 0.2

Silty clay (SiCl) 5 18.7 35 1 25 0.2
Silty sand (SiSa) 6 19 32 0.1 17 0.3

Backfill lightweight (LW) 8.5-9.5 11 40 0.1 20 0.3
Backfill standard 1.5-2 21 35 0.1 25 0.3
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4. FE-Analysis

4.1.3 Construction phases
After excavation of the trenches and casting of the D-walls as described in Chapter
3.1.2, the tunnel was built using the top-down method. Each phase of the construc-
tion is shown in Figure 4.2.

Phase 1: Phase 2: Phase 3:

Phase 5: Phase 6: Phase 7:Phase 4:

Excavation 
bottom
Groundwater
level

Figure 4.2: Construction phases in the top-down method, starting with excavation
down to the level of the strut

Construction phase 1 is excavation and installation down to the level of the strut,
to 3.5 m below the ground surface. Phase 2 is excavation down to the bottom of
the top slab, 11 m below ground followed by casting of the top slab in phase 3.
The space above the top slab is then filled with the two backfill-materials, phase 4,
followed by removal of the strut. Phase 5 is excavating below the top slab down to
the lower level of the bottom slab, 20.7m below ground. In Phase 6, the bottom slab
and skin walls are casted which results in the complete structure after construction.
In the permanent stage, phase 7, the water pressure is restored.

4.1.4 Assumptions
To be able to analyze the conditions at Korsvägen, some assumptions are made. The
strut is assumed to have a strength large enough to resist deflection of the D-wall in
the lateral direction. Hence it is modeled as a boundary condition constrained in the
x-direction. The force at the bottom of the D-wall is assumed to be small enough
to have a soft spring as support in the horizontal direction to model the mounting
of the D-wall to bedrock. The magnitude of the horizontal forces are verified to
be of reasonable size in Appendix C.1 and D.1. Since the tunnel is symmetric
around the y-axis in the middle, only half the tunnel and one D-wall need to be
modeled. The nodes along the symmetry line are constrained from moving in the
horizontal direction. The cross-wall is assumed to act as a beam and thus modeled
with beam-elements. The excavation pit is assumed to be watertight in a way such
that it is possible to have a continuous dewatering of the pit during the excavation
phase. Therefore as dewatering occur inside the pit, the water pressure is decreased
simultaneously. All elements are assumed to have a one meter out of plane thickness.
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4.2 Two-dimensional plane strain model

The 2D plane strain model, had five parts: the soil, the backfill, the D-wall, the
tunnel and the cross-wall. The soil as well as the structure was modeled with plane
strain elements. The soil was partitioned into layers according to Table 4.2, see
Figure 4.3. The material model of the soil and backfill was an elastic-perfectly
plastic model with Mohr-Coulomb yield surface, defined by the friction angle, the
dilation angle, and the cohesion yield stress. To model the elastic behavior, the
modulus of elasticity and Poisson’s ratio was used as input. The D-wall and tunnel
was modeled to have a fully elastic material behavior. The cross-wall was modeled
by beam-elements with a fully elastic material model.

Fill

Clay 1

Clay 2

Clay 3

SiCl

SiSA

Backfill standard

Backfill LW

D-wall C40/50

Tunnel  
(C35/45)

Path 1

Path 2

Path 3

Path 4

Symmetry-line

Figure 4.3: Plane strain model showing the partitions, material and paths used
for extraction of stresses

4.2.1 Loading steps

The construction phases were simulated by different loading steps. The first step
was a geostatic step where the earth pressure in the soil was established without
any structural parts inserted. In step 2, which was of type static general, the D-wall
and cross-wall were inserted and soil in their place excavated. To avoid issues of
convergence the insertion of the backfilling was made in several steps. The steps and
what they simulate is presented in Table 4.3. The insertion of structural parts and
excavation were made using the ability to de- and reactivate parts in the interaction
module.
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Table 4.3: Loading steps in the plane strain model

Step Step Type Construction phase Activities
Step 1 Geostatic None Only soil
Step 2 Static, general None Excavation and casting of D-wall

and Cross-wall
Step 3 Static, general Phase 1 Excavation down to -3.5m and in-

sertion of strut
Step 4 Static, general Phase 2 Excavation down to bottom top

slab, -11m below ground level
Step 5 Static, general Phase 3 Casting of top slab

Step 6-9 Static, general Phase 4 Backfilling above top slab
Step 10 Static, general Phase 5 Removal of strut and excavation

down to bottom slab, -20.7m
Step 11 Static, general Phase 6 Installation of bottom slab and in-

ner walls
Step 12 Static, general Phase 7 Permanent stage, restored water

pressure below bottom slab and in
backfill

4.2.2 Loads and boundary conditions
Boundary conditions of the soil and the backfill were established along the outer
edges, both vertical and horizontal, see Figure 4.4. Along the vertical edges, the
soil was constrained from moving in the horizontal direction. Along the horizon-
tal edge at the bottom, the soil was stopped from moving in the vertical direction.
The bottom boundary conditions simulate the interaction the soil had with the rock
underneath. The D-wall was locked in the vertical direction at the structural line
bottom node. The D-wall was also constrained by a ground spring with a stiffness
of 1 MN/m/m in the horizontal direction at the bottom node.

100 Pa
Water Pressure

Constraint in x-direction

Constraint in y-direction

External Pressure

Ground spring with 
stiffness 1e6 N/m/m in the 
x-direction 

Constraint in x-direction
and rotation

Figure 4.4: Boundary conditions and loads in the soil model in step 11

The applied loads on the model were the water pressure, the gravity, and a surface
load on the soil which was a uniform load of 0.1 kPa, added to improve the conver-
gence rate of the soil and prevent it from rising too much. The groundwater level
was located right below the ground level and decreased along with the excavation
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depth at the inside of the D-wall due to dewatering. The water pressure was de-
fined separately, as a pressure acting towards the edge of the D-wall increasing with
depth. An uplifting pressure from the water was also added below the cross-wall
and bottom slab of the tunnel. In addition, the weight of the water needed to be
added above the top slab and cross-wall. The water pressure varied according to
Figure B.1 and values of the water-loads is shown in Appendix B. In the permanent
stage, after a long time, the water pressure on the inside of the D-wall was assumed
to be restored to its initial value. This resulted in an uplift force on the tunnel, due
to the restored water pressure under the tunnel. The backfill was also assumed to
be fully saturated after a long time. Gravity was applied to the whole model in all
steps.

4.2.3 Interaction
The soil-structure interaction was used to simulate skin friction between the D-wall
and soil and was defined as a node-surface interaction with tangential and normal
behavior. The friction coefficient was calculated according to Equation 2.13, using
an estimated mean friction angle of 35°. The connection between the tunnel roof
and the D-wall was modeled with two couplings and a stiff link, see Figure 4.5.
The horizontal center line in the D-wall was locked to a reference point, RP, in the
middle by a coupling. The right edge of the top slab was, similarly, locked to a
reference point in the middle of the top slab’s inner edge. The two reference points
were then connected by a cartesian wire with all degrees of freedom constrained.
The connection between the cross-wall and D-wall were executed in a similar way,
see Figure 4.6.

X X 

Wire: Cartesian + rotation
Locked in x, y & rotation

RP
RP

Top slab

D-wall

x

y

Figure 4.5: Connection between
top slab and D-wall in the plane
strain model

XX

Wire: Cartesian + rotation
Locked in x, y and rotation
 

Coupling: 
Cross-section to RP 

Coupling:top slab to RP
Locked in x, y and rotation

RP RP

Cross-wall

D-wall

XTop slab

D-wall

Coupling: 
D-wall to RP 
Locked in x, y 
and rotation

RP

x

y

x

y

Figure 4.6: Connection between
cross-wall and D-wall in the plane
strain model

4.2.4 Mesh size
The chosen mesh in the plane-strain model was elements with mesh-sizes listed in
Table 4.4. To ensure the mesh-size was small enough to give accurate results, a
convergence study of different elements-sizes was conducted, see Appendix C. The
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element-type was a 4 node bilinear plane strain quadrilateral elements with reduced
integration.

Table 4.4: Mesh size in soil model

Soil D-wall Tunnel Backfill Cross-wall
500mm 200mm 150mm 200mm 500mm

4.2.5 Comparison with hand calculations
The vertical and horizontal earth pressure in every construction phase was calcu-
lated analytically according to Chapter 2.1.2, see Appendix B. The calculated at
rest pressure was compared to the obtained soil stresses from the plane strain model
analysis. The vertical and horizontal stress was extracted along path 1 and 2 in Fig-
ure 4.3. The soil was assumed to be normally consolidated and the at rest coefficient,
K0, was thus calculated the same way in the friction and cohesion material.

4.3 Two-dimensional beam model

The structural parts, in the beam model, were modeled with 2D Timoshenko beam-
elements, and the soil was inserted as loads, see Figure 4.7. The load was calculated
according to earth pressure theory, see Chapter 2.1.2. The model was divided into
three parts: the tunnel, the D-wall, and the cross-wall, all modeled with beam-
elements. The beams were given fully elastic properties defined by the modulus of
elasticity and Poisson’s ratio.

D-wall and Cross-wall

Tunnel

Water pressure

Earth pressure

Constraint in y-direction and 
with ground spring with stiffness 
1e6 N/m/m in the x-direction

Constraint in rotation and x-direction 

Figure 4.7: Beam model in the permanent state
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4.3.1 Loading steps

The calculation steps in the beam model are similar to the ones in the plane strain
analysis. The main difference is that the first step is not a geostatic step and that
the backfilling was not divided into several steps. The resulting 8 steps are presented
in Table 4.5.

Table 4.5: Loading steps in beam model

Step Step Type Construction phase
Step 1 Static, general Start
Step 2 Static, general Excavation down to -3.5m and insertion of strut
Step 3 Static, general Excavation down to bottom top slab, -11m below ground level
Step 4 Static, general Casting of top slab
Step 5 Static, general Backfilling above top slab
Step 6 Static, general Removal of strut and excavation down to bottom slab, -20.7m
Step 7 Static, general Installation of bottom slab and inner walls
Step 8 Static, general Permanent stage, restored water pressure below bottom slab and in backfill

4.3.2 Loads and boundary conditions

The applied loads on the D-wall were the at rest horizontal earth pressure compo-
nent, the water pressure, and the gravity. The loads can be seen in completeness in
Appendix D. The result of the analysis with the at rest pressure was used in com-
bination with the direction in Eurocode 7 for mobilization of active/passive earth
pressure (SIS 2005b). The soil was assumed to be compact and only the passive
earth pressure was considered. The mobilization of passive earth pressure had to
be evaluated in every loading step. The water pressure was inserted the same way
as in the plane strain model, increasing with depth, and reduced with an increasing
excavation depth.

4.3.3 Interactions

In the beam-model, the loads were used to simulate the different construction phases,
instead of the de- and reactivation used in the plane strain model. No interaction
between the structural parts were defined, hence no skin friction was assumed. The
connection between the D-wall and top slab of the tunnel was defined as in Figure
4.8. A length, along the D-wall, equal to the thickness of the top slab was locked
in all degrees of freedom to a reference point, RP, in the middle by a coupling.
The innermost node of the top slab was connected to the same reference point by a
coupling also locked in all degrees of freedom. The connection between the cross-wall
and the D-wall was done in the same way but with only the horizontal and vertical
degrees of freedom constrained.
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Figure 4.8: Connection between top slab and D-wall in beam model

4.3.4 Mesh size

A convergence study of the 2D beam model is presented in Appendix D. The result
compared in the convergence study was the deformations in the D-wall and moments
in the top slab. The study showed that a mesh-size of 50 mm is sufficient. The
element-type used was a 2-node element, linear in a plane.

4.3.5 Correspondence of deformation and stresses with plane
strain model

The results of the beam model analysis regarding deformations and stresses in the D-
wall and top slab were compared with the results of the plane strain model analysis.
Comparisons were done for the stress in the normal direction along the upper edge
of the top slab and the outer edge of the D-wall, see path 3 and 4 in Figure 4.3.
Using beam-elements meant that the stress could not be extracted directly. Instead,
the normal force and moment was retrieved and used to calculate the stress with
Navier-Stokes equation (Al-Emrani et al. 2011):

σ = N

A
+ M

I
∗ z, (4.1)

where A is the cross-sectional area, and I is the moment of inertia of the cross-
section, N is the normal force, M is the moment extracted from the beam model,
z is the internal leverarm. The verification had to be done in several steps. First,
the analysis was run having the at rest earth pressure applied to the structure. The
resulting deformations of the D-wall were then used to estimate the amount of mobi-
lized passive earth pressure according to Eurocode 7 (SIS 2005b). The mobilization
depends on the value of the deformation, v, and the corresponding height, h, of a
specific shape which is determined from the analysis of the deformation curve, a, b
or c, see Figure 4.9. Where a is a decreasing deformation, b is an evenly distributed
deformation, and c is an increasing deformation in relation to depth.
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Figure 4.9: Shapes and percentage needed for 50% and 100% mobilized passive
earth pressure (SIS 2005b)

4.4 Local FE-model of connection
The local FE-model, submodel, was a model of the connection between the D-wall
and top slab. This was analyzed to study to see how the construction phases affect
the connection in terms of stresses, crack-patterns, and crack widths. To simulate
the different construction phases, loads in terms of section forces and moments were
extracted from the beam model in the different steps. The submodel included the
connection and 1 or 2 widths out in each direction to include the entire discontinuity
region resulting in a total height of 4.2 m and a width of 4.8 m, see Figure 4.10.

4.2m

1.2m

1.8m

1m

1m

3.6m
Top slab/Inner wall
D-wall

Figure 4.10: Dimensions of the submodel
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4.4.1 Loading steps

The submodel-analysis was divided into 5 steps, all of type static general. The first
step was installation of the top slab and the last step was the permanent stage.
Table 4.6 lists the steps and corresponding construction phases. The first two steps
used in the two other analyses, excavation to strut level and bottom top slab were
disregarded since the connection is not included in those phases.

Table 4.6: Loading steps in local model analysis

Step Step Type Construction phase Step in Beam model analysis
Step 1 Static, general Casting of top slab Step 4
Step 2 Static, general Backfilling above top slab Step 5
Step 3 Static, general Removal of strut and excavation

down to bottom slab, -20.7m
Step 6

Step 4 Static, general Installation of bottom slab and in-
ner walls

Step 7

Step 5 Static, general Permanent stage, restored water
pressure below bottom slab and in
backfill

Step 8

4.4.2 Loads and boundary conditions

The loads of the local model were retrieved from nodes in the beam-model analysis,
corresponding to the concrete edges of the submodel, see Figure 4.11. The normal
and tangential force and moment of each node was applied to the corresponding
reference point in the local model. The lower reference point of the D-wall was
constrained from moving or rotating in any direction, see Figure 4.12. The load in
each step was retrieved from different steps in the beam-model analysis to simulate
the different construction phases, listed in Table 4.6. The direction of the forces and
moments in Figure 4.12 is an example and do not correspond to any particular step.
The loads of each step and reference point is presented in Appendix F.

RP
RP

1.2m

1.2m

1.8m

1m

4.2m

Nodes corresponding 
to the edges of the submodel 

RP

RP

Figure 4.11: Nodes in the beam-analysis used to gather section forces and moments
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RPX
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Applied force
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Figure 4.12: Boundary conditions and loads applied to the submodel

4.4.3 Interactions
The outer edges were locked to a reference point, RP, in the middle of each edge by a
coupling. That way, the load could be applied to the reference point and transferred
to the entire edge. The couplings were locked in translation and rotation. The
interaction between the reinforcements and the concrete was done using embedded
constraint, where the reinforcements selected as embedded region and the concrete as
host region. Thus, full interaction between reinforcement and concrete was assumed.
The inner wall was deactivated in the first step and then reactivated in the step
corresponding to construction phase 6, see Figure 4.2.

4.4.4 Mesh type and size
The concrete was modeled using plane strain element with the concrete damage
plasticity material-model to describe cracking. In compression, the concrete was
assumed to behave elastic. The yield surface and plastic flow was defined by the
parameters in Table 4.7, all set to recommended values (Zangeneh Kamali 2012).

Table 4.7: Parameters defining the yield surface of the concrete in the submodel

ψ ϵ fb0/fc0 Kc µ
37 0.1 1.16 2/3 1e-06

Since there are different concrete classes in the D-wall and the top slab, the tension
softening and damage behavior was estimated for both concrete types, see Appendix
E.
The reinforcement layout can be seen in Figure 3.8 and was modeled as solely elastic
using truss-elements. The area per effective length of each layer was calculated as:

A = π

4 ∗ d2 ∗ 1m
s

(4.2)
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Where s was the spacing of reinforcement bars out of the plane and d was the diam-
eter of each bar. The couplers were modeled with beam-elements across the rebars.
The additional area in the transversal direction will result in an enhanced area in
contact with the concrete and thus a larger attachment between the reinforcement
and concrete.
A convergence study was done for the local model as well, comparing the reaction
force in the lower node of the D-wall. The convergence study is presented in Ap-
pendix F. The final mesh used in the analysis had an element-length of 20 mm in
both the reinforcement and concrete. The element-type of the concrete was 4-node
bilinear plane strain quadrilateral elements with reduced integration. The reinforce-
ment was modeled with 2-node linear 2D truss elements.

4.4.5 Comparison of crack widths, equilibrium and stresses
The verification of the submodel was done by verifying the forces, moments, stresses,
and cracks. The entire verification of the submodel was performed on the permanent
stage, the last step. To verify the reaction forces and moments in the lower node of
the D-wall, the section forces and moments inserted were summed up, see Table 4.8.
The sum was thus compared to the obtained reaction forces and moments in the
submodel to ensure equilibrium. In addition, the global equilibrium was controlled
by summing up the external loads and comparing the result with the sum of the
reaction and section forces and moments.

Table 4.8: Verification of equilibrium in the submodel

Node Rx [kN/m] Ry [kN/m] Mz [kNm/m]
Upper D-wall 665.8 -240.1 -1775.7

Top slab 96.3 -2014.4 -2376.9
Inner wall 427.7 1519.9 -202.0

Calculated value of reaction -1189.8 734.6 1409.9
Difference to obtained reaction in analysis 0.01% 0.02% 0.04%

Difference to external loads 4 % 3 % 3 %

The steel stress in the upper rebars in the top slab was calculated by Navier-Stokes
equation, Equation 4.1, of concrete cracked section. The hand-calculated value was
compared to the obtained steel stress in the rebars which in turn also was compared
to the tensile strength of the reinforcement. This, to ensure that the rebars had
an elastic material behavior as assumed. To ensure that no crushing occurs, the
compression stress was compared to the limit of 0.6 fck for short-term load and 0.45
fck for long-term load (SIS 2005a). In terms of cracks, the anticipated crack width
and crack-spacing was calculated according to Eurocode 2, see Appendix G (SIS
2005a). The crack width in the submodel was obtained by multiplying the plastic
strain with the element length. In the calculation of the crack widths, spacing and
steel stresses was calculated with the normal force and moment obtained from the
beam model analysis at the interfaces between the top slab and D-wall, see Figure
4.12.
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Results

5.1 Earth pressure along D-wall

The result of the plain strain model analysis in terms of earth pressure, vertical and
horizontal, was compared to hand-calculated values of the at rest earth pressure,
see Figure 5.1. It could be seen that the results of the two methods were similar.
The calculated at rest pressure was slightly higher than the obtained values from
the FE-analysis but the shape of the curves was very similar. The lower horizontal
earth pressure behind the D-wall is most likely mobilization of active earth pressure
due to movement of the D-wall. The vertical earth pressure, from the FE-analysis
and hand-calculated, were almost identical. The horizontal earth pressure is a mul-
tiple of the vertical pressure, validating that the difference depend on the state of
the soil. Overall, the earth pressure in the plane strain analysis agreed well with
hand-calculated values. The complete comparison is presented in Appendix C. The
plateau at 24 m depth is due to the change of material from silty clay to silty sand.
The two different layers have different internal friction angles and thereby different
lateral earth pressure coefficients.
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Figure 5.1: Comparison of the horizontal and vertical earth pressure between the
plane strain model and hand calculated values

The plane strain model had some convergence problems which were strongly related
to the parameters defining the Mohr-Coulomb yield surface. During excavation,
the self-weight from the soil above was lifted and the soil wanted to rise. Thus,
to improve convergence a small amount of cohesion yield stress was added to the
non-cohesive soil layers, 0.1 kPa. The insertion of the backfill material took place in
4 steps to avoid convergence problems due to the high load caused on the top slab.
In this model, there was no need to calculate the earth pressure or the amount of
mobilized active/passive earth pressure (due to the use of a Mohr-Coulomb material
model).

5.2 Deformations and stresses in D-wall
The deformation of the D-wall in the beam model analysis when having applied the
at rest earth pressure is represented by the black line in Figure 5.2 which shows the
deformation in loading step 4, casting of the top slab. The maximum deformation
was 34.3mm, and the shape in the region was almost rectangular (shape b in Figure
4.9) and the corresponding height, h, was 12m. The resulting deformation-height
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ratio was then 0.29%. According to Eurocode 7 (SIS 2005b) and the values stated
in Figure 4.9, the amount of mobilized passive earth pressure along the height was
estimated to 40%. The maximum deformation, corresponding height and assumed
shape of the deformation was estimated in a similar manner in each loading step.
The resulting degree of mobilization in each soil-layer is together with the resulting
earth pressure presented in Appendix D. Since there is no defined relation between
the mobilization and deformation in Eurocode 7, the amount of mobilization, 40%
in step 4, was an estimated value. The new earth pressure, the partly mobilized
passive earth pressure, was applied to the beam model in every step and the new
deformation is shown as the orange line in Figure 5.2.

h=12m

v=34.3mm

Plane strain model
Beam model (at rest)
Beam model (Mob pass)

Figure 5.2: Deformation of D-wall when the top slab is inserted, step 4 in beam
model analysis

The result regarding deformation and stresses of the D-wall after mobilization was
compared to the result of the plane strain analysis, the blue line in Figure 5.3.
The result of the beam model analysis with partly mobilized passive earth pressure,
the orange line in Figure 5.3, corresponded well with the result of the plane strain
analysis. When the partly mobilized earth pressure was applied, the stresses and
deformations of the top slab also corresponded well with the result of the plane
strain analysis, see Appendix D. The peak or rounded peak at 23 m depth is due
to the cross-wall and the large vertical load transferred from the cross-wall into the
D-wall. The same occurs at a depth of 11 m, at the top slab, caused by the same
situation, but with an additional moment transfer as well. The stresses in the second
row in Figure 5.3, corresponding to construction phase 5, excavation to bottom slab
after backfilling, shows the largest stresses. This confirms that construction phase
5 is the most critical phase, see discussion in Chapter 3.3.1.
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Figure 5.3: Comparison of the deflection and vertical stresses in the D-wall between
the two models, having applied the mobilized passive earth pressure in the beam
model

When the mobilized passive earth pressure is applied, the earth pressure applied to
the structure is higher than the pressure acting on the structure in the plane strain
model, see Figure 5.4. The earth pressure on the right side, behind the D-wall, is
slightly lower. This might be an indication that active earth pressure is mobilized
behind the D-wall. A reason why the mobilization of passive earth pressure is
higher in the beam model might be because the earth pressure behind the D-wall
is kept the same, the at rest earth pressure, in all steps. In the plane strain model
analysis, movements of the D-wall automatically lead to mobilization of the soil
and the stiffness of the soil might interfere. The boundary condition, restricting
the soil from moving in the horizontal direction along the vertical edge, see Figure
4.4, is assumed to be far enough to not influence the structure but might add some
additional stiffness to the soil in the horizontal direction. This result in smaller
deflection of the D-wall and thus less mobilized passive earth pressure. The result in
Figure 5.3 shows larger stresses in the D-wall in the beam model analysis compared
to the plane strain model. The deviations between the deformations and stresses
in the two models depend most likely on the differences in loads, see Figure 5.4.
Overall, the result shows that the mobilization of earth pressure must be considered
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when using a model without the soil to capture the real behavior of an underground
tunnel supported by D-walls.

Construction 
phase 1

Construction 
phase 3

Mob earth 
pressure
Plane strain 
model

Construction 
phase 4 

Permanent 
stage

Figure 5.4: Comparison between the horizontal earth pressure applied in the beam
model and the extracted earth pressure in the plane strain model

The degree of mobilized passive earth pressure also affected the section forces in the
structure. Due to the higher load, the section forces in the reference points used as
input to the local model also became higher. The expected crack widths would in
such case become smaller, especially in the D-wall which is the part of the structure
most exposed to the horizontal earth pressure. The lower load in the D-wall would
also be expected to lower the crack width of the crack in the upper corner between
the D-wall and top slab. The assumption of fully elastic behavior also contributes
to higher loads in the structure than if the plastic behavior would be included. The
fully elastic behavior is in such case assumed even if the loads in fact are large
enough to govern a cracking or plastic behavior. The plastic behavior would force
the loads in the structure to redistribute to parts with higher stiffness and possibly
thereby also result in smaller section forces in the connection.

5.3 Crack widths and stresses in connection
The stress in the reinforcement and concrete did in some parts exceed the yielding
strength of 500 MPa and limit of compression of 0.45 fck, 15.75MPa in the top slab
and 18MPa in the D-wall, respectively, see Figure 5.5 and 5.6. Although, there is
only small parts of the model that exceed the limits. The limit is set to be on the
safe side during design of structural parts according to Eurocode 2 (SIS 2005a).
The parts exceeding the limit in the reinforcement was mainly small local parts
in the horizontal rebars, red parts in Figure 5.6. In the concrete, the only parts
exceeding the limit was the upper and lower corner, and a small part of the outer
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edge. Because of this, only small parts and limit on the safe side, the reinforcement
and concrete are still assumed to behave elastic and not crush. The steel stress in
the upper rebar-layer at the interface between the top slab and D-wall was according
to hand-calculated values 375 MPa which is significantly higher than the obtained
value from the analysis, which was 208 MPa.

[MPa]

Figure 5.5: Concrete stresses in the permanent stage

[MPa]

Figure 5.6: Steel stresses at the permanent stage

The crack width in the upper corner of the top slab becomes very high, 1.89 mm.
The entire crack pattern in the permanent stage is shown in Figure 5.7, where the
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largest and second largest cracks in the D-wall and top slab are marked. The largest
crack, in the corner, becomes significantly larger than the calculated crack width.
It can be argued that the obtained crack width in the corner should be compared
to the sum of the two calculated crack widths since it appears at the intersection
of the interfaces which the cracks are calculated for. The sum of the two hand-
calculated cracks at the corner is 1.2 mm, significantly smaller than the obtained
crack width in the FE-analysis. A reason why the crack width from the hand-
calculation does not comply with the crack width from the FE-analysis, might be
because the procedure to calculate crack widths in Eurocode 2 does not consider the
impact of two intersected cracks. The choice of constants in terms of, k1, k2 and k3
also affects the calculated crack width. The crack width of the second largest crack
in the top slab is 0.12 mm and the distance to the corner is 140 mm. The limit of
allowable crack width, 0.2 mm in the top slab, is thereby not exceeded. The second
largest crack in the D-wall has a width of 0.3 mm and appear 360 mm away from
the first crack. The allowable crack width in the D-wall is 0.3 mm; the obtained
crack width is thus on the limit.

II: 
0.12mm

I:1.89mm II:0.3mm

Figure 5.7: Largest and second largest cracks in the permanent stage

The behavior of the connection in the different loading steps is presented in Appendix
H. The most critical step was construction phase 5 where excavation is done down
to the bottom of the bottom slab, backfill is done above the top slab and the strut
is removed. From the analysis results, it seems like the largest cracks appeared
in the step representing construction phase 5 as expected. The crack-pattern and
widths are almost identical in step 3, construction phase 5, and 5, permanent stage,
see Figure 5.7 and 5.8. The restored water pressure in the permanent stage was
expected to close the cracks in the top slab due to the uplifting force. However, this
cannot be seen in the results of the local model analysis. Thus, may be because
the crack in the corner becomes too large for the defined damage behavior to be
effective. The crack widths and spacing of cracks one and two in the top slab and
D-wall are listed in Table 5.1.
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II: 
0.12mm

I:1.89mm II:0.3mm

Figure 5.8: Largest and second largest cracks marked in construction phase 5,
excavation to bottom slab after backfilling

Table 5.1: Crack widths and spacing in the different steps

Step Crack I Crack II (Top slab) Crack II (D-wall)
Width [mm] Width [mm] Spacing [mm] Width [mm] Spacing [mm]

Step 1: Installation top slab 1 0.09 140 0.2 360
Step 2: Backfilling 1.88 0.12 140 0.29 360

Step 3: Excavation to bottom slab 1.89 0.12 140 0.3 360
Step 4: Installation of bottom slab 1.89 0.12 140 0.3 360

Step 5: Permanent stage 1.89 0.12 140 0.3 360

Overall, looking at the results with regard to crack-pattern and stresses it can be
established that the connection is subjected to very high loads. The skew cracks in
the dotted circle in Figure 5.9, is most probably due to shear forces and appear in
both the top slab and D-wall. The changing direction of the horizontal crack in the
middle of the D-wall, marked crack III in Figure 5.9, indicates that shear force affects
the part, possibly due to horizontal forces and imposed rotation. The vertical cracks
in the top slab and horizontal cracks in the D-wall are most likely bending cracks, in
the longdashed circle in Figure 5.9. It can be noted that horizontal cracks are visible
on both sides of the reinforcement, but not at the location of the reinforcement of
the D-wall. This is most likely due to the full interaction between the reinforcement
and concrete; at the rebar location, all elements were cracked, but with smaller
strains than the other cracked elements. These cracks were therefore not visible in
the contour plots. These cracks were therefore not visible in the contour plots. The
crack widths and spacings in the D-wall were approximately the same along the
inner edge with a crack width of 0.3 mm and a spacing of 360 mm. A smaller crack,
0.9 m out into the top slab, appeared in the top slab, crack IV, and had a width of
approximately 0.08 mm.
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III

IV

Bending cracks
Skew cracks

Figure 5.9: Different types of cracks in construction phase 5, excavation to bottom
slab after backfilling
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Discussion

Comparing the situations in Centralen and Korsvägen, it can be seen that the con-
nection in Korsvägen is subjected to significantly higher loads. The higher loads are
mainly due to the choice of building method, and the chosen depth of the tunnel.
When using a top-down method, the amount of backfill will be a critical parame-
ter governing the most severe load situation, construction phase 5, when excavated
down to the bottom slab after backfilling. The backfill itself is directly dependent
on the depth of the tunnel. In other words, the larger the depth of the tunnel, the
more backfill and the higher loads on the connection. By reducing the depth of
the tunnel, or by modifying the building method from top-down to bottom up, it
is possible to reduce the loads on the connection. Another solution might be to use
lightweight backfill all the way up to ground surface, which would reduce the weight
on the top slab. The effect of the backfill can clearly be seen when comparing the
design of the tunnel in Korsvägen versus Kvarnberget. The top slab in Kvarnberget
is a lot thinner than the top slab in Korsvägen, indicating a smaller load acting on
the slab due to the lack or smaller amount of backfill.

The use of a hinged connection results in a larger field-moment in the top slab while
a rigid connection creates higher support-moments. This creates different demands
on the design of the top slab and connection. Higher rebar area in the middle and
bottom of the top slab would be required when using a hinged connection. A rigid
connection requires more reinforcement at the top of the tunnel roof near the con-
nection. If a hinged connection were to be used in Korsvägen, the field-moment at
the middle of the top slab would probably become too high for the current height of
the top slab. A thicker top slab will give an even higher load acting in the connection
due to self-weight. Thus, a hinged connection is not to be preferred in Korsvägen.
However, the load during construction is very high and can be reduced by having
more lightweight backfill.

If the tunnel in Korsvägen were to be built with a bottom-up method, additional
struts would be required due to the large depth of the tunnel. However, larger
deformations would be expected, according to Chapter 3.3, due to the larger ex-
cavation depth without the horizontal support by the top slab. Larger horizontal
deformations of the D-wall would result in a higher degree of mobilized passive earth
pressure and thus larger section forces and moments in the D-wall. The anticipated
crack widths in the D-wall in the connection would then increase as well. The larger
deformations of the D-wall, compared to a top-down construction, could be reduced
by additional strut-levels. An important difference between the two methods regard-
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ing the connection is that construction phase 5 (excavation down to the bottom slab
after backfilling) would be avoided in the top-down method. The top slab would
instead be supported by the bottom slab and skin walls during backfilling, resulting
in a less critical load-situation. To summarize, using a bottom-up method would
most likely result in smaller crack widths if additional struts are used to minimize
the horizontal deformations of the D-wall.

The three types of models used, 2D plane strain, 2D beam model and the local
model can also be described as elastoplastic, elastic and non-linear. The first and
second model kept the structure fully elastic while the soil in the plane strain model
was assumed to be elastoplastic assuming a yield surface following Mohr-coulomb.
The assumption of a fully elastic behavior in the structure means neglecting redis-
tribution of loads due to plasticity, thus giving higher loads than if plastic behavior
of the structure had been considered. The assumption might thereby lead to an
overestimation of loads acting in the connection. A way to include the plastic be-
havior of the structure in the first model could have been to also model the concrete
by a Mohr-Coulomb material model or a concrete damage plasticity model. As a
result, redistribution of loads would have been included in the global analysis and
the load transferred to the local model could have been reduced and the resulting
crack width smaller.

Although the result regarding deformations and stresses corresponded well between
the plane strain model and beam model is an estimate as the final load applied to
the beam model was larger than the earth pressure subjected to the structure in
the plane strain analysis. The section forces and moments in the beam model were
consequently probably too high, resulting in too wide cracks in the connection. It
can be argued that a beam model with partly mobilized earth pressure according
to Eurocode 7 is accurate enough to use in early design. However, a plane strain
model, or equivalent, including the soil is preferable during detailed design.

The very large crack width (1.89mm) in the corner in between the D-wall and top
slab indicates that some additional measures to reduce the crack widths are needed.
It should be considered that the crack is an overestimation due to the assumed elastic
behavior, and the larger mobilized earth pressure. Still, the crack-width in the corner
is much larger than the allowable crack widths and would most probably not meet
the requirements even without the overestimations. One possible alternative to
reduce the crack width would be to strengthen the corner by a haunch, to increase
the thickness of the top slab near the connection. Another alternative would be to
have additional strut-levels which would reduce the deformation of the D-wall and
thus the mobilization of passive earth pressure.
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This master thesis aimed to investigate the structural behavior of the connection
between the tunnel roof and D-walls at Korsvägen, a sub-project of the West Link
Project. The conclusions of the work are listed below:

• A tunnel located at a large depth, built with a top-down method results in a
critical situation with respect to the connection. The situation in Korsvägen
is thus more critical than the other sub-projects in the West Link project.

• The earth pressure developed in the plane strain model, including the non-
linear behavior of the soil, showed less mobilization of passive earth pressure
than the analyses using a simplified beam model. One reason may be because
the soil-structure interaction was included in the plane strain model.

• The assumption of elastic structure, and not including the soil-structure inter-
action in the simplified beam-model analyses result in too high mobilization
of passive earth pressure, and thus the crack widths in the connection were
overestimated.

• The FE-analyses indicated that the design of the connection at Korsvägen is
not sufficient regarding allowable crack widths. Additional measures such as a
haunch, additional struts or lighter backfill, may be used to reduce the crack
widths.

7.1 Further studies
There are several aspects that would be interesting to study further regarding D-
walls and their connection to tunnels. A further study that would be interesting is
to investigate the effect of having D-wall panels with varying length and the effect
of the vertical connections between panels. This could be studied for example by
performing a three dimensional-model of the tunnel structure and D-walls.

Further, it would be interesting to study the effect of several parameters on the
connection. The parameters of interest might be:

• Foundation of D-wall: to bedrock or clay
• Building method
• Type of connection
• Depth of tunnel

From such studies, it would be possible to understand the interplay between the
involved parameters, and to recommend suitable requirements regarding perma-
nent D-walls and their connection to the tunnel. To get a full understanding and
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overview of underground tunnels built with permanent D-walls, it would be interest-
ing to conduct a further study regarding the environmental effects of such structures,
especially, compared to other more traditional methods used in Sweden.
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A. Appendix A

Table A.1: National and international standards treating D-walls

National Requirements
Krav TRVINFRA-00227
(Trafikverket 2021b)

Chapter 6.3.3.4 and 7.3.4.3:
• D-walls should be designed with special regard to durability.
• D-walls should be designed and dimensioned according to SS-

EN 1538.
• A D-wall subjected to bending moments should be reinforced.
• For calculations regarding earth pressure, movements and

consideration of geotechnical conditions, see TK Geo (Krav
TRVINFRA-00230).

• In case the D-wall should be used in a tunnel-construction and
the requirements regarding tunnels are stricter, they should be
followed.

Additional advises to TRVINFRA-
00227 (Trafikverket 2021a)

Chapter 6.3.3.4:
• The concrete in the D-wall cannot be expected to have sufficient

durability against frost, chloride or fire.
• D-walls subjected to these kinds of impacts should be designed

as a twopart-construction with an inner wall.

Krav TRVINFRA-00230
(Trafikverket 2022)

Chapter 10.2:
• The construction should be designed for loads from above con-

struction and arising earth, and water pressure both in tempo-
rary and permanent stages.

• For permanent constructions the earth pressure at rest might be
recreated behind the D-wall over time. The effect of settlements
which increase the active soil pressure behind the D-wall should
be taken into consideration.

• ULS: At design the following things should be considered: the
total stability and load transferring between support construc-
tions and underground. The D-wall should be designed such
that progressive failure is avoided.

• SLS: Design in SLS should show that allowable deformations
are not exceeded and should be verified by measurements.

• Partial safety factors: should be chosen as γG,g = 1.1γdwhen the
resultant of the active and passive earth pressure is >0. When
the resultant is <0 the coefficient should be γG = 1.0.

• The effect of permanent and variable loads should be separated.
• If the result from calculations based on total-stability and

rotation-stability contradict, the most conservative should be
used, see Appendix A.

• Characteristic values: when designing with a FE-analysis that
considers the interaction between the soil and concrete, the
forces should be multiplied with at least 1.4 at ductile and 1.5
at brittle failure.

International
SS-EN 1538:2010 (Swedish Stan-
dards Institute 2015) • Geotechnical investigation: General and specific requirements.

• Materials and products: Constituents, general, bentonite, Poly-
mers, Cement, Aggregates, Water, additions, admixtures, sup-
port fluids, bentonite suspensions, polymer solutions, fresh
hardening slurries, concrete etc.

• Considerations related to design: panel stability, reinforcement
cage, design principles, vertical and horizontal reinforcement,
multiple cages and joints etc.

• Execution: construction phases, construction tolerances, exca-
vation, forming the joints, concreting and trimming etc.

• Supervision, testing and monitoring.
• Records.
• Special requirements.
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A. Appendix A

A.1 Calculation methods
According to TRVINFRA 00230, if the two methods, total stability and rotational
stability, contradict one another the most conservaive result should be used hence-
forth in the dimensioning. To know which one is the most critical, the two methods
are explained further.

A.1.1 Total stability method
The total stability can be calculated in both undrained and drained soils when
investigating the slope-stability (Knappett 2012). In the undrained situation, right
after construction, when the soil is assumed to be fully saturated the failure surface
is illustrated as a circular arc. In addition to the assumption that the soil is fully
saturated it is also assumed to be homogenous and cohesionless. In the total stability
method, only moment equilibrium is considered and the moments that are considered
are the moment from the weight of the soil and the resisting moment (Knappett
2012).

Ma = W ∗ d (A.1)
Mr = cu ∗ r ∗ L (A.2)

To control the safety with regard to total stability can then be calculated as:

F = Mr/Ma (A.3)

such that if F is larger than one, the slope is considered safe. Since the overturning
moment is Ma, the weight of the soil above the failure surface is the governing factor
of instability.
If the soil is drained, the method is slightly different. Then the area above the failure
surface is divided into slices, see Figure A.1. Each slice has a base that is a straight
line and assumed to have the same safety factor. In other words, there will be some
inter-slice forces acting on each slice (Knappett 2012). The forces are shear forces on
the sides and at the base, normal forces on the sides and at the base and the weight
of the slice. The safety factor is in this case the available shear strength divided by
the shear strength required to keep limiting equilibrium at the slip surface. In the
drained analysis it is also possible to estimate the safety factors of inhomogeneous
soil profiles as:

F =
∑

i(ci + σi ∗ tanϕ) ∗ li∑
i Wi ∗ sinαi

(A.4)

Where Wi is the weight of each slice, ci is the shear strength, σi is the vertical stress
in each soil slice, ϕi is the friction angle and li is the length of the base. The method
is statically indeterminate and require some assumptions about the inter-slice forces
to be able to calculate the safety factor. Depending on the soil, if it is homogeneous
or not, the slip surface has different shapes (Knappett 2012).

A.1.2 Rotation stability method
The rotational stability of the structure also has to be controlled. This is done by
analyzing the effect of the earth pressure on the rotation of the D-wall (Fleming et al.
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r

Slip surface

l

W

Figure A.1: Figure of failure surface and slices in the total stability method

2008). The soil behind the D-wall from a pressure that increases with depth acting
towards the D-wall, see Figure A.2. At the excavation side, a similar pressure is
acting in the other direction against the D-wall. To establish if active or passive earth
pressure will develop, the maximum horizontal deflection of the D-wall subjected to
the initial earth pressure have to be investigated (SIS 2005b). If the maximum
horizontal deflection is 7-25%, in loose soil, or 5-10%, in dense soil, of the height of
the D-wall, passive pressure is developed. If the maximum horizontal deflection is
0,4-0,5%, in loose soil, or 0,1-0,2%, in dense soil, active pressure is developed (SIS
2005b).

Length of 
D-wall

Active earth 
pressure

Location 
of strut

Passive earth 
pressure

Excavation bottom

Soil behind D-wall

Figure A.2: Calculation properties of the rotational stability check

When the distribution of earth pressure is established a moment equilibrium is set
up (Fleming et al. 2008). If the wall has a strut or anchor, the moment equilibrium
should be taken about the location of this. From the moment equilibrium, the nec-
essary length of the D-wall can be calculated and from that the resulting force in
the strut. Similarly to the total stability method, a safety factor F can be found as
the ratio between the restoring moment and the disturbing moment. If a specific
safety factor is wanted, the procedure of calculating pressure distribution, moment
equilibrium, length of D-wall and force in strut is repeated until it is reached (Flem-
ing et al. 2008). Recommended values for the safety factor vary for different friction
angles and if the construction is temporary or permanent. In general it increases
with the friction angle and is higher when the construction is permanent.
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B.1 Earth pressure and load calculations
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Material Y [N/m3] ! [ °] " [ °]
Cohesion yield 

stress [Pa]
Fill 18000 28,3 0 100
Cl1 14700 35 5 1000
Cl2 15000 35 5 1000
Cl3 15000 35 5 1000
Sicl 18700 35 5 1000
Sisa 19000 32 2 100
D-wall 25000
Top slab 25000
Cross-wall 24000

Backfill (LW) 11000 40 10
Backfill standard 21000 35 5
Reinforcement 78500

Material E [Pa] v
Fill 2,50E+07 0,3
Cl1 2,50E+07 0,2
Cl2 2,50E+07 0,2
Cl3 2,50E+07 0,2
Sicl 2,50E+07 0,2
Sisa 1,70E+07 0,3
D-wall 2,38E+10 0,15
Top slab 3,40E+10 0,15
CW 2,38E+10 0,2

Backfill (LW) 2,00E+07 0,3
Backfill standard 2,50E+07 0,3

K0 Ka Kp
Fill 0,526 0,357 2,803
Cl1 0,426 0,271 3,690
Cl2 0,426 0,271 3,690
Cl3 0,426 0,271 3,690
Sicl 0,426 0,271 3,690
Sisa 0,470 0,307 3,255
Backfill (LW) 0,357 0,217 4,599
Backfill standard 0,426 0,271 3,690



Depth (z) [m] Y [N/m3] !_v=Y*z [Pa] !_h = K0*!_v [Pa]

Fill 1,5 18000 27000 14200
Clay 1 1,5 18000 27000 11513
Level of strut 3,5 14700 56400 24050
Clay 1 7 14700 107850 45990
Top of top slab 9,2 15000 140850 60062
Bottom of top slab 11 15000 167850 71575
Clay 2 15 15000 227850 97161
Clay 3 18 15000 272850 116350
Top of bottom slab 19,3 18700 297160 126716
Bottom of bottom slab 20,7 18700 323340 137880
SiCl 23 18700 366350 156220
SiSa 23 18700 366350 172214
Bottom of cross-wall 23,7 19000 379650 178466
SiSa 29 19000 480350 225803

Depth (z) [m] Passive !_p [Pa] Active !_a [Pa]

1,5 75679 9633
1,5 99635 7317
3,5 208126 15284
7 397985 29226

9,2 519761 38169
11 619395 45486
15 840806 61745
18 1006864 73940

19,3 1096572 80527
20,7 1193180 87622
23 1192318 99277
23 1351895 112564

23,7 1400974 116651
29 1772574 147592

Backfill 

Depth (z) [m] !_v=Y*z [Pa] !_h = K0*!_v [Pa] Passive !_p [Pa] Active !_a [Pa]

1,5 31500 13432 116240 8536
3,5 73500 31342 271228 19918
3,5 73500 26255 338020 15982
7 112000 40008 515078 24354

9,2 136200 48652 626372 29616



Horizontal earth pressure [Pa]

Depth (z) [m] Excavation side Behind D-wall
0 0 0

1,5 0 14200
1,5 0 11513
3,5 0 24050
7 21939 45990

9,2 36011 60062
11 47525 71575
15 73110 97161
18 92299 116350

19,3 102666 126716
20,7 113830 137880
23 132170 156220
23 145702 172214

23,7 151954 178466
29 199291 225803

Depth (z) [m] Excavation side Behind D-wall
0 0 0

1,5 0 14200
1,5 0 11513
3,5 0 24050
7 0 45990

9,2 0 60062
11 0 71575
15 25585 97161
18 44774 116350

19,3 55141 126716
20,7 66305 137880
23 84645 156220
23 84645 172214

23,7 90317 178466
29 133257 225803

Construction phase 1

Construction phase 2



Depth (z) [m] Excavation side Behind D-wall
0 0 0

1,5 0 14200
1,5 0 11513
3,5 0 24050
7 0 45990

9,2 0 60062
11 0 71575
15 25585 97161
18 44774 116350

19,3 55141 126716
20,7 66305 137880
23 84645 156220
23 84645 172214

23,7 90317 178466
29 133257 225803

Depth (z) [m] Excavation side Behind D-wall
0 0 0

1,5 13432 14200
1,5 13432 11513
3,5 26255 24050
7 40008 45990

9,2 48652 60062
11 0 71575
15 25585 97161
18 44774 116350

19,3 55141 126716
20,7 66305 137880
23 84645 156220
23 84645 172214

23,7 90317 178466
29 133257 225803

Construction phase 3

Construction phase 4



Depth (z) [m] Excavation side Behind D-wall
0 0 0

1,5 13432 14200
1,5 13432 11513
3,5 26255 24050
7 40008 45990

9,2 48652 60062
11 0 71575
15 0 97161
18 0 116350

19,3 0 126716
20,7 0 137880
23 18340 156220
23 20218 172214

23,7 26470 178466
29 73807 225803

Depth (z) [m] Excavation side Behind D-wall
0 0 0

1,5 13432 14200
1,5 13432 11513
3,5 26255 24050
7 40008 45990

9,2 48652 60062
11 0 71575
15 0 97161
18 0 116350

19,3 0 126716
20,7 0 137880
23 18340 156220
23 20218 172214

23,7 26470 178466
29 73807 225803

Construction phase 5 and 6

Construction phase 7



Water pressure [Pa]

Depth (z) [m] Excavation side Behind D-wall
0 0 0

1,5 0 15000
3,5 0 35000
7 35000 70000

9,2 57000 92000
11 75000 110000
15 115000 150000
18 145000 180000

19,3 158000 193000
20,7 172000 207000
23 195000 230000

23,7 202000 237000
29 255000 290000

Depth (z) [m] Excavation side Behind D-wall
0 0 0

1,5 0 15000
3,5 0 35000
7 0 70000

9,2 0 92000
11 0 110000
15 40000 150000
18 70000 180000

19,3 83000 193000
20,7 97000 207000
23 120000 230000

23,7 127000 237000
29 180000 290000

Construction phase 2

Construction phase 1



Depth (z) [m] Excavation side Behind D-wall
0 0 0

1,5 0 15000
3,5 0 35000
7 0 70000

9,2 0 92000
11 0 110000
15 40000 150000
18 70000 180000

19,3 83000 193000
20,7 97000 207000
23 120000 230000

23,7 127000 237000
29 180000 290000

Depth (z) [m] Excavation side Behind D-wall
0 0 0

1,5 0 15000
3,5 0 35000
7 0 70000

9,2 0 92000
11 0 110000
15 0 150000
18 0 180000

19,3 0 193000
20,7 0 207000
23 23000 230000

23,7 30000 237000
29 83000 290000

Construction phase 3 and 4

Construction phase 5 and 6



Depth (z) [m] Excavation side Behind D-wall
0 0 0

1,5 15000 15000
3,5 35000 35000
7 70000 70000

9,2 92000 92000
11 0 110000
15 0 150000
18 0 180000

19,3 0 193000
20,7 0 207000
23 230000 230000

23,7 237000 237000
29 290000 290000

Uplift and weight of water below and above cross-wall, bottom slab and top slab

Constr. Phase 1 Constr. Phase 2-4 Const. Phase 5-6 Permanent 

Under Cross-wall 202000 127000 30000 237000
Over Cross-Wall -172000 -97000 0 0
Under Botom slab 0 0 0 207000
Over Top slab 0 0 0 -92000

Construction phase 7



B. Appendix B

B.2 Water pressure in plane strain model

Phase 1: Excavation 
to strut level

Phase 2: Excavation 
to bottom top slab

Phase 3-4: Installation of 
top slab and backfilling

Phase 5: Excavation 
to below bottom slab 

Phase 6: Installation of 
bottom slab and inner walls

Permanent stage:

Phase 1: Excavation 
to strut level

Phase 2: Excavation 
to bottom top slab

Phase 3-4: Installation of 
top slab and backfilling

Phase 5: Excavation 
to below bottom slab 

Phase 6: Installation of 
bottom slab and inner walls

Permanent stage:

Figure B.1: Calculations steps in soil model with varying water pressure
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C.1 Control of horizontal reaction forces in plane
strain model

Symmetry line

Reaction 
force in 
top slab

Reaction 
force in 
bottom slab

Reaction 
force in 
cross-wall

Figure C.1: The different reaction forces and force at the bottom of the D-wall
used for the control

Step CW Top slab Bottom slab
Step 3 0.1% - -
Step 4 0.3% - -
Step 5 0.3% 2.2% -
Step 9 0.4% 0.7% -
Step 10 0.7% 1.4% -
Step 11 0.7% 1.4% 9.0%
Step 12 0.2% 0.1% 0.2%

Table C.1: Ratio between the horizontal force at the bottom of the D-wall and
the different horizontal reaction forces along the symmetry line in the plane strain
model
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C.2 Mesh convergence study of plain strain model

The final mesh used in the 2D plane strain model is listed in Chapter 4.2.4 and
the mesh convergence study of the D-wall, tunnel and soil is presented in Figure
C.2. The mesh convergence of the soil was controlled both inside and outside the
D-wall. The result used to study the convergence was the maximum deformation in
the D-wall and top slab and the maximum vertical stress in the soil.

Mesh convergence of soil

Inside D-wall
Outside D-wall

Mesh convergence of D-wall Mesh convergence of tunnel

Figure C.2: Convergence study of different element-lengths in the D-wall, tunnel
and soil
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C.3 Complete verification of plane strain model

(Step:3)

(Step:4)

(Step:5)

(Step:9)

(Step:10)

(Step:12)

Figure C.3: Complete verification of the horizontal earth pressure

XVII



C. Appendix C

(Step:3)

(Step:4)

(Step:5)

(Step:9)

(Step:10)

(Step:12)

Figure C.4: Complete verification of the vertical earth pressure
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D.1 Control of horizontal reaction forces in the
beam model

Step CW Top slab Bottom slab
Step 2 0.2% - -
Step 3 0.04% - -
Step 4 0.1% 2.5% -
Step 5 0.3% 1.4% -
Step 6 0.4% 10.4% -
Step 7 0.4% 54.5% 20.4%
Step 8 0.05% 1.2% 0.3%

Table D.1: Comparison between the horizontal force at the bottom of the D-wall
and the different horizontal reaction forces along the symmetry line in the beam
model

D.2 Mesh convergence study of beam model
The mesh convergence study of the beam model was conducted comparing the de-
formation in the bottom of the D-wall and the outer field moment in the top slab.
The result is shown in Figure D.1.

Mesh convergence of D-wall

Mesh convergence of tunnel

Figure D.1: Convergence study of the 2D beam model

D.3 Complete verification of beam model

XIX



Horizontal earth pressure inserted in Beam Model analysis [Pa]

Depth (z) [m] At rest at exc. Side [Pa] Behind D-wall [Pa] Partly mob passive [Pa]
0 0 0 0
1,5 0 14200 0
1,5 0 11513 0
3,5 0 24050 0
7 21939 45990 37972
9,2 36011 60062 62327
11 47525 71575 82254
15 73110 97161 126536
18 92299 116350 159748
19,3 102666 126716 102666
20,7 113830 137880 113830
23 132170 156220 132170
23 145702 172214 145702
23,7 151954 178466 151954
29 199291 225803 199291

Deformations of the D-wall Vertical stresses along the D-wall

Plane strain 
Model

Beam model (at rest) Beam model (partly mob)

Max def [mm] h [m] v/h Soil layer Mob passive Shape 
9.84 7 0.141% Clay 2 20% b

Clay 3 20% b

Construction phase 1

h=7m

v=9.4mm



Depth (z) [m] At rest at exc. Side [Pa] Behind D-wall [Pa] Partly mob passive [Pa]
0 0 0 0
1,5 0 14200 0
1,5 0 11513 0
3,5 0 24050 0
7 0 45990 0
9,2 0 60062 0
11 0 71575 0
15 25585 97161 88564
18 44774 116350 154987
19,3 55141 126716 190870
20,7 66305 137880 229514
23 84645 156220 293000
23 93311 172214 93311
23,7 99563 178466 99563
29 146900 225803 146900

Max def [mm] h [m] v/h Soil layer Mob passive Shape 
35.1 12 0.292% Clay 2 40% b

Clay 3 40% b
SiCl 40% b

Deformations of the D-wall Vertical stresses along the D-wall

Construction phase 2

h=12m

v=35.1mm



Depth (z) [m] At rest at exc. Side [Pa] Behind D-wall [Pa] Partly mob passive [Pa]
0 0 0 0
1,5 0 14200 0
1,5 0 11513 0
3,5 0 24050 0
7 0 45990 0
9,2 0 60062 0
11 0 71575 0
15 25585 97161 88564
18 44774 116350 154987
19,3 55141 126716 190870
20,7 66305 137880 229514
23 84645 156220 293000
23 93311 172214 93311
23,7 99563 178466 99563
29 146900 225803 146900

Max def [mm] h [m] v/h Soil layer Mob passive Shape 
34.3 12 0.286% Clay 2 40% b

Clay 3 40% b
SiCl 40% b

Deformations of the D-wall Vertical stresses along the D-wall

Construction phase 3

h=12m

v=34.3mm



Depth (z) [m] At rest at exc. Side [Pa] Behind D-wall [Pa] Partly mob passive [Pa]
0 0 0 0
1,5 13432 14200 13432
1,5 13432 11513 13432
3,5 26255 24050 26255
7 40008 45990 40008
9,2 48652 60062 48652
11 0 71575 0
15 25585 97161 66423
18 44774 116350 116240
19,3 55141 126716 143153
20,7 66305 137880 172135
23 84645 156220 219750
23 93311 172214 93311
23,7 99563 178466 99563
29 146900 225803 146900

Max def [mm] h [m] v/h Soil layer Mob passive Shape 
32.1 12 0.267% Clay 2 30% b

Clay 3 30% b
SiCl 30% b

Deformations of the D-wall Vertical stresses along the D-wall

Construction phase 4

h=12m

v=32.1mm



Depth (z) [m] At rest at exc. Side [Pa] Behind D-wall [Pa] Partly mob passive [Pa]
0 0 0 0
1,5 13432 14200 46496
1,5 13432 11513 46496
3,5 26255 24050 118307
7 40008 45990 180277
9,2 48652 60062 219230
11 0 71575 0
15 0 97161 0
18 0 116350 0
19,3 0 126716 0
20,7 0 137880 0
23 18340 156220 18340
23 20218 172214 41994
23,7 26470 178466 54980
29 73807 225803 153301

Max def [mm] h [m] v/h Soil layer Mob passive Shape 
67.3 9.2 0.732% BF standard 40% a

BF Lightweight 35% a
31.3 6 0.34% SiSa 30% c

Deformations of the D-wall Vertical stresses along the D-wall

Construction phase 5

v=31.3mm h=6m

h=9.2m

v=67.3mm



Depth (z) [m] At rest at exc. Side [Pa] Behind D-wall [Pa] Partly mob passive [Pa]
0 0 0 0
1,5 13432 14200 46496
1,5 13432 11513 46496
3,5 26255 24050 118307
7 40008 45990 180277
9,2 48652 60062 219230
11 0 71575 0
15 0 97161 0
18 0 116350 0
19,3 0 126716 0
20,7 0 137880 0
23 18340 156220 18340
23 20218 172214 41994
23,7 26470 178466 54980
29 73807 225803 153301

Max def [mm] h [m] v/h Soil layer Mob passive Shape 
67.3 9.2 0.732% BF standard 40% a

BF Lightweight 35% a
31.3 6 0.34% SiSa 30% c

Deformations of the D-wall Vertical stresses along the D-wall

Construction phase 6

v=31.3mm h=6m

h=9.2m

v=67.3mm



Depth (z) [m] At rest at exc. Side [Pa] Behind D-wall [Pa] Partly mob passive [Pa]
0 0 0 0
1,5 13432 14200 34872
1,5 13432 11513 34872
3,5 26255 24050 84505
7 40008 45990 128769
9,2 48652 60062 156593
11 0 71575 0
15 0 97161 0
18 0 116350 0
19,3 0 126716 0
20,7 0 137880 0
23 18340 156220 18340
23 20218 172214 20218
23,7 26470 178466 26470
29 73807 225803 73807

Max def [mm] h [m] v/h Soil layer Mob passive Shape 
44.8 9.2 0.487% BF standard 30% a

BF Lightweight 25% a

Deformations of the D-wall Vertical stresses along the D-wall

Permanent stage

h=9.2m

v=44.8mm



Plane strain model Beam model (partly pass)

Deformation in top slab 

Horizontal stress along upper edge of top slab 

Construction phase 3

Comparison of deformations and horizontal stresses in top slab 
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Deformation in top slab 

Horizontal stress along upper edge of top slab 

Construction phase 4
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Deformation in top slab 

Horizontal stress along upper edge of top slab 

Construction phase 5
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Deformation in top slab 

Horizontal stress along upper edge of top slab 

Permanent stage 
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Appendix E

E.1 Material and element type of local model
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Calculation of tension softening parameters

According to Hordjik (Zangeneh Kamali 2012)

c1 = 3    c2 = 6

W is the crack opening displacement

Wc is the maximum crack opening displacement at zero tension

According to model code 2010

Fracture energy of concrete:

D-wall   C40/50 Top slab  C35/45

fcm = 48 Mpa fcm = 43 MPa

fctm = 3,5 Mpa fctm = 3,2 MPa

Gf =  146.54 N/m Gf = 143.66 N/m

Wc = 0,215 mm Wc = 0,231 mm

The peak tension stress will be used as input in the FE analysis in the submodel to express the tension 

softening behaviour after cracking 

D-wall Top slab

fctm [Mpa] w [mm] fctm [Mpa] w [mm]

3,50E+00 0,00E+00 3,20E+00 0,00E+00

2,29E+00 1,54E-02 2,07E+00 1,65E-02

1,57E+00 3,07E-02 1,34E+00 3,30E-02

1,17E+00 4,61E-02 8,63E-01 4,95E-02

9,58E-01 6,15E-02 5,53E-01 6,59E-02

8,29E-01 7,69E-02 3,47E-01 8,24E-02

7,32E-01 9,22E-02 2,07E-01 9,89E-02

6,41E-01 1,08E-01 1,08E-01 1,15E-01

5,47E-01 1,23E-01 3,50E-02 1,32E-01

4,48E-01 1,38E-01 0,00E+00 2,31E-01

3,49E-01 1,54E-01

2,52E-01 1,69E-01

1,60E-01 1,84E-01

7,56E-02 2,00E-01

0,00E+00 2,15E-01

σ𝑡 𝑤 = 1 + 𝑐1 ∗
𝑤

𝑤𝑐

3

∗ 𝑒−𝑐2∗
𝑤
𝑤𝑐 −

𝑤

𝑤𝑐
∗ 1 + 𝑐13 ∗ 𝑒−𝑐2 ∗ 𝑓𝑐𝑡𝑚

0,00E+00

1,00E+00

2,00E+00

3,00E+00

4,00E+00

0,00E+00 5,00E-02 1,00E-01 1,50E-01 2,00E-01 2,50E-01

σ
-t

 [
M

P
a]

w [mm]

Stress-crack opening displacement curve

D-wall Top slab

𝐺𝑓 = 73 ∗ 𝑓𝑐𝑚0.18
N

m
𝑊𝑐 = 5.14 ∗

𝐺𝑓

𝑓𝑐𝑡𝑚
𝑚𝑚
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E.2 Material and element type of local model
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Damage evolution parameters and stiffness recovery
According to Hordjik (Zangeneh Kamali 2012)

D-wall C40/50 [Pa] Top slab C35/45 [Pa]

fcm 4,80E+07 fcm 4,30E+07

fctm 3,50E+06 fctm 3,20E+06

E 2,38E+10 E 3,40E+10

εt = 1.47E-04 εt = 9.41E-5

bt = 0.7

D-wall

σt [Pa] εt^ck dt εt^pl

3,50E+06 0,00E+00 0,00E+00 0,00E+00

2,29E+06 5,10E-05 1,38E-01 3,57E-05

1,57E+06 8,12E-05 2,70E-01 5,68E-05

1,17E+06 9,78E-05 3,73E-01 6,85E-05

9,58E+05 1,07E-04 4,43E-01 7,48E-05

8,29E+05 1,12E-04 4,92E-01 7,86E-05

7,32E+05 1,16E-04 5,32E-01 8,14E-05

6,41E+05 1,20E-04 5,72E-01 8,41E-05

5,47E+05 1,24E-04 6,18E-01 8,69E-05

4,48E+05 1,28E-04 6,71E-01 8,98E-05

3,49E+05 1,32E-04 7,31E-01 9,27E-05

2,52E+05 1,36E-04 7,95E-01 9,55E-05

1,60E+05 1,40E-04 8,62E-01 9,82E-05

7,56E+04 1,44E-04 9,31E-01 1,01E-04

Top slab

σt [Pa] εt^ck dt εt^pl

3,20E+06 0,00E+00 0,00E+00 0,00E+00

2,07E+06 3,32E-05 1,41E-01 2,32E-05

1,34E+06 5,48E-05 2,94E-01 3,83E-05

8,63E+05 6,87E-05 4,48E-01 4,81E-05

5,53E+05 7,78E-05 5,89E-01 5,45E-05

3,47E+05 8,39E-05 7,11E-01 5,87E-05

2,07E+05 8,80E-05 8,13E-01 6,16E-05

1,08E+05 9,09E-05 8,96E-01 6,37E-05

3,50E+04 9,31E-05 9,64E-01 6,52E-05

𝑑𝑡 = 1 − (
𝜎𝑡 ∗ 𝐸−1

𝜎𝑡 ∗ 𝐸−1
+ 𝜀𝑡𝑐𝑘* 1-𝑏𝑡

𝜀𝑡𝑝𝑙 = 𝑏𝑡*𝜀𝑡𝑐𝑘
𝜀𝑡𝑐𝑘 = 𝜀𝑡 -

𝜎𝑡

𝐸

ε𝑡 =
𝑓𝑐𝑡𝑚

𝐸



E. Appendix E

XXXVI



F
Appendix F

F.1 Loads applied to local model

Table F.1: Section forces/moments inserted at the upper reference point in the
D-wall

Step X-direction Y-direction Moment
Step 1 548725 -239990 -3365390
Step 2 924436 -239970 -4643890
Step 3 793874 -240000 -2660820
Step 4 774626 -239996 -2091910
Step 5 665844 -240068 -1775700

Table F.2: Section forces/moments inserted at the reference point in the top slab

Step X-direction Y-direction Moment
Step 1 -157382 -300466 -266478
Step 2 -323415 -1243550 -603106
Step 3 -211555 -1344880 -2011930
Step 4 -90345 -1345100 -2267460
Step 5 96252 -2014440 -2376880

Table F.3: Section forces/moments inserted at the reference point in the inner wall

Step X-direction Y-direction Moment
Step 4 -494309 -100008 166318
Step 5 1519860 427697 -201989

F.2 Mesh convergence study of local model

The mesh convergence study of the local model was done by varying the mesh and
comparing the vertical and horizontal reaction force with the assumed exact value,
see Figure F.1. The final mesh had an element length of 20 mm.
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F. Appendix F

Horizontal reaction force

Vertical reaction force

Figure F.1: Convergence study of the 2D local model of the connection
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Appendix G

G.1 Verification of crack widths and steel stress
at top slab
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Calculation of crack width at Top slab:

According to EC2 and RKFM-E05

Top slab C35/45

fcm [Mpa] fctm [Mpa] Ec [Gpa] b x h [m] Es [Gpa]

4,30E+01 3,20E+01 3,40E+01 1 x 1,8 2,00E+02

Reinforcement 

Bottom (5 x 3)

ϴ 32 s150 B161

ϴ 32 s150 B163

ϴ 32 s150 B166

Top  (5 x 1)

ϴ 32 s150 A164

X-c [m] 9,00E-01

d1 [m] 1,63E+00

d2 [m] 1,50E+00

d3 [m] 1,37E+00

d-ave [m] 1,50E+00

d' [m] 2,46E-01

Asi [m^2] A'-ϴ32 [m^2] A-ϴ32 [m^2]

8,04E-04 4,02E-03 1,21E-02

Assume uncracked section:

α-s Ac [m^2] A-I [m^2] X-I [m] I-c [m^4]

5,88E+00 1,80E+00 1,88E+00 9,12E-01 4,86E-01

I-I [m^4] M-cr [KNm]

Where: 5,15E-01 1,86E+03

The extracted force and moment from the beam model:

SF1 [KN] SM [KNm]

6,25E+02 5,74E+03

M-cr  < SM => the section is in stage 2

Guess a new x:

x [m] x-tp [m] A-II [m^2] I-II [m^4] e [m]

3,66E-01 3,91E-01 4,57E-01 1,08E-01 5,09E-01

𝑥𝐼 =
𝐴𝑐 ∗ 𝑋𝑐 + αs − 1 ∗ A′𝑠 ∗ 𝑑′ + α𝑠 − 1 ∗ 𝐴𝑠 ∗ 𝑑

𝐴𝐼

α𝑠 = 𝐸𝑠/𝐸𝑐

𝐴𝐼 = 𝐴𝑐 + α𝑠 − 1 ∗ 𝐴′𝑠 + α𝑠 − 1 ∗ 𝐴𝑠

𝐼𝐼 = 𝐼𝑐 + 𝐴𝑐 ∗ 𝑥𝐼 − 𝑥𝑐
2 + α𝑠 − 1 ∗ 𝐴′𝑠 ∗ 𝑥𝐼 − 𝑑′ 2 + α𝑠 − 1 ∗ 𝐴𝑠 ∗ 𝑑 − 𝑥𝐼

2

𝑀𝑐𝑟 = 𝑓𝑐𝑡𝑚 ∗
𝐼𝐼

ℎ − 𝑥𝐼

𝐴𝐼𝐼 = 𝑏 ∗ 𝑥 + α𝑠 − 1 ∗ 𝐴′𝑠 + α𝑠 ∗ 𝐴𝑠



σcc (x-xtp) [Mpa] σcc (d ave - xtp) [Mpa] σcc (-xtp) [Mpa] σs [Mpa]

5,63E-03 6,37E+01 -2,06E+01 3,75E+02

Where:

k1 k2 k3 k4

8,00E-01 5,00E-01 1,49E+00 4,25E-01

h-eff [m] c [m] ϴ [m] ρ-p,eff Ac,eff [m^2]

4,70E-01 1,50E-01 3,20E-02 2,57E-02 4,70E-01

fctm,eff [Mpa] kt ε,sm - ε,cm Wk [mm]

3,20E+00 4,00E-01 1,59E-03 6,92E-01

ε,sm - ε,cm > 0,6*σs*Es   ok

𝑥𝑡𝑝 =
𝑏 ∗ 𝑥 ∗

𝑥
2 + αs − 1 ∗ A′𝑠 ∗ 𝑑′ + α𝑠 ∗ 𝐴𝑠 ∗ 𝑑

𝐴𝐼𝐼

𝐼𝐼𝐼 = 𝑏 ∗
𝑥3

12
+ 𝑏 ∗ 𝑥 ∗

𝑥

2
− 𝑥𝑡𝑝

2

+ α𝑠 − 1 ∗ 𝐴′𝑠 ∗ 𝑥𝑡𝑝 − 𝑑′
2
+ α𝑠 ∗ 𝐴𝑠 ∗ 𝑑 − 𝑥𝑡𝑝

2

σ𝑠 = α𝑠 ∗ σ𝑐𝑐(𝑑𝑎𝑣𝑒 − 𝑥𝑡𝑝)

𝑤𝑘 = 𝑠𝑟,𝑚𝑎𝑥 ∗ Ɛ𝑠𝑚 − Ɛ𝑐𝑚

σ𝑐𝑐 𝑧 =
𝑁

𝐴
+
𝑁 ∗ 𝑒 +𝑀

𝐼
∗ 𝑧

𝑠𝑟,𝑚𝑎𝑥 = 𝐾3 ∗ 𝐶 + 𝐾1 ∗ 𝐾2 ∗ 𝐾4 ∗ ϴ/ρ𝑝,𝑒𝑓𝑓

ℎ𝑒𝑓𝑓 = min 2,5 ∗ ℎ − 𝑑 ,
ℎ − 𝑥𝑡𝑝

3
,
ℎ

2

Ɛ𝑠𝑚 − Ɛ𝑐𝑚 =

σ𝑠 − 𝐾𝑡 ∗
𝑓𝑐𝑡𝑚𝑒𝑓𝑓

ρ𝑝𝑒𝑓𝑓
∗ 1 − σ𝑠 ∗ ρ𝑝𝑒𝑓𝑓

𝐸𝑠
> 0,6 ∗ σ𝑠 ∗ 𝐸𝑠
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G.2 Verification of crack widths and steel stress
at D-wall
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Calculation of crack width at D-wall:

According to EC2 and RKFM-E05

D-wall C40/50

fcm [Mpa] fctm [Mpa] Ec [Gpa] b x h [m] Es [Gpa]

4,80E+01 3,50E+00 2,38E+01 1 x 1,2 2,00E+02

Reinforcement 

Bottom (4 x 3)

ϴ 20 s150 A101

ϴ 40 s150 A105

ϴ 40 s150 A106

Top  (4 x 2)

ϴ 40 s150 A130

ϴ 40 s150 A137

X-c [m] 6,00E-01 d1' [m] 1,45E-01

d1 [m] 1,06E+00 d2' [m] 2,85E-01

d2 [m] 9,15E-01 d'-ave [m] 2,15E-01

d3 [m] 7,85E-01

d-ave [m] 9,45E-01

d-ave ϴ40 [m] 9,85E-01

Asi [m^2] A'-ϴ40 [m^2] A-ϴ40 [m^2] A-ϴ20 [m^2]

1,26E-03 1,01E-02 1,01E-02 1,26E-03

Assume uncracked section:

α-s Ac [m^2] A-I [m^2] X-I [m] I-c [m^4]

8,40E+00 1,20E+00 1,36E+00 6,01E-01 1,44E-01

I-I [m^4] M-cr [KNm]

Where: 1,66E-01 9,73E+02

The extracted force and moment from the beam model:

SF1 [KN] SM [KNm]

2,75E+02 2,55E+03

M-cr  < SM => the section is in stage 2

Guess a new x:

x [m] x-tp [m] A-II [m^2] I-II [m^4] e [m]

3,13E-01 3,24E-01 4,83E-01 5,14E-02 2,76E-01

𝑥𝐼 =
𝐴𝑐 ∗ 𝑋𝑐 + αs − 1 ∗ A′𝑠 ∗ 𝑑′ + α𝑠 − 1 ∗ 𝐴𝑠 ∗ 𝑑

𝐴𝐼

α𝑠 = 𝐸𝑠/𝐸𝑐

𝐴𝐼 = 𝐴𝑐 + α𝑠 − 1 ∗ 𝐴′𝑠 + α𝑠 − 1 ∗ 𝐴𝑠

𝐼𝐼 = 𝐼𝑐 + 𝐴𝑐 ∗ 𝑥𝐼 − 𝑥𝑐
2 + α𝑠 − 1 ∗ 𝐴′𝑠 ∗ 𝑥𝐼 − 𝑑′ 2 + α𝑠 − 1 ∗ 𝐴𝑠 ∗ 𝑑 − 𝑥𝐼

2

𝑀𝑐𝑟 = 𝑓𝑐𝑡𝑚 ∗
𝐼𝐼

ℎ − 𝑥𝐼

𝐴𝐼𝐼 = 𝑏 ∗ 𝑥 + α𝑠 − 1 ∗ 𝐴′𝑠 + α𝑠 ∗ 𝐴𝑠



σcc (x-xtp) [Mpa] σcc (d ave - xtp) [Mpa] σcc (-xtp) [Mpa] σs [Mpa]

3,46E-03 3,23E+01 -1,60E+01 2,72E+02

Where:

k1 k2 k3 k4

8,00E-01 5,00E-01 2,24E+00 4,25E-01

h-eff [m] c [m] ϴ [m] ρ-p,eff Ac,eff [m^2]

2,92E-01 1,25E-01 4,00E-02 3,87E-02 2,92E-01

fctm,eff [Mpa] kt ε,sm - ε,cm Wk [mm]

3,50E+00 4,00E-01 1,12E-03 5,10E-01

ε,sm - ε,cm > 0,6*σs*Es   ok

𝑥𝑡𝑝 =
𝑏 ∗ 𝑥 ∗

𝑥
2 + αs − 1 ∗ A′𝑠 ∗ 𝑑′ + α𝑠 ∗ 𝐴𝑠 ∗ 𝑑

𝐴𝐼𝐼

𝐼𝐼𝐼 = 𝑏 ∗
𝑥3

12
+ 𝑏 ∗ 𝑥 ∗

𝑥

2
− 𝑥𝑡𝑝

2

+ α𝑠 − 1 ∗ 𝐴′𝑠 ∗ 𝑥𝑡𝑝 − 𝑑′
2
+ α𝑠 ∗ 𝐴𝑠 ∗ 𝑑 − 𝑥𝑡𝑝

2

σ𝑠 = α𝑠 ∗ σ𝑐𝑐(𝑑𝑎𝑣𝑒 − 𝑥𝑡𝑝)

𝑤𝑘 = 𝑠𝑟,𝑚𝑎𝑥 ∗ Ɛ𝑠𝑚 − Ɛ𝑐𝑚

σ𝑐𝑐 𝑧 =
𝑁

𝐴
+
𝑁 ∗ 𝑒 +𝑀

𝐼
∗ 𝑧

𝑠𝑟,𝑚𝑎𝑥 = 𝐾3 ∗ 𝐶 + 𝐾1 ∗ 𝐾2 ∗ 𝐾4 ∗ ϴ/ρ𝑝,𝑒𝑓𝑓

ℎ𝑒𝑓𝑓 = min 2,5 ∗ ℎ − 𝑑 ,
ℎ − 𝑥𝑡𝑝

3
,
ℎ

2

Ɛ𝑠𝑚 − Ɛ𝑐𝑚 =

σ𝑠 − 𝐾𝑡 ∗
𝑓𝑐𝑡𝑚𝑒𝑓𝑓

ρ𝑝𝑒𝑓𝑓
∗ 1 − σ𝑠 ∗ ρ𝑝𝑒𝑓𝑓

𝐸𝑠
> 0,6 ∗ σ𝑠 ∗ 𝐸𝑠
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H
Appendix H

H.1 Plastic strain in local model

II

I II

II
I II

II
I II

Construction phase 3

Construction phase 4

Construction phase 5

Figure H.1: Plastic strain in submodel in construction phase 3-5
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II
I

II

II
I

II

Figure H.2: Plastic strain in submodel in construction phase 6-7
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H. Appendix H

H.2 Compression stress in concrete in local model

Construction Phase 3

Construction Phase 4

Construction  Phase 5

Figure H.3: Compression stress in concrete in construction phase 3-5
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Construction Phase 6

Permanent stage

Figure H.4: Compression stress in concrete in construction phase 6-7
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H. Appendix H

H.3 Tensile stress in reinforcement in local model

Construction Phase 3

Construction Phase 4

Construction Phase 5

Figure H.5: Tensile stress in reinforcement in construction phase 3-5
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H. Appendix H

Construction Phase 6

Permanent stage

Figure H.6: Tensile stress in reinforcement in construction phase 6-7
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