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ABSTRACT 

Staged excavation is a useful method that in a cost effective way minimize the 
deflection of a sheet pile wall. No well established design method exists today, and 
the three dimensional behavior of the sheet pile wall is hard to predict. The purpose of 
this master´s thesis is to investigate the three dimensional side effects from the 
surrounding soil volumes when apply staged excavation and to determine behavior of 
sheet pile wall. It also aims to investigate the effect of adding a wailing beam to the 
sheet pile wall and analyze which parameters that are affecting the retaining system. 
To do this, the flexural rigidities are determined, as well as the torsional rigidity 
against warping. This study shows that the flexural rigidity for bending around a 
vertical axis is much lower than for bending around a horizontal axis.  A three 
dimensional model is built in PLAXIS 3D Foundation, where the staged excavation is 
simulated. In this model, different material properties of the sheet pile wall are tested, 
as well as a number of wailing beams. A parameter study is also performed in order to 
investigate the influence of a number of parameters that could affect the horizontal 
deflection of the sheet pile wall as well as the factor of safety in the soil. This study 
shows that a stiffer wailing beam can reduce the deflection radically, and at the same 
time increase the influence distance, while a weaker wailing beam only have a 
marginally effect of the deflection. The results are then evaluated in field study at 
contract E33, included in the infrastructure project BanaVäg i Väst, north of 
Gothenburg. The deflections are measured at the staged excavations performed along 
the railway, and the result shows that there is a clear effect of using a stiff wailing 
beam. The result also shows that the flexural rigidities found in the simulations are 
realistic, since the shape of the deflection shows good agreement with the simulated 
case. 

 

Key words: Staged excavation, cantilever sheet pile wall, wailing beam, deflection, 
flexural rigidity, torsional rigidity, PLAXIS 
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Examensarbete inom Geo and Water Engineering  

HANNES PERSSON 
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SAMMANFATTNING 

Genom att tillämpa etappvisa schakter kan man på ett kostnadseffektivt sätt minska de 
schaktinducerade rörelser som uppkommer i en spont. I dagsläget finns inga 
etablerade designmetoder för dimensionering av etappvisa schakter. Det saknas även 
kunskap om hur sponten beter sig i tre dimensioner. Detta examensarbete syftar till att 
studera jordens tredimensionella sidoeffekter vid etappvis avschaktning och att 
utvärdera effekten av att använda ett hammarband på en konsolspont. Det syftar även 
till att analysera vilka parametrar som påverkar stödkonstruktionens beteende samt att 
studera spontens egenskaper i olika riktningar. Spontens böj- och vridstyvhet studeras 
i olika riktningar, både utifrån teorier om korrugerade stålprofiler och simuleringar i 
PLAXIS. Denna studie visar att egenskaperna skiljer sig markant åt i spontens olika 
riktningar. För att kunna analysera jordens sidoeffekter samt spontens 
tredimensionella beteende vid etappvis avschaktning, görs numeriska beräkningar i en 
modell i PLAXIS 3D Foundation. I modellen görs simuleringar med olika 
materialegenskaper för sponten och hammarbandet. En parameterstudie utförs för att 
utreda vilka parametrar som påverkar spontens horisontella utböjning samt jordens 
säkerhetsfaktor. Studien visar att det är fördelaktigt att välja ett styvare hammarband 
då detta på ett effektivt sätt reducerar utböjningarna. Då den horisontella utböjningen 
på sponten reduceras leder detta till att influensområdet ökar, vilket innebär att en 
större del av de omkringliggande jordvolymerna påverkas. Fältmätningar har 
genomförts för att verifiera resultaten från simuleringarna. Dessa gjordes på Skanska 
Sveriges etapp E33, som är en del i infrastrukturprojektet BanaVäg i Väst. 
Mätningarna visar att hammarbandet gör effekt då den gör hela stödkonstruktionen 
styvare. De visar även att de framtagna värdena på spontens egenskaper är realistiska, 
då spontens beteende överensstämmer väl med spontens verkliga beteende. 

 

Nyckelord: Etappvis schakt, konsolspont, hammarband, utböjning, böjstyvhet, 
vridstyvhet, PLAXIS 
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Notations 

Roman upper case letters 

Aw Webb area of the beam 
B Torsional rigidity 
D Required driven depth of the sheet pile wall under excavation bottom 
E Young’s modulus 
G Shear modulus 
I Moment of inertia 
K0 Lateral earth pressure ratio 
KA Lateral earth pressure ratio in the active case 
MRd Design value of the moment capacity 
pa Resulting passive earth pressure 
pp Resulting active earth pressure 
VRd Design value of shear capacity 

 

Roman lower case letters 

c´ Cohesion  
cu Undrained shear strength 
fyc Characteristic strength of steel 
pw Groundwater pressure 
w Bending resistance  
wx Elastic section modulus 

 

Greek letters 

δ� Vertical deflection 
δ� Horizontal deflection  
δ��� Maximal deflection  
ε Strain 
ε� Plastic strain 
ε� Elastic strain 
γ  Unit weight of the soil 
κ Curvature 
σ� Horizontal effective stress 
σ*� Vertical effective stress 
σ+ Major principal stress 
σ. Minor principal stress 
φ Friction angle 
τ2 Defining shear stress failure line 
ψ Dilatancy angle 
υ Poisson´s ratio 
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1 Introduction 

1.1 Background  

This master’s thesis is based on a project that is included in the infrastructure project 
BanaVäg i Väst. The project includes construction of a new double track railway, 
Norge/Vänerbanan, and a four lane highway, E45, between Göteborg and Trollhättan. 
Skanska Sverige AB is the contractor at the section between Bohus and Nödinge, 
called contract E33. This includes a construction phase where a new track is to be 
built right next to an existing track. In order to keep this track in traffic during the 
construction, a sheet pile wall is installed along the existing track. To avoid the use of 
ground anchors, staged excavations was performed, where side effects from the 
surrounding soil volumes are used to support the sheet pile wall. A wailing beam was 
used at some sections on the sheet pile wall to make the wall stiffer. Since no 
guidelines exist for these types of design, the geotechnical engineers at Skanska 
Teknik, who was responsible for all the temporary retaining structures, made the 
design using conservative assumptions and experiences from other projects. This 
resulted in a restrictive design where the three dimensional behavior of the sheet pile 
wall was hard to predict, due to the design was made with a two dimensional model. It 
was also unclear which parameters that were affecting the deflections of the wall, and 
thereby it was hard to determine the geometries of the staged excavations. When 
designing sheet pile walls, it is mostly done for elongated excavations which means 
that the design can be solved as a two dimensional problem. But in design cases 
where the three dimensional effects have to be evaluated in order to optimize the 
design, advanced softwares are needed. 

This master’s thesis is a part of a SBUF project (Swedish construction industry's 
organisation for research and development) which is operated by Skanska Teknik.  

1.2 Purpose 

The purpose with this master’s thesis is to study the effects of using a wailing beam 
on a sheet pile wall, with focus on staged excavations. It also aims to give a deeper 
knowledge of the three dimensional side effects of the soil and the mechanical 
behavior of the retaining structure. The effects are regarding horizontal deflections of 
a sheet pile wall, the influence of the surroundings and how the global factor of safety 
in the soil is affected by the retaining system. A parametric study is done in order to 
evaluate which parameters that affect the behavior of the system.  

1.3 Delimitation 

The simulations are based on the conditions that are prescribed at Skanska Sverige 
AB´s contract, E33. This concerns the soil properties, geometries and the chosen 
retaining structure which is a cantilever sheet pile wall with a wailing beam. The 
excavation method that is analyzed and discussed in this thesis is staged excavation. 
The situations that are analyzed are regarding horizontal deflections of the sheet pile 
wall, influence distance of the curvature and the safety factor in the soil. Only 
numerical simulations are performed at Serviceability limit state and an Ultimate limit 
state analysis of structural elements is beyond the scope of this thesis. 
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1.4 Method 

In order to simulate the mechanical behavior of the sheet pile wall, numerical analysis 
will be done in the FE-software PLAXIS 3D Foundation version 2.2. To evaluate the 
results a field study is performed at the construction site at Skanska Sverige AB´s 
contract E33. The results from the simulations are also compared with the design 
model and made by Skanska Teknik during the design phase. The properties of the 
sheet pile wall in every direction are determined by using PLAXIS. A parametric 
study is done in order to analyze which parameters that affect the mechanical behavior 
of the sheet pile wall.  
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2 Review of previous work 

This chapter gives a theoretical background to this master’s thesis which includes a 
general description of sheet pile wall design, failure mechanisms and an introduction 
to the theories about staged excavation. The design method by Skanska Teknik is also 
described as well as the theories of the Finite Element Method, FEM. 

2.1 Sheet pile wall design  

Retaining structures are used in excavations and enables vertical slopes. The 
alternative is to excavate slopes with enough inclination, resulting in a sufficient total 
stability of the entire system. In many cases that kind of slopes are impossible to 
create due to lack of space at the construction site and impact of the surrounding area, 
e.g. buildings and roads. A number of methods are available to avoid large 
deformations and also to get sufficient factor of safety, both regarding failure in the 
sheet pile wall and global failure in the soil. Different types of struts and anchors 
could be necessary in order to fixate the sheet pile wall to avoid uneconomical 
dimensions.  

In Swedish practise when designing retaining structures the Handbook for design of 
sheet pile walls (Ryner et al., 1996) is used. It is primary based on the theory of earth 
pressure developed by Rankine (1857). When designing sheet pile walls according to 
Ryner et al., (1996) the partial coefficient method is used, both in Serviceability limit 
state and Ultimate limit state. This is a statistical method to handle uncertainties of 
external loads, material properties, calculation methods and action effects. 

2.1.1 Cantilever sheet pile walls 

The principle with a cantilever sheet pile wall is that it is not anchored or strutted. It 
has to be driven to a depth under the excavation bottom where the active and the 
passive earth pressures balancing each other, i.e. moment and horizontal equilibrium 
occurs. The required depth of the sheet pile wall under the excavation bottom is based 
on moment equilibrium, defined in Equation (2.1). 

88 × :; > 8= × :=  (2.1) 

 where the parameters are defined in Figure 2.1. Horizontal equilibrium is assumed to 
be satisfied with an extra 20 % of embedding. A cantilever sheet pile wall rotating 
around a point at the lower part of the sheet pile wall.   
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Figure 2.1  Earth pressure against a cantilever sheet pile wall, (Ryner et al., 1996). 

2.1.2 Ultimate limit state design 

The different types of failure that sheet pile walls should be designed for, in Ultimate 
limit state, can be divided into two main groups, failure in soil or failure in structural 
elements, (Ryner et al., 1996). Failure in soil is the most common and examples of 
this are presented in Figure 2.2. 

 

Figure 2.2  Failure mechanisms in the soil that has to be controlled in Ultimate 

limit state design. 

Examples of failure in structural elements are failure in the sheet pile wall and failure 
in wailing beam, see Figure 2.3. 
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Figure 2.3  Failure mechanisms in structural elements that have to be controlled in 

Ultimate limit state design, (Ryner et al., 1996). 

2.1.3 Serviceability limit state design 

In the Serviceability limit state the design focus on acceptable displacements around 
or in the sheet pile wall. According to Ryner et al., (1996), settlements and horizontal 
displacements in the soil are related to strain in struts and deflection of the sheet pile 
wall, see Figure 2.4. This could also be caused by bottom heave. 

  

Figure 2.4  Settlements and deflection of a sheet pile wall, (Ryner et al., 1996). 

2.1.4 Staged excavations  

Staged excavations are used as a complement when satisfying stability cannot be 
reached. The principle is that one segment at a time is excavated. Then the excavation 
is refilled with another material or a concrete slab is casted and then the excavation 
front is moving forward, see Figure 2.5. 
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Figure 2.5 Sequence of staged excavations. 

No well established analytical design method exists today in order to predict the side 
effects from the surrounding soil volumes. The design methods are instead based on 
conservative predictions of these side effects and experiences from earlier projects. 

2.2 Skanska Tekniks model during the design phase 

At contract E33, the restrictions concerning horizontal and vertical deformations of 
the existing railway track were strict. Thereby the deflections in the sheet pile wall 
had to be minimized. Due to a high surface load, the net earth pressure was acting on 
the active side, i.e. an equilibrium state could never occur. The proposed construction 
method by the Swedish Traffic Administration was to implement an anchored sheet 
pile wall. This is an expensive design and to reduce the cost, alternative methods was 
evaluated by Skanska Teknik during the tender process. The final design method was 
to implement staged excavation and a cantilever sheet pile wall with a wailing beam. 
This would keep the deflections within the limits and give a satisfying safety factor. 
During the design, conservative analytical models and numerical simulations in two 
dimensions were applied. In this section, the underlying theories and the assumptions 
made by Skanska Teknik are presented.  

2.2.1 Theories and assumptions 

By excavating one segment at a time, the surrounding soil volumes will stabilize the 
system. This means that the maximum horizontal deflection will occur in the middle 
of the excavated segment, cross section A-A in Figure 2.6. The mechanical behavior 
which is developed is called horizontal arching. 

 

 

Figure 2.6  The horizontal deflection of the sheet pile wall seen from above. By 
horizontal arching in the retaining structure the loads induced by the 

excavation is distributed to the soil outside the excavation pit.   

The deflection varies along the sheet pile wall. In cross section A-A it will tilt into the 
excavation. In cross section B-B, which is located far from the excavation, the wall is 
unaffected, see Figure 2.7.  
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Figure 2.7 Cross sections from Figure 2.6. A-A shows a section inside the 

excavation and B-B shows a section outside the influence distance. 

By using this excavation method, the sheet pile wall is used to distribute the loads 
induced by the excavation to the soil outside. During this process, shear forces are 
spread to the outer soil volume. Where the displacements have its maximum, the 
relative deformations between the grains are zero, and thereby also the shear forces. In 
opposite, the shear forces have its maximum where the maximum relative 
deformation occurs. This happens at edge of the excavation, in cross section B- A- and 
A+ B+, see Figure 2.8.  

 

Figure 2.8  The maximum shear forces are developed at the edge of the excavation 
pit where the relative deformations have its maximum. 

In the sections along the wall, slip surfaces are developed where shear forces are 
transferred. The slip surfaces are formed as straight failure lines with an inclination of 
45 degrees and are based on Rankine´s method of plane slip surface, see Figure 2.9. 
Inside the excavation in Figure 2.9 a), the shear forces counteract the deflection of the 
wall and will increase the stability in this area. Outside the excavation the shear forces 
are reversed, which contributes to a lower stability in this area, see Figure 2.9 b). 
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 a) b) 

Figure 2.9 Cross section from Figure 2.8. Slip surfaces that are developed inside 
the influence area. Modified after (Edstam, 2010).  

a) Cross section showing the distribution of shear forces, cu, inside the 
excavation, between A

-
 and A

+
. In the excavation centre cu is zero.  

b) Cross section showing the distribution of shear forces, cu, outside B
-
 

and B
+
. Outside the influence distance, cu, is zero.  

At a point in a sufficient distance from the excavation pit, all shear forces have been 
transferred and no deformations occur. This is called the influence distance. The sheet 
pile wall has a low flexural rigidity around the vertical axis. To increase this, a 
wailing beam is often used. This will decrease the maximum deflection. How the 
reaction force in the wailing beam is distributed is hard to predict, and the assumption 
made by Skanska Teknik is illustrated in Figure 2.10. pA and pB are the forces acting 
against the wailing beam inside and outside the excavation respectively.  

  

Figure 2.10 The reaction force that is assumed to be acting against the wailing 

beam. (Edstam, 2010). 
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2.2.2 Model 

When designing a sheet pile wall for staged excavation, the conventional 2 
dimensional method is not sufficient. Since the side effects cannot be considered in a 
two dimensional analysis, fictive loads and springs are introduced in the two 
dimensional model in order to account for these three dimensional effects.  

The design approach was to simulate a two dimensional model concerning horizontal 
arching that took the wailing beam and the three dimensional side effects from the soil 
into account. From the first analysis it was concluded that the major failure 
mechanism was dominated by a small horizontal translation and a rotation of the sheet 
pile wall around a point just above the lower edge of the sheet pile wall. 

The assumed horizontal side effect is the sum of the mobilized shear strength in the 
soil. This corresponds to the area filled with arrows in Figure 2.9, where cu is the 
mean characteristic shear strength. Note that it has to be taken into account if the 
shear strength, cu, varies with depth. The shear strength that is mobilized in the 
friction soil is harder to estimate why it was neglected.  

In the two dimensional model, the side effects from the soil is transformed to a 
triangulate line load. This line load is acting from the upper edge of the clay to the 
lower edge of the sheet pile wall, and is defined as Pcl. A point load, Pwailing beam, 

represents the influence of the wailing beam, see Figure 2.11.  

 

Figure 2.11  Cross section illustrating the model in Ultimate limit state design which 

brings the side effects from the clay and the wailing beam into account, 
(Edstam, 2010). 

In order to determine the excavation length and the influence area, an iteration of the 
forces Pwailing beam and Pcl was done in order to reach an equilibrium state with a 
reasonable displacement pattern. When the equilibrium state was reached, the stresses 
in the wailing beam were analyzed separately.  

This procedure resulted in a Ultimate limit state design with a safety factor of 1,5. 
This analysis was done in PLAXIS 2D. To evaluate the deflections in Serviceability 
limit state, a spring model was used. The predicted side effect from the surrounding 
clay was replaced with springs. This includes also the impact of the wailing beam, see 
Figure 2.12. 
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Figure 2.12 Cross section illustrating the design model in Serviceability limit state, 

(Edstam, 2010). 

2.3 Numerical modelling and FEM 

When the complexity of a geotechnical problem is increasing, it could be preferable to 
use a numerical model. This is based on calculations that use algorithms to solve 
partial differential equations which are functions of several variables. These variables 
are material parameters, stresses, and strains etc, which in geotechnical engineering 
often show very complex correlation. The Finite Element Method (FEM) is a 
technique to find the solutions to this kind of equation systems. This is done by 
collecting the variables into matrices and vectors in computer programs and by 
numerical methods solve the system.  

The use of this kind of tools does not only require knowledge about the theory behind 
numerical methods and skills to handle computer software, but also good knowledge 
and experience about the subject. In this case it is important to understand the soil 
mechanics and structural engineering and to be able to see the limitations of the model 
(Potts et al., 2002). Generalisation and simplifications of the reality are often needed 
to build the model, and to do this, understanding and experience in geotechnical 
engineering is essential. This is also needed in order to evaluate the calculation 
results. If this is not done properly, the output will be misleading, which can get 
serious consequences.  
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3 Finite Element Analysis in PLAXIS 

The development of commercial finite element software in geotechnical engineering 
started in the late 80´s, and is today widely spread. In many ways it differ from FEM 
applications in other engineering fields, since geotechnical engineering involves many 
specific and often very complex issues (Potts et al., 2002). 

This chapter includes an introduction to PLAXIS 3D Foundation. It also includes the 
creation of the model. Then a study to find the three dimensional properties of the 
sheet pile wall, is presented.  

3.1 PLAXIS 3D Foundation  

PLAXIS was started at Delft University in 1987 as a finite element code for analysing 
the lowland riverbanks of the Netherlands. Until 2001, the modelling was two 
dimensional, when PLAXIS 3D Tunnel was released. Three years later, PLAXIS 3D 
Foundation came, developed for a broader spectrum of foundation constructions and 
geotechnical application such as stability, settlements and deformation calculations.  

When taking the step from 2D to 3D analysis, the possibilities, but also the 
complexity increases. This also includes a major increase in size of the calculations. If 
a detailed calculation takes a couple of minutes to perform in 2D, the same calculation 
in 3D could take hours. Despite this, for some problems the need of consider 3D 
aspects requires this type of heavier calculations in 3D. Modelling side effects of 
staged excavation is one of these cases. PLAXIS 3D Foundation consists of three 
main parts which is Model, Calculation and Output mode. 

3.1.1 Model mode 

In the Model mode, the geometry is built. Soil layer boundaries and material 
properties are set. Construction element, such as walls and beams are placed in the 
model and interface properties are defined. Finally, the mesh is generated and refined 
to a proper level. The choice of soil model is very important, and will be described 
more in Chapter 3.6. 

3.1.2 Calculation mode 

In the Calculation mode, a number of calculation phases can be defined. Different 
load cases and geometries are set to simulate a realistic building sequence. For every 
step, different groundwater conditions can be set, and construction elements could be 
activated. Excavation is simulated by deactivation of cluster. The calculation type 
must be defined and could be plastic, consolidation or phi/c reduction. The 
consolidation analysis is used when modelling time dependent behaviours such as 
development and dissipation of excess pore pressures and settlement calculation when 
creep deformations are requested. The plastic calculation is used to analyse the 
elastic-plastic deformations according to small deformation theory (Brinkgreve, 
2007). Deformations and stresses are calculated for all nodes in Serviceability limit 
state. The result is depending on the choice of material model. 

The phi/c reduction is a safety analysis that will calculate the global factor of safety 
and is executed by stepwise reduction of the strength parameters of the soil. This 
iteration process proceeds until failure occur somewhere in the model. The safety 
factor is then calculated by the relation between the input strength parameters and the 
stepwise reduced strength parameters when failure occurs. The safety factor, Msf, is 
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defined as the value of the soil strength parameters at a given stage in the safety 
analysis, see Equation (3.1). 

>?@A = C�D EFGHIJ
C�D EKLMINLM 

= OFGHIJ
OKLMINLM

  (3.1) 

Note that phi/c reduction will not reduce the strength parameters of the structural 
elements. In order to design structural elements in Ultimate limit state, the bending 
moments and shear forces has to be studied separately. By comparing the action 
effects with the calculated capacity, a safety factor for every structural element can be 
determined. This calculation cannot be performed by PLAXIS. 

3.1.3 Output mode 

In the third main part of PLAXIS is the output mode and is used for post processing of 
the calculation result. Deformations, strains and pore-pressures are visualized for 
every phase of the calculation and for construction elements bending moments and 
shear forces can be studied. Curves for e.g. safety factor analysis could be plotted.   

3.2 Geometry 

When making a model, the creation process is important. This means that the 
complete process needs to be presented and discussed. Many assumptions need to be 
explained and simplifications need to be motivated. If the process is not transparent, 
the outcome could always be challenged.    

The starting point for the model was the construction of the double track railway close 
to the existing track between Gothenburg and Trollhättan, at contract E33. First, the 
outer boundaries were determined. The calculations made by Skanska Teknik had 
indicated an excavation length of about 5 meter along the sheet pile wall and an 
influence distance in the wall of about 12 meter outside the excavation for the case 
when a wailing beam is used. The size of the model was chosen according to this and 
is presented in Figure 3.1.   

  

Figure 3.1  The geometry for the model in plan is shown to the left. To the right the 
profile is presented. 

It has to be verified that the size is appropriate and that the influence area is not larger 
than the model. If the size of the model is too small, the boundary conditions will 
affect the result and if the size is too large, the calculation time is increasing. In the 
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first model the lower edge, in the bottom of the geometry, was set to z = -20 meter in 
PLAXIS. In adept to optimize the model, this boundary was stepwise moved to -10 
meter, and the result from these calculations was compared with the result from the 
model with the lower boundary at -20 meter. Since there were no differences between 
the results, even in an extreme load case, the smaller model to -10 meter could be 
used further on.  

3.3 Simplifications and assumptions 

To make the model more valid for a general case the model was simplified. As shown 
in Figure 3.2 the layer of silt is replaced with a distributed load.  

     

Figure 3.2 The layer of silt is replaced with a distributed load.  

This was done to simplify the calculations but also because the interest is not what 
happens locally in the silt layer, but what the load of the silt layer causes in the under 
laying soils. Therefore, the silt is replaced with a vertical load, Q, acting directly on 
the clay.  

P = Q ∙  S   (3.2) 

where Q is the unit weight of the silt and H is the thickness of the silt layer. To 
simulate the horizontal earth pressure, a distributed surface load is working on the 
sheet pile wall, TU. 

TU = σ´� ∙  K���D + XY  (3.3) 

where, 

Z[\]^ =  _`a_b
c  (3.4) 

Zd = 1 − @ghi  (3.5) 

Zj = klhc(45 − Ep

c ) (3.6) 

KA is however adjusted according to the roughness of the interface, which is set to 1, 
and is taken from tables. XY is the load corresponding to the hydrostatic groundwater 
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pressure. The reason for using Kmean is that K0 determines the horizontal component 
before there is any displacements in the sheet pile wall and KA when the deformations 
are large enough to mobilize full strength in the silt. To consider both these aspects a 
mean value of K0 and KA is used during the simulations in PLAXIS. 

3.4 Boundary conditions  

When modelling the sheet pile wall, the effect of the boundary conditions needs to be 
considered. This is not only a limitation; it can also be used as a tool to optimize the 
calculation process. To decrease the size of the model in a symmetric geometry, the 
model could be cut in symmetry sections. This will leave only half of the original 
geometry, reducing the number of elements needed and thereby also the calculation 
time. In this model, two symmetry cuts are used, see Figure 3.3. Only one fourth of 
the original geometry is remaining and the results from the calculation will not be 
affected.  

  

Figure 3.3  The original geometry is cut in two symmetry sections, reducing the size 
of the model to one fourth. The numbers are used to identify the sides.  

The cut along side 1 is not a perfect symmetry cut, since the excavation only is made 
on one of the sides. However, this will only marginally affect the result. 

On side three, the wall will have its maximum deflection. The sheet pile wall is fixed 
for rotation in this symmetry cut, and moment is transferred over this section. This 
boundary is thereby considered free to move along the edge, in the x- and z- direction. 
In the y- direction the wall cannot move. This is the default configuration in PLAXIS 
3D Foundation.  

On side four, the sheet pile wall must end on a sufficient distance from the boundary. 
The sheet pile wall must be free to move, unaffected by this boundary. When the free 
end of the wall is ending close to the boundary, the boundary condition will affect the 
movement of the wall. In reality, it is the shear strength of the soil that is preventing 
the wall to move. When the wall is ending close to the boundary, this will not be the 
case. Since the boundary condition allows free movement along the side without 
friction, the wall in the model will have a larger displacement than the real case. 
However, this assumption will be on the safe side. The opposite extreme would 
instead be to lock the displacements at the boundary, which is possible in PLAXIS. 
For this configuration, no nodes can move along the side, in either direction. This 
configuration has been tested for the current model, and the result showed very small 
differences with the model with free displacements along the boundary. The realistic 
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behaviour of the sheet pile wall is somewhere in this interval, which means that the 
used approximation is valid in this case.  

3.5 Mesh generation 

In order to make finite element calculations, the base geometry in PLAXIS 3D 
Foundation has to be divided into smaller elements, so called finite element mesh. 
Each element includes a certain number of nodes which form the equation system for 
the calculations. The more number of nodes, the larger equation system the computer 
has to solve. In 2D, each node has two degrees of freedom, i.e. the nodes can move in 
x and y-direction, see Figure 3.4. 

 

Figure 3.4:  Elements and nodes in a 2D- model. Each node has two degrees of 
freedom, described by the arrows in the smaller figure, (Wiberg, 1974). 

When modelling in three dimensions, each node has three degrees of freedom which 
results in a larger equation system due to the fact that the each node can also move in 
z- direction.  

The FEM-analysis is proceeding in three steps, see Figure 3.5. The first step is to 
divide the model into smaller parts by Generate elements into the model, where each 
element is relatively easy to solve individually. The next step is analysing the element 
in the Element analysis. The last step is the System analysis where all the elements get 
connected to a system by boundary conditions, (Wiberg, 1974).  

 

Figure 3.5  Steps in FEM-analysis (Wiberg, 1974). 

FEM- analysis is an approximated calculation method and the sources of error are 
many and often unavoidable (Wiberg, 1974). The number of nodes in the model has a 
considerably impact of the result from the calculations. A higher number of elements, 
which generating a larger number of nodes, gives results with more accuracy, better 
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approximation, than a model with less nodes. When designing more complex models 
it is preferable to have higher number of nodes than in more simple cases.   

The default settings for the cluster size in PLAXIS 3D Foundation is Coarse mesh. 
This may be enough size when modelling simple cases and the accuracy of the 
calculation do not need to be high. The equation system is easier for the computer to 
solve and the calculation time is relatively short.  

If the accuracy needs to be higher, a refinement of the cluster is necessary. If the 
whole model should be refined, the function Global coarseness changes the element 
size in both horizontal and vertical direction with the intervals Very coarse to Very 

fine.  

The two dimensional refinement, on the horizontal plane, is done first. It is of great 
importance that the two dimensional mesh is not too fine when proceeding to the 3-
dimensional mesh. This is because a very fine two dimensional mesh generates a large 
number of 3D elements and nodes, and thus excessive calculation time.  

The user is responsible to judge if the finite element mesh is enough sufficient or if a 
global/ local refinement is necessary (Brinkgreve et al. 2007). Using the geometry 
defined above, the mesh in the horizontal plane is adjusted to an appropriate level. For 
areas where most deformations are expected, the mesh has to be finer. The areas 
around the sheet pile wall and the excavation is refined incrementally until an 
appropriate coarseness is found. By adjusting the local element size factor in the 
geometry points and the geometry lines the coarseness can be controlled by the user. 
Areas far from the excavation and the sheet pile wall are left with a coarse mesh.  

To verify that the model consists of enough number of nodes, simulations are done 
where the number of nodes is increased gradually. The result is compared regarding 
the factor of safety and the total displacement, see Figure 3.6. The simulations are 
based on the model geometry from the case study in this report accept from the 
excavation width, which here is 10 meter. 

 

   a)      b) 

Figure 3.6 Results from the 3D simulation with different number of nodes 

 a) Number of nodes vs. the factor of safety 

 b) Number of nodes vs. total displacement  
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The calculations verifies that the results differs with increased number of nodes but 
flatten out when reach a higher number of nodes. The model used in this thesis 
consists of about 14 000 nodes. The results in Figure 3.6 are verifying that the 
difference is sufficiently small from a model with 30 000 nodes and that the 
calculations of the model with 14 000 nodes will give enough accuracy in this case.   

To verify the accuracy of the calculations, the results are compared to calculations in 
PLAXIS 2D. By simulate an excavation along the entire sheet pile wall in the 3D 
model, it can be seen as a 2D simulation. Both the safety factor and the displacements 
showed good correlation, verifying the accuracy.  

The calculation time should also be considered. To be able to use the model in the 
most effective way, the calculation time for one simulation including a large number 
of phases should not exceed 15 hours. This allows the user to configure the settings 
and phases during the day and start the calculations before leaving in the late 
afternoon. Next morning, after approximately 15 hours, the simulation should be 
finished, and ready for processing. After that, the cycle will be restarted. Therefore, 
the number of nodes should be chosen regarding both the accuracy needed and also to 
the time available for each simulation.  

In order to compare the differences in calculation time between the simulations with 
different number of nodes, a study was made. Each simulation was made with 
identical calculation phases and the result is presented in Figure 3.7. 

 

Figure 3.7  Calculation time when simulating with different number of nodes in 
PLAXIS 3D Foundation. 

The calculation time increased linearly with number of nodes from 1 minute 
calculation time when simulating with 1 700 nodes to 96 minutes with 27 000 nodes.  

3.6 Soil settings 

PLAXIS 3D Foundation can handle a number of soil models, were the Mohr-
Coulomb model is the most commonly used and also the model used in most of the 
simulations in this thesis. The model is a linear elastic, perfectly-plastic model, 
meaning that the material is behaving ideal elastic until all the shear strength have 
been mobilised (Brinkgreve, 2007). When the yield criterion is reached, all load 
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increments will lead to plastic strains. No hardening parameter is used, which means 
that the yield condition does not change as a result of plastic straining (Potts et al., 
2002). The material properties in the Mohr-Coulomb model are defined in Table 3.1.  

Table 3.1  Material properties of the soil in Mohr-Coulomb model(Brinkgreve, 
2007). 

Parameter Unit Definition 

r, Young´s modulus kPa The modulus of elasticity 

s, Poisson´s ratio - The strain change perpendicular to the load 
direction 

 i, Friction angle ° The internal friction angle of the soil 

c, Cohesion kPa Intermolecular attraction in fine-grained soils 

 u, Dilatancy angle ° The volume change of the soil during shearing 

 

The strain consists of a plastic and an elastic part, which for one dimension is shown 
below. 

vwxw = v\ + vy  (3.7) 

For elastic deformations, Hooke’s law in Equation (3.8) is valid.  

T = r\ ∙ v\  (3.8) 

To be able to evaluate if strains will be plastic or elastic, a yield criterion is expressed 
as a function of stress, cohesion, and friction angle, see Equation (3.9). 

A(T, z, i) = 0  (3.9) 

This defines an area in the stress space where all load increments will lead to plastic 
strains, (Kullingsjö, 2007). For soils, Mohr- Coulomb´s criteria of failure is used 
which is defined in Equation (3.10). 

 |} = z + σ ∙ tan i  (3.10) 

where |} defines the shear stress failure envelope, c is the cohesion and i is the 
friction angle, see Figure 3.8. The soil stress, according to Mohr- Coulomb´s model, is 
related to the difference between σ1 and σ3, which represent the major and the minor 
principle stress respectively.  
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Figure 3.8 Mohr- Coulomb´s criteria of failure in two dimensions, (Brinkgreve, 
2007).   

The Mohr-Coulomb´s failure envelope indicates that stress points under the line are in 
an elastic state. When the stress circles touch the failure line, failure will occur, i.e. 
the soil goes from elastic to plastic state (Sällfors, 2001).  

When taking the third dimension into account, the failure surface in Mohr- Coulomb´s 
model occurs as a cone with a base of a hexagon, see Figure 3.9. Inside the surface 
elastic deformations will be developed which are depending on the given Young´s 
modulus, E and Poisson´s ratio, ~. When an element of the soil has reached the stress 
surface, the elastic deformations goes to elastic-plastic deformations and the point 
cannot be exposed of increased loads. This is the same scenario that occurs in the two 
dimensional case. 

 

Figure 3.9  Failure surface for Mohr-Coulomb´s model in three dimensions for 

cohesion less soils,(Potts et al., 2002). 

It is important to remember that this model only is an approximation of the real soil 
behaviour. In Figure 3.10 (a), a soil sample is compressed isotropically up to some 
confining stress T3. Then the axial pressure T1 increased whilst the radial stress is kept 
constant. Figure 3.10 (b) shows the corresponding test result using a Mohr-Coulomb 
model.  



CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2010:41 
20

 

Figure 3.10  Results from standard drained triaxial tests (a) and elastic-plastic 
model (b), (Brinkgreve, 2007). 

3.7 Sheet pile wall settings 

The sheet pile wall is modeled as linear- elastic and can therefore never go to failure. 
To simulate retaining structures, PLAXIS 3D Foundation uses the construction 
element Wall. To get a satisfying behavior of the wall in three dimensions, the 
behavior in different directions must be realistic. Since a wall element for practical 
reasons must be drawn as a straight line, its corrugated shape must be simulated using 
anisotropic material properties. This will give the wall different flexural rigidity in 
different directions. In PLAXIS 3D Tunnel, the wall could only have isotropic 
properties, meaning that the flexural rigidity is the same in all directions. This is not a 
realistic behavior of a corrugated sheet pile wall. In PLAXIS 3D Foundation this 
problem was solved, and the wall could have anisotropic properties. Now, the 
challenge was to find the properties that would simulate a realistic behavior of the 
sheet pile wall to be used in the soil/structure model in the parametric study. This 
means that the properties of the corrugated sheet pile wall with its anisotropic 
geometry must be transformed to a wall with isotropic geometries and anisotropic 
properties. The procedure for doing this is discussed in the following chapter. The 
local system of axis and properties in all directions are shown in Figure 3.11. The 
sheet pile wall parameters in PLAXIS 3D Foundation is presented in Table 3.2.  
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Table 3.2  Material properties for the sheet pile wall with linear elastic 
behaviour(Brinkgreve, 2007). 

Parameter Unit Definition 

d, equivalent thickness m The cross section area of the wall across its 
major axial direction per 1 m width 

E1, Young’s modulus kPa Modulus of elasticity in first axial direction 

E2, Young’s modulus kPa Modulus of elasticity in second axial direction 

G12, shear modulus kPa In plane shear modulus 

G13, shear modulus kPa Out-of-plane shear modulus related to shear 
deformation over first direction 

G23, shear modulus kPa Out-of-plane shear modulus related to shear 
deformation over second direction 

 

Figure 3.11.  The local system of axes in the wall element and various 
quantities,(Brinkgreve, 2007).  

The flexural rigidities must be found in each direction. For a sheet pile wall, bending 
around the first and the second axis is of most importance, together with the resistance 
against torsion. To describe this, each column of  

Figure 3.11 shows parameters that affects the flexural rigidity in each direction. The 
procedure for determine these is described under the following sections.  
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3.7.1 The flexural rigidity around the second axis 

The flexural rigidity around the second axis is usually what is of interest in a 2D 
analysis. The parameters are described in  

Figure 3.12. 

 

Figure 3.12  Definition of the parameters describing flexural rigidity around the 

second axis,(Brinkgreve, 2007). 

When subjected to a moment force, M11, the resistance is determined by Young´s 
modulus E1 and the shear modulus G13. 

r+ = +c∙��JLL�∙��
��  (3.11) 

�+. = ��JLL�∙j��
c∙(+a�)∙�   (3.12) 

where I1 is the moment of inertia around the second axis. A is the cross section area 
per 1 meter wall that is effective against shear forces. These two properties can be 
found in specifications from manufactures. For A13, which is working over the vertical 
direction, the value is approximated to 1/3 of A, according to (Brinkgreve, 2007).  

In three dimensions the behaviour of the wall is much more complex, and more 
material parameters are needed to describe the behaviour. Also the flexural rigidity 
around the first axis needs to be defined.  

3.7.2 The flexural rigidity around the first axis 

This direction is usually not of interest then looking at a 2D case, but when simulating 
in three dimensions the flexural rigidity around the first axis is important. The 
parameters are described in Figure 3.13. 

 

Figure 3.13 Definition of the parameters describing flexural rigidity around the first 
axis, (Brinkgreve, 2007). 
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The flexural rigidity in this direction is determined by E2 and G23 and is defined in 
Equation (3.13) and (3.14). These equations are according to PLAXIS 3D Foundation 
user manual, (Brinkgreve, 2007). 

rc = +c∙��JLL�∙��
��   (3.13) 

�c. = ��JLL�∙j��
c∙(+a�)∙�  (3.14) 

where A23 is effective against shear deformation over the horizontal direction and is 
1/10 of the value of A, (Brinkgreve, 2007). According to PLAXIS user manual, 
(Brinkgreve, 2007), I2 can be defined as I1/20. This recommendation can be 
questioned since the flexural rigidity in this direction is much weaker. The flexural 
rigidity is also influenced by the interaction between the single sheet piles. Slip in the 
interlocks makes the wall much weaker compared to a solid wall and this effect is 
hard to estimate. Also assumptions regarding angle displacement in the interlocks will 
affect the behaviour. If not weld, which usually is the case, sliding is only prevented 
by friction in the interlocks, and the friction coefficient is unknown. Even if the 
interlocks are welded the stiffness is hard to estimate. 

If slip in the interlocks and angle displacements are neglected, PLAXIS 2D could be 
used to determine the flexural rigidity around the first axis. A particular sheet pile 
wall geometry is chosen, and modeled as a corrugated beam, fully fixed in both ends. 
The deflection is then calculated when a load is acting on the beam, and is bending it 
in its weakest direction, around the first axis, see Figure 3.14. The value of E is set to 
Young’s modulus of steel, 210 GPa, and the geometry is chosen according to standard 
dimension for some sheet pile wall. This will simulate the deformation pattern of the 
sheet pile wall in its weakest direction. For the given geometry the value of the 
maximum deflection, δmax is calculated.  

 

Figure 3.14. Simulation of a corrugated beam in PLAXIS 2D. The maximum 

deflection, δmax, is calculated for a distributed load q. 

This can now be transformed to a homogenous beam with anisotropic material 
properties, illustrated in Figure 3.15. The properties for this beam are adjusted so that 
the maximum deflection, δmax, is the same as for the corrugated wall in Figure 3.14. 
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Figure 3.15  Simulation of a homogenous beam in PLAXIS 2D. The maximum 

deflection, δmax, is calculated for a distributed load q. 

For the beam in Figure 3.15, the maximum deflection can be expressed by Equation 
(3.15). 

Y∙��

.��∙��JLL�∙��
= �[]� (3.15) 

or again, 

�c = ��∙Y
.��∙�∙����

 (3.16) 

E2 can now be calculated from Equation (3.13) and will be the equivalent modulus for 
the rectangular, isotropic geometry that can be used in further simulations in PLAXIS 
3D Foundation.  

3.7.3 Torsional rigidity against warping 

The parameters affecting the torsional rigidity against warping is defined in Figure 
3.16. 

 

Figure 3.16  Definition of the parameters affecting the torsional rigidity against 

warping, (Brinkgreve, 2007). 

When bending is the most important type of deformation, the in plane shear modulus 
G12, can be defined by Equation (3.17). 

�+c =  �∙��JLL�∙���
(+a�)∙��  (3.17) 

To determine G12, the moment of inertia against torsion, I12, has to be defined. This 
requires deeper studies of the theories behind the behavior. The shear modulus, G, can 
in general terms be described by Equation (3.18). 
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� = �
c∙(+a�) (3.18) 

If G is multiplied by the moment of inertia, I, the torsional rigidity, B, is defined. 

 
����

c∙(+a�) = � (3.19) 

The torsional moment M12 can be expressed by product of the torsional rigidity and 
the curvature �. 

�?+c� = � ����
c∙(+a�)� ��+c� (3.20) 

Theories about corrugated plates can be found in Theories and Application of Plate 
Analysis, (Szilards, 2004) where a sinus-shaped corrugated plate is discussed, see 
Figure 3.17.  

 

Figure 3.17  A corrugated plate with various quantities, (Szilards, 2004). 

According to these theories, the torsional rigidity, B, for this corrugated plate can be 
estimated from Equation (3.21). 

� = �
�

�∙U�

+c∙(+a��) (3.21) 

where  

� = � ∙  1 + ¡�∙¢�

�∙�� £ (3.22) 

The value of S is depending on the geometry of the corrugated plate and the quantities 
are defined in Figure 3.17.  

B is equal to the expression of G·I in Equation (3.19) and can be written together with 
Equation (3.21). 

����
c∙(+a�) = �

� ∙ �∙U�

+c∙(+a��) (3.23) 

or again 

�+c = �
� ∙ U�

�∙(+¤�) (3.24) 



CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2010:41 
26

This expression gives a rough estimation of I12, since the geometry of the sheet pile 
wall is not sinus-shaped, and the value is used as a starting value for further 
simulations. To verify this PLAXIS 3D Foundation is used to simulate a wall in 3D, 
similar to the simulation done in PLAXIS 2D above. In the model, a corrugated wall 
was built with E-modulus equal to Esteel. Deformations are then calculated for a 
number of fixing cases. The result is compared with similar calculations of a 
homogenous wall with isotropic geometry and anisotropic properties. The material 
settings of this wall are taken from previous steps, but the value of I12 is adjusted to 
make the deformations match the deformations of the sheet pile wall. The reason for 
doing this is to transform the settings of the corrugated sheet pile wall to a 
homogenous, rectangular wall with anisotropic material properties. The input values 
will then be used in the parametric study in the soil/structure model. The three 
dimensional models of the corrugated wall and the equivalent plate is presented in 
Figure 3.18. 

   

a)    b)  

Figure 3.18.  a) The solid wall subjected for a load q, warping the wall. 

 b) The corrugated wall subjected for the same load. 
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3.8 Wailing beam settings 

The wailing beam is used to distribute the loads induced by the excavation to the 
surrounding soil. For anisotropic beams, e.g. a HEB-profile, the properties are 
different in different directions. The properties are often provided by steel 
manufacturers or can be found in tables. The material properties for beams with 
elastic behaviour are defined in Table 3.3. 

Table 3.3 Material properties for the wailing beam, (Brinkgreve, 2007). 

Parameter Unit Definition 

A m2
 Beam cross section area 

γ kN/m3
 The unit weight 

E kN/m2
 Young´s modulus in axial direction 

I2 m4
 Moment of inertia against bending around the second axis 

I3 m4
 Moment of inertia against bending around the third axis 

I23 m4
 Moment of inertia against oblique bending (zero for symmetric 

beam profiles) 

The stiffness properties and the curvature of the beam visualised in Figure 3.19. 

 

Figure 3.19  The local system of axes in the wall element and various quantities 

(Brinkgreve, 2007). 

The wailing beam is modelled as linear elastic and can therefore never go to failure. 
The action effects can be determined and used as a design value during Serviceability 
limit state. For Ultimate limit state design it is possible, as mentioned in 3.1.2, to 
receive the action effects on the beam during the stepwise phi/c reduction in the soil. 
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4 Parametric study 

The purpose is to investigate which parameters that affect the design of a sheet pile 
wall used for staged excavation. To do this, a generalized model is used for simulation 
in PLAXIS 3D Foundation, called the soil/structure model. In this model, the staged 
excavation is simulated. The parametric study will consist of two base cases. The first 
case is without a wailing beam and the second is a model with a wailing beam added 
to the sheet pile wall. All the simulations are done in PLAXIS 3D Foundation Version 
2.2 if nothing else is declared. 

4.1 Introduction  

The configuration for these base cases are presented in this introduction. The two base 
cases have equal settings besides that the second base case has a wailing beam weld to 
the upper edge of the sheet pile wall. One parameter at the time is then varied to 
investigate the influence in the model. All simulations in the soil/structure model are 
configured with settings according to the base case if nothing else is declared.    

4.1.1 Mesh 

The geometry of this model is defined in chapter 3.2 and the mesh is generated so that 
the number of nodes will match Figure 3.6. This resulted in a model with 13367 
nodes, see Figure 4.1. 

 

Figure 4.1  The finite element mesh of the model. The excavation area is marked. 

Note that the mesh is finer in and around the excavation and along the sheet pile wall. 
This is because this is the area where most displacements are expected. The vertical 
mesh is finest at the level of the sheet pile wall, and just below. Chapter 3.5 also 
shows that a finer mesh will give more deformations. This is why it is important to 
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have a fine mesh in the excavation, where the deflection of the sheet pile wall has its 
maximum.  

4.1.2 Soil 

Values of material parameters are chosen so that the calculations could be valid for as 
many real case scenarios as possible, with emphasis for areas with similar 
geotechnical conditions as the Gothenburg area. The soil in the model has been 
chosen according to the conditions at Göta river valley, specifically at the area around 
Bohus. As the soils in this area are characterized by relatively soft clays, the strength 
of the soil is low.  The uppermost layer consists of a one meter thick crust of silt. As 
mentioned earlier, this layer is replaced with an equivalent load, and thereby the 
effects in this specific layer are excluded in this study. Young´s modulus, E, is 
depending on the cohesion and is calculated by the empirical relation in Equation 
(4.1). This relation is equal at all depths in the clay. 

�
O´ = 261 �§¨l�  (4.1) 

The cohesion, c´, of the clay is starting at 7 kPa, with an increment according to 
Figure 4.2, which also shows the E-modulus of the clay.  

 

   a)      b) 

Figure 4.2  a) The cohesion, c’, used in the model for different levels. 

 b) The Young´s modulus, E, used in the model for different levels. 

The interaction between the soil and the sheet pile wall is governed by the interface 
factor in PLAXIS, and is set for every soil type individually. For the clays, the 
roughness is assumed to be high, giving an interface factor equal to 1. For the top 
layer with silt, the roughness is much lower. The groundwater level is set to +1,5 
meter, corresponding to the ground level. A complete list of the parameters used is 
shown in Table 4.1. 
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Table 4.1.  Properties of the soil used in the model. 

Parameter Silt at 1,5 to 0,5m Clay at 0,5 to -5m Clay at -5 to -10m Unit 

Material type Drained Undrained Undrained - 

c´  1 7 10,3 kPa 

cincrement 0 0,6 1 kPa/m 

i 32 0 0 ° 

E 10000 1827 2691 kPa 

Eincrement  0 157 261 kPa/m 

~ 0,3 0,3 0,3 − 

u 0 0 0 ° 

Q�]w©ª]w\�  22 15,5 16 kN/m3 

Q©^�]w©ª]w\�  19 15,5 16 kN/m3 

 

4.1.3 Sheet pile wall 

To determine required driving depth according to Swedish praxis, Handbook for 

design of sheet pile walls is used, (Ryner et al., 1996). The two dimensional 
calculation indicates that the sheet pile wall has to be driven to the level -3 meter, 
giving a wall lengths of 4,5 meter. This is valid for a safety factor of 1,5 if no 
additional load is acting on the surface. For a additional load of 10 kPa, the safety 
factor is just above 1,0. The maximum bending moment is 8 kNm/m. The complete 
calculation is presented in Appendix 1.  

The wall chosen for the base case is a sheet pile wall, AU14. This is a relatively stiff 
wall, and should be able to withstand the stresses induced by the excavation, meaning 
that a possible failure in the system will be in the soil and not in the sheet pile wall. 
Specifications of an AU14 are presented in Figure 4.3 and Table 4.2.  
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a)        b) 

Figure 4.3  a) Sheet pile profile AU14 in plan including dimensions (ArcelorMittal, 
2010) 

b) The local system of axes in the wall element and various quantities 
(Brinkgreve, 2007) 

 

Table 4.2  Technical specifications AU14 (ArcelorMittal, 2010). 

AU14  Sectional area Mass/m Moment of inertia Elastic section modulus 

 cm2   kg/m  cm4  cm3  

Per m wall 132.3 103.8 28710 1410 

When simulating in PLAXIS, the wall will have isotropic geometry, as the shape of a 
plate. This plate can however have anisotropic material properties. This means that 
the properties of the corrugated sheet pile wall must be transformed to an equivalent 
plate, with a certain thickness, d. Manufacturers does usually provide information 
about flexural rigidity in one dimension only, bending around the second axis. Values 
of E1 and G13 can be determined according to Equation (4.2) and (4.3), given the 
moment of inertia and the sectional area from Table 4.2.  

r+ = +c∙��JLL�∙��
�� = +c∙c+d\«∙c,�¬+\­�

d,d+.c.� = 3,124 ∙ 10++ §¨l (4.2) 

�+. = ��JLL�∙j��
c∙(+a�)∙� = c+d\«∙�,�+\­�

c∙(+ax)∙d,d+.c. = 3,5 ∙ 10¬§¨l (4.3) 

To decide the in plane shear modulus G12, the moment of inertia against torsion, I12, 
must be determined. Also I1 and I2 are needed to determine E1 and E2. This can be 
done in a number of ways and it is important to evaluate which value that gives the 
most realistic response of the sheet pile wall. It is the relation between I1, I2 and I12 
that is of importance and an investigation of these relations is done below.  

The PLAXIS user manual (Brinkgreve, 2007) recommends relations according to 
Alternative 1 in Table 4.3. These values can however be questioned, and this is why it 
needs to be further analysed. In this case a two dimensional model was created as 
presented in Section 3.7.2. A corrugated beam was modelled according to the 
manufacturer specification of the AU14 profile and the maximum deflection for a 
certain load was calculated. A solid plate was then simulated under the same 
conditions, with the equivalent values of E1 and G13. The idea was to make the 
deformations of the plate to match the deformation of the corrugated beam when 
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subjected for the same load. The value of I2 was adjusted until a satisfying result was 
obtained. For sheet pile wall AU14, I2 was set to 3,8·10-8 m4. This value is probably 
much closer the reality than the PLAXIS user manual recommendation. 

To estimate the torsional rigidity against warping, I12, needs to be determined. 
Equation (4.4) was used, based on Theories and Applications of Plate Analysis, 
(Szilards, 2004), described in Section 3.7.  

�+c = �
� ∙ U�

�∙(+¤�) = d,�¯
d,¬° ∙ d,dd¯�

�∙(+¤d) = 1,437 ∙ 10¤¬²� (4.4) 

This value is used as a starting value when the 3D wall is tested in a PLAXIS 3D 
Foundation model, also described in Section 3.7, similar to the 2D model. This 
simulation gives I12= 4,78·10-8 m4. The difference from calculated values could 
originate from the fact that the Equation 3.15 is based on a sinus shaped plate, which 
differs from the shape of the sheet pile wall. These settings are tested in the 
soil/structure model as Alternative 3 in Table 4.3. 

To investigate the behaviour of the sheet pile wall, a number of settings are tested in 
the soil/structure model. Alternative 2 uses value of I2 according to the 2D simulation 
and the value of I12 recommended by the manual. Alternative 3 has both I2 and I12 

according to the simulations in PLAXIS 2D and 3D Foundation respectively. 
Alternative 4 has the same I2 as Alternative 3, but a higher torsional rigidity against 
warping, I12. For Alternative 5, the sheet pile wall properties are isotropic, which was 
the only available option in PLAXIS 3D Tunnel. These values are presented in Table 
4.3. To simplify the comparison, the relation to I1 is also presented within brackets in 
the table. The results from simulations with these values are plotted in Figure 4.4 and 
Figure 4.5.  

Table 4.3.  Properties of different sheet pile walls tested in the soil/structure model. 

Flexural rigidity is depending on the internal moments of inertia in 
different directions, which are presented. Relations to I1 within 

brackets.  

Alt I1 [m
4] I2 [m

4]  I12 [m
4]  

1 2,871·10-4 1,436·10-5 (I1/20) 2,871·10-5  (I1/10) PLAXIS manual 
recommendations 

2 2,871·10-4 3,811·10-8 (I1/7533) 2,871·10-5  (I1/10) I2 from PLAXIS 2D 
simulations  

3 2,871·10-4 3,811·10-8 (I1/7533) 2,871·10-7 (I1/1000) I1, I2 from PLAXIS 
3D simulations 

4 2,871·10-4 3,811·10-8 (I1/7533) 2,871·10-6  (I1/100) I12 adjusted 

5 2,871·10-4 2,871·10-4 (I1/1) 2,871·10-4 (I1/1) Isotropic 
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Figure 4.4  The horizontal deflection at the upper edge of the sheet pile wall at 
different lengths from excavation centre. No wailing beam is used. Five 

wall settings are tested with different relations between the moments of 
inertia I1, I2 and the torsional rigidity against warping, I12.  

 

Figure 4.5  The horizontal deflection at the upper edge of the sheet pile wall at 

different lengths from excavation centre. No wailing beam is used. Five 
wall settings are tested with different relations between the moments of 

inertia I1, I2 and the torsional rigidity against warping, I12. 

The result shows that the recommended values from the PLAXIS user manual, 
Alternative 1, give a wall that is too stiff. This is also the case for Alternative 2 and 5. 
Alternative 3 was before the simulation the case that seemed most realistic, but 
looking at the deflections at the lower edge, this might not be the real behaviour of the 
wall. Instead, Alternative 4 gives the most realistic behaviour, with almost as large 
deflections at the top as Alternative 3, but with a smoother curve at the lower edge.  

Two extreme cases were simulated in order to evaluate how much influence the sheet 
pile wall properties have. They were based on the input parameters in Alternative 4, 
but were adjusted according to the assumption that flexural rigidity around the vertical 
axis is close to zero. This means that slide and angle displacements in the interlocks 
are possible. In the first case, G23 was set to one. This resulted in a maximum 
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deflection of 41 mm at the upper edge of the sheet pile wall. At the lower edge, the 
behaviour was equal to the simulation of Alternative 3, i.e. an unrealistic curvature. In 
the second extreme case, E2 was set equal to one. The maximum deflection was equal 
to the result from Alternative 4, i.e. 35 mm, but the behaviour was, as in previous 
case, unrealistic at the lower edge. This means that the behaviour of the chosen sheet 
pile wall is very similar to the extreme case. 

The relations from Alternative 4 are from now on considered as a base case and are to 
be used later on in this thesis. A complete presentation of the material properties used 
in Alternative 4 is presented in Table 4.4. The values are calculated from given 
equations is Section 3.7 and with an equivalent thickness, d = 0,408.  

Table 4.4  Material setting for the sheet pile wall AU14 used in PLAXIS. 

 

 

4.1.4 Wailing beam  

The wailing beam used on site at contract E33 is a HEB300. This is a relatively stiff 
beam. In Ultimate limit state it probably would have been enough with a weaker 
beam, but since it was the deformations in Serviceability limit state that was of most 
concern this stiffer beam was chosen. Specifications of a HEB300 can be found in 
tables provided by steel manufacturer and the properties used in PLAXIS are 
presented in Table 4.5.  

Table 4.5 The material setting for the wailing beam HEB300. 

Parameter Value Unit 

A 0,015 m2 

E 2,1·108 kPa 

I3 8,563·10-5 m4 

I2 2,517·10-4 m4 

I23 0 m4 

Property Value Unit 

d 0,408  m 

E1 1,065·107  kPa 

E2 1,414·103  kPa 

G12 5,326·104  kPa 

G13 1,135·106  kPa 

G23 3,405·105  kPa 
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4.1.5 Load 

In the base case, an additional load is added on the active side of the sheet pile wall. 
The size of this load is 10 kPa, which could correspond to a normal surface load from 
construction traffic.    

4.1.6 Excavation 

A staged excavation is made in the length of the sheet pile wall, and is in the base case 
5 meter wide and 1 meter deep. The complete excavation geometry is presented in 
Figure 4.6. 

 

 

Figure 4.6  Geometry of the excavation. 

4.2 Base case without wailing beam 

Simulation of the deflections of the sheet pile wall in the model defined above is 
resulting in the deflection pattern shown in Figure 4.7.  

 

Figure 4.7 Horizontal deflection of the sheet pile wall at the upper edge.  

The maximum deflection is 35 mm. The influence distance is 5 meter outside the 
excavation, i.e. 7,5 meter from the excavation centre. Beyond this point the sheet pile 
wall is unaffected by the excavation. 

Starting from the base case, the parameters in this model are varied. The parameters 
are chosen according to what may influence the deformations and the safety factor. 
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The complete analysis is described in this section. An overview of the parameters that 
are to be studied is presented in Table 4.6.  

Table 4.6  Parameters that are to be studied in this chapter and a short 

description of the purpose of each simulation.   

Parameter Question formulation  

Crest length What is the influence distance in the sheet pile wall? 
How long must the wall be outside the excavation?  

 

Excavation width How will the deflection pattern change when 
simulating different widths of the excavation?  

 

E-modulus of the soil What is the effect of the E-modulus of the soil?  

Linear Elastic soil model Will the result from a linear-elastic soil model 
considerably differ from the Mohr-Coulomb model? 

 

Weaker sheet pile wall What is the effect when using a weaker sheet pile 
wall? The chosen profile is a PU8R. 

 

   

4.2.1 Crest length of the sheet pile wall 

A fundamental question when designing a sheet pile wall is how long the wall must be 
extended outside the excavation, both in economical and geotechnical aspects. To 
investigate this, a number of sheet pile walls are simulated, each with different crest 
lengths. The definition of the sheet pile wall´s crest length is illustrated in Figure 4.8. 
When using the term crest length further on, the length is always measured from the 
excavation centre. 

 

Figure 4.8  Definition of the crest length of the sheet pile wall. 
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A number of simulations are done, each with different crest lengths of the sheet pile 
wall. The deflections are then plotted and compared. The purpose is to determine how 
long the wall must be in order to get a satisfying deflection and get an acceptable 
safety factor. Results regarding deflections, bending moments and shear forces in the 
sheet pile wall can be analyzed and the soil behavior in different phases can evaluated 
regarding deformations and stresses. The results from the simulations are shown in 
Figure 4.9 and Figure 4.10. The horizontal deflection of the sheet pile wall is plotted 
at the upper edge, at level 1,5 meter, and at the lower edge, at -3 meter. Note that the 
sheet pile wall is seen from above.  

 

Figure 4.9  The horizontal deflection at the upper edge of the sheet pile wall. 
Maximum deflection is 36 mm for the crest length 2,5 meter and 35 mm 

for crest lengths over 2,5 meter. 
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Figure 4.10  The horizontal deflection at the lower edge of the sheet pile. Maximum 
deflection for all crest length is 6 mm. Note that the scale differs from 

Figure 4.9.  

The figure shows that the deflection curves follow the same pattern regardless how 
long the crest length is. Because of this, the deflection curves in Figure 4.9 and Figure 
4.10 are stapled on each other. This is valid for all curves accept crest length 2,5 
meter. The maximum deflection of the sheet pile wall longer than 2,5 meter is 35 mm 
in the upper edge and 6 mm in the lower. When the crest length is 2,5 meter, i.e. equal 
to the excavation length, the horizontal deflection gets larger in the upper edge of the 
sheet pile wall compared with the other crest length simulations. That can be 
explained by the fact that the sheet pile wall does not get as much support from the 
soil outside the excavation, when the crest length is 2,5 meter. The mechanical 
behaviour of the sheet pile wall with crest lengths longer than 2,5 meter has the same 
shape and the same maximum deflection. This means that the crest length can be 
relatively short to full fill the criteria’s in Serviceability limit state. As long as the 
sheet pile wall can transfer the induced stresses to the soil, it fulfils its purpose 
regarding the deformations. For crest lengths from 7,5 meter, the deflection flattens 
out, and is close to zero, which could be seen as the influence distance. Outside this 
area the soil is unaffected.  
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The bending moments in the sheet pile wall are defined in Figure 4.11. 

 

Figure 4.11 Definition of the bending moments M11, M22 and the torsional moment 
M12, (Brinkgreve, 2007) 

The bending moment M11, plotted in PLAXIS, is illustrated in Figure 4.12. The plot is 
from the simulation with 17,5 meter crest length and seen from the same side as the 
excavation pit. 

 

Figure 4.12  Bending moment, M11, at crest length 17,5 meter seen from the 

excavation side. 

The maximum value of the bending moments M11, M22 and the torsional moment M22 
for the sheet pile wall with a crest length of 2,5 meter is presented in Table 4.7. Note 
that negative value is defined as out of plane, i.e. against the excavation pit. 
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Table 4.7  Maximum bending and torsional moments for crest length 2,5 meter. 

Bending moment M11 M22 M12 

Mmax [kNm/m] -23,0 -70,0*10-3 1,5 

For crest lengths from 5 to 20 meter the maximum moments are equal to each other 
and occur at same place in the sheet pile wall, see Table 4.8. Note that negative value 
is defined as out of plane, i.e. against the excavation pit. 

Table 4.8  Maximum bending and torsional moments for crest lengths from 5 to 20 

meter 

Bending moment M11 M22 M12 

Mmax [kNm/m] -11,0 -70,0*10-3 -1,9 

The design value of the moment capacity for bending around the second axis for a 
sheet pile wall is defined by Equation (4.5). 

?³�� = �́∙}µN
¶� ∙¶G

  (4.5) 

where Wx is the elastic section modulus and fyc is the characteristic value of the steel 
quality of the sheet pile wall. The partial factors γm and γn is set to 1,0 and 1,2 
respectively. For an AU14 profile with a steel quality of S270 GP the characteristic 
strength, fyc , is 270 MPa and the elastic section modulus, Wx, is 1410 cm3 per meter 
wall. The design value of the moment capacity is calculated in Equation (4.6). 

?³� = ·+,�+×+d­�¸∙(c¬d×+d�)
+,d∙+,c = 317§¹²/²  (4.6) 

Required profile in this case can be much weaker than the AU14 profile. After each 
phase of different crest length follows a phi/c reduction in order to determine the 
factor of safety in the soil. The results are presented in Figure 4.13. 
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Figure 4.13  Factor of safety of the soil at different crest lengths.  

The factor of safety is increasing until the crest length of the sheet pile wall reach 7,5 
meter from the excavation centre, where the curve flatten out. This can be compared 
with influence area of the deflection that flatten out at 7,5 meter from the excavation 
centre and verifies that there is no impact on the surrounding soil outside this 
boundary. It should be clarified that the factor of safety only concerning the soil and 
not the sheet pile wall. The sheet pile wall is simulated with linear elastic behavior, 
i.e. it is not possible for the sheet pile wall to go to failure.  

4.2.2 Excavation width 

When the excavation length along the sheet pile wall is varied the deflection in the 
centre is affected. To investigate how large this effect is, and if the influence distance 
outside the excavation is affected, a number of different excavation lengths is tested in 
the model. This is then compared to the base case. A simulation equivalent to a 2D 
model is also performed, where no side effects are included. Here, the excavation is 
made along the entire sheet pile wall. This corresponds to a simulation made in 
PLAXIS 2D, which also is performed. Simulating with the same input values for the 
2D model as in the 3D model, the result shows good correlation, verifying the 
accuracy. The displacement in the 2D model is also the value to which the 
displacement is approaching when increasing the excavation width in the 3D model. 
Excavations are made with 2,5, 5, 8 and 15 meter width respectively. The results are 
presented in Figure 4.14. 
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Figure 4.14  The horizontal deflection pattern for four different excavation lengths. 
The horizontal lines shows where the different excavations end. 

The horizontal lines above the deflection curves mark the excavation width. For the 
curve in the 2D case, the deflection is not exactly the same along the sheet pile wall. 
The reason for this is that the mesh is made finer in and just around the excavation 
since this is the area of most concern. This makes the deflection larger to the left in 
Figure 4.14.  

4.2.3 Variation of E-modulus in the soil 

The effect of decrease and increase the properties related to the stiffness in the sheet 
pile wall has shown relatively large differences in magnitude of the deformations.  

In order to evaluate the influence of the clay properties, a variation of the E-modulus 
is done. In the first simulation the E-modulus is divided by a factor two 
and in the second it is multiplied by the same factor. The result is 

compared to the simulation done with the soil parameters used in the 
base case. The input properties are presented in Table 4.9 and  

Table 4.10. Note that only the E-modulus and its increment by depth in the clay are 
changed in the different simulation.   

Table 4.9  Values of halved E-modulus during the simulation 

 Clay at level +0,5 to -5 Clay at level -5 to -10 

E [kPa] 914,0 1345,0 

Eincrement [kPa/m] 79,0 131 
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Table 4.10  Values of doubled E-modulus during the simulation 

 Clay at level +0,5 to -5  Clay at level -5 to -10  

E [kPa] 3654,0 5381,0 

Eincrement [kPa/m] 314,0 522,0 

The simulations were done with a crest length of 15 meter and the result is presented 
in Figure 4.15 and illustrates the deflection of the upper edge of the sheet pile wall. 

 

Figure 4.15  The horizontal deflection at the upper edge of the sheet pile wall when 

simulate with different E-modulus in the clay. 

The result verifies clearly that the deflection of the sheet pile wall differs when E-
modulus of the clay is changed. In the case where the E-modulus in the clay was 
halved, the deflection was increased by approximately a factor two compared with the 
base case. The deflection was decreased by about a factor two in the simulation where 
the E-modulus was doubled. If the stiffness in the soil increases, the sheet pile wall 
will be exposed by lower stress. In the same way, when lowering the E-modulus of 
the soil, the sheet pile wall will take up more stresses and thereby increase the 
influence distance. 

4.2.4 Linear- Elastic soil model 

The soil is, as described in Section 3.6, simulated with the Mohr-Coulomb model in 
the base case. This is one of the most frequently used soil models and is a linear 
elastic, perfectly-plastic model. This means that the material is behaving ideal elastic 
until all the shear strength has been mobilized. When the plastic state is reached in a 
soil element, plastic deformations occur. Stresses are also redistributed to other soil 
elements until a new equilibrium state is found. The total strain consists of a plastic 
and an elastic part, which is shown in Equation (4.7).  
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vwxw = v\ + vy  (4.7) 

For a simulation in PLAXIS, the points where plastic deformations exist can be 
plotted, as shown in Figure 4.16.  

 

Figure 4.16  View of a 3D model, the red points show where the plastic deformations 

occur. 

According to Figure 4.16, plastic deformations occur in many points, especially in the 
area around the excavation. To investigate how large these deformations are, the soil 
model is changed to Linear- Elastic. In this soil model, only elastic deformations are 
possible. The result from this calculation is shown in Figure 4.17. 

 

Figure 4.17  Horizontal deflection from Linear-Elastic model compared to Mohr- 
Coulomb model. 

The plastic deformations are the difference between the Mohr-Coulomb deformations 
and the Linear-elastic deformations.  The figure shows that most of the deformations, 
66 %, are plastic which indicates that the soil body is highly stressed.  
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4.2.5 Simulation with a weaker sheet pile wall 

In order to evaluate the effect of a weaker sheet pile wall, the profile AU14 is replaced 
by a PU8R profile. Due to the fact that the properties of the sheet pile wall was 
complicated to estimate, a relation between the moment of inertia, I1, for AU14 and 
PU8R made a base which decided the properties of the PU8R profile. The relation is 
given in Equation (4.8). 

��,b»��
��,¼»½¾

= c�¬+d �O[�/[�
+d�.d �O[�/[� = 2,65  (4.8) 

The input properties from AU14, except the equivalent thickness, are divided with the 
factor 2,65 which can be seen as a rough estimation. The purpose of the simulation is 
to analyze the effect of a sheet pile wall with weaker properties concerning the 
deflection of the sheet pile wall. The properties of the sheet pile profile PU8R is 
presented in Table 4.11. 

Table 4.11  Material properties for a PU8R profile. 

Property Value Unit 

d 0,408 m 

E1 4,02∙106 kPa 

E2 533,60 kPa 

G12 2,01∙104 kPa 

G13 4,283∙105 kPa 

G23 1,285∙105 kPa 

The result is compared with simulation of the sheet pile profile AU14 concerning the 
deflections. The shape of the deflection of the PU8R is equal for crest length from 5 to 
20 meter from the excavation centre. This was also the case in the simulation of AU14 
profile. A comparison will therefore be done at the crest length 17,5 meter from the 
excavation centre. The result is presented in Figure 4.18 for deflections at the upper 
edge and Figure 4.19 at the lower edge. Note the scale in both figures. 
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Figure 4.18  Horizontal deflection of the sheet pile profile PU8R at the upper edge 
compared to AU14. 

 

Figure 4.19  Horizontal deflection of the sheet pile profile PU8R at the lower edge 

compared to AU14. 

According to the results, the properties of the sheet pile wall seem not to affect the 
deflection in a larger magnitude when reducing the properties with a relatively low 
factor. This can be compared with the simulations of different sheet pile wall 
properties in chapter 3.7. The maximum deflection at the upper edge of the PU8R 
profile is 39 mm in the excavation centre compared to 35 millimeter for the AU14 
profile. At the lower edge the shape of the sheet pile wall is similar to the simulation 
of Alternative 3 in Section 0 and might not be the real behaviour of the wall. The 
influence distance is equal for both sheet pile wall profiles, i.e. 7,5 meter from the 
excavation centre.  
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The design value of the moment capacity around the second axis for a PU8R with the 
steel quality S270 GP is 174 kNm per meter of wall. The bending moments and 
torsional moment in the sheet pile wall is defined in Figure 4.20. 

 

Figure 4.20  Definition of bending moments M11, M22 and the torsional moment M12, 

(Brinkgreve, 2007). 

The maximum bending moments and the torsional moment that the sheet pile wall is 
exposed for in current simulation is presented in Table 4.12 and Table 4.13. 

Table 4.12  Maximum bending and torsional moments for crest length 2,5 meter. 

Bending moment M11 M22 M12 

Mmax [kNm/m] -17,0 -70,0*10-3 1,5 

 

Table 4.13  Maximum bending and torsional moments for crest lengths from 5 to 

17,5 meter. 

Bending moment M11 M22 M12 

Mmax [kNm/m] -12,0 -41,0*10-3 1,2 

 

Weaker profiles than PU8R could be used and still have acceptable deformations, for 
a additional load of 10 kPa and when the excavation depth is relatively shallow. As 
for the AU14 profile, the low value of the bending moment M22 can be explained by 
the fact that the sheet pile wall is very weak in this direction and cannot take moments 
of a high magnitude.  

The factor of safety in the simulation with PU8R at different crest lengths are 
compared with the results from the simulations with AU14 and presented in Figure 
4.21. Note that the factor of safety concerns the soil, not the sheet pile wall. 
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Figure 4.21  Factor of safety for soil at crest lengths 2,5 to 17,5 meter outside the 
excavation centre.  

The factor of safety is equal for PU8R and AU14 at crest length 2,5 meter. This can 
be explained by the fact that the sheet pile wall is exposed for less side effects from 
the surrounding soil, compared to crest lengths longer than the excavation width.  
Also the differences between the two sheet pile profiles are relatively small 
concerning the safety factor. For the other crest lengths, 5 to 17,5 meter, the AU14 
profile can distribute more forces laterally than the PU8R profile why the safety factor 
of the soil is lower when simulating with the PU8R profile. 

4.3 Base case with wailing beam 

The purpose by adding a wailing beam to the sheet pile wall is to decrease the 
maximum deflection at the centre of the excavation. It is hard to predict which effect 
the wailing beam will have when adding it to the sheet pile wall, why simulations in 
PLAXIS are done. 

The wailing beam is welded at the upper edge of the wall, at level +1,5 meter. The 
profile of the wailing beam is a HEB300, which is the beam used on site at the project 
at contract E33. The input parameters in PLAXIS for a HEB300 are presented in 
Table 4.14. I23 defines the moment of inertia against oblique bending and is zero for 
symmetric beam profiles.  
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Table 4.14  Material parameters for HEB300 

Parameter Unit Value 

A m2 0,015 

E kPa 2,1·108 

I3 m4 8,563·10-5 

I2 m4 2,517·10-5 

I23 m4 0 

Simulation of the model resulted in the deflection pattern presented in Figure 4.22. 

 

Figure 4.22  Horizontal deflection at the upper edge of the sheet pile wall with a 

wailing beam. 

The maximum deflection is 16 mm and the influence distance is 10 meter outside the 
excavation centre.  

In Figure 4.23 the deflection with and without wailing beam is compared. The plot 
shows the deform pattern for the entire sheet pile wall, in a symmetry cut in the 
excavation centre.  



CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2010:41 
50

 

Figure 4.23 Elevation of the horizontal deflection for the sheet pile wall, both with 

and without wailing beam. The wall is 17,5 meter long from the 
excavation centre, to the left in the figure.    

The fundamental question is how the wailing beam affects the mechanical behaviour 
of the retaining structure. Starting from the base case, the parameters in this model are 
varied. The parameters are chosen according to what may influence the deformations 
and the safety factor. An overview of the parameters that are to be studied are 
presented in Table 4.15. 

Table 4.15 Parameters that are to be studied in this chapter and a short 

description of the purpose of each simulation. 

Parameter Question formulation 

Crest length What is the influence distance in the sheet pile wall? 
How long must the wall be outside the excavation?  

Excavation width How will the deflection pattern change when 
simulating different widths of the excavation? 

E-modulus of the soil What is the effect of the E-modulus of the soil? 

Linear Elastic soil model Will the result from a linear-elastic soil model 
considerably differ from the Mohr-Coulomb model? 

Weaker wailing beam What is the effect when simulating with weaker 
wailing beams?  
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4.3.1 Crest length of the sheet pile wall 

In order to investigate how the wailing beam is affecting the mechanical behavior of 
the retaining system, the simulations will be compared to the results from the 
simulation with the AU14 profile without a wailing beam. The comparison will 
concern mechanical behavior at different crest lengths including deflection pattern, 
shear forces, bending moments and safety factor.  

The results from the simulation of different crest lengths with the AU14 profile with 
HEB300 are presented in Figure 4.24.  

 

Figure 4.24 The horizontal deflection at the upper edge of the sheet pile wall versus 

distance from the excavation centre. The deflection curve without 
wailing beam is included for comparison.  

The most obvious effect is that the maximum deflection is reduced. The deflection of 
the sheet pile wall at the crest length 2,5 meter is 29 mm and almost constant. This 
should be compared to the case without wailing beam where the curvature of the sheet 
pile wall was smooth with a maximum deflection of 36 mm, see Section 4.2.1. The 
maximum deflections at crest lengths from 5 to 17,5 meter is within an interval from 
16 to 17 mm. For the sheet pile wall with the crest length 7,5 meter, almost no 
deflection occurs at the end. This means that it is only necessary to use a sheet pile 
wall that is elongated 5 meter outside the excavation. A comparison of the result from 
the base case without a wailing beam is presented in Figure 4.25 and regards the crest 
length 17,5 meter. 
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Figure 4.25 Horizontal deflection for crest length 17,5 meter with and without 

wailing beam.  

The simulations show a clear effect of the wailing beam. Without the wailing beam, 
the maximum deflection of the sheet pile wall at the upper edge is 35 mm. By adding 
the wailing beam, the maximum deflection is decreased to 16 mm. This is a reduction 
of about 50%. These effects are valid for the upper edge. In Ultimate limit state it 
would probably have been enough with a weaker beam, but since it was the 
deformations in Serviceability limit state that was of most concern a stiffer beam was 
chosen at contract E33.  

Another important aspect is to evaluate how the influence distance of the sheet pile 
wall will be affected when the wailing beam is added. The simulations with different 
crest lengths have the same pattern of the curvature.  

The influence distance increase when simulating with a wailing beam from 5 to 9 
meter outside the excavation pit. Using the wailing HEB300, the horizontal deflection 
is reduced with 50 %, and this leads to an increased influence distance with 50 %.  

The beam, as well as the wall are modelled as elastic and cannot go to failure. 
Because of this, it is important to look at the stresses in these elements separately, and 
compare them to their corresponding capacity in Serviceability limit state. The 
definition of the quantities of the wailing beam is illustrated in Figure 4.26. 
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Figure 4.26 Definition of moment of inertia (I), positive bending moment (M), 

positive curvature (κ), stiffness (E) and the shear force Q13 for a 
horizontal beam based on local system of axes (Brinkgreve, 2007) 

The distribution of the shear force, Q13, for different crest lengths is presented in 
Figure 4.27. 

 

Figure 4.27   Distribution of the shear force Q13 in the beam profile HEB300. 

For the crest length 2,5 meter, the shear forces are considerably smaller than for 
higher crest lengths. The shear force decrease fast when it has reached its maximum. 
The distribution of the shear forces in the wailing beam at this crest length is probably 
because of the wall is not getting that much support from the surrounding soil 
volumes. 

The shear force distribution for crest lengths from 5 meter has the same pattern even 
though the sheet pile wall with 5 meter crest length decrease faster when it has 
reached its maximum compared to the other. The maximum shear force is inside an 
interval from 17 to 19 kN and occurs at the edge of the excavation. 

The force in the wailing beam is relatively small and should be compared to the 
design shear force capacity which is defined in Equation (4.9). Input values are found 
in specifications from manufacturer.  
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¿ÀÁ = =Â∙ÃÄÅ
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  (4.9) 

where Aw is the area of the web and fyc is the characteristic strength of the used steel 
quality, equal to 270 MPa. The partial factors Q[  and  Q̂  are set to 1,0 and 1,2 
respectively. The comparison of the action effect and the capacity of the HEB300 are 
presented in Table 4.16. 

Table 4.16  Comparison of the action effect and the capacity regarding Q13 of the 
wailing beam profile HEB300. 

 Unit Action 
effect 

Capacity 

Q13 kN 19  648 

As shown in Table 4.16, the shear force capacity of the beam is much higher than the 
action effect. This means that the use of the wailing beam is mostly for lowering the 
deflections in Serviceability limit state.  

The inclination of the shear force distribution curve gives the distributed reaction 
force against the wailing beam. When the inclination is constant, the intensity of the 
reaction force is the same inside the interval. The distributed shear force at crest 
length 17,5 meter is illustrated in Figure 4.28. 

 

Figure 4.28  The inclination of the distributed shear forces gives de reaction force 
on the wailing beam. 

The first 2,5 meter from the excavation centre, i.e. inside the excavation, the positive 
inclination is 8:1 which means that the intensity of the reaction force is 8 kN/m. 
Outside the excavation the negative inclination is 4:1 until it flatten out 5 meter 
outside the excavation. This means that the reaction force on the wailing beam is 4 
kN/m. This gives a distribution of the reaction force illustrated in Figure 4.29. The 
shear force distribution outside 7,5 meter are neglected in this thesis. 
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Figure 4.29  The distributed reaction force in the wailing beam. The value x is the 
excavation width and z is the distribution distance of the reaction force 

on both sides outside the excavation. 

The reaction force in the wailing beam has a constant distribution, both inside and 
outside the excavation. In the case with the HEB300 profile, the reaction force due to 
the staged excavation is 8 kN/m inside the pit and 4 kN/m on both sides of the 
excavation respectively. This gives equilibrium of the distributed reaction forces. This 
should be compared to what was assumed in the design phase, see Section 2.2.1. The 
assumed distribution of the reaction force would according to this, decrease with the 
distance from the excavation, see Figure 4.30. 

 

Figure 4.30  The assumed distribution of the reaction force in the wailing beam 
during design phase. 

The reaction force was assumed to be constant inside the excavation, which also was 
shown in the simulations. Outside the excavation, the assumption was not fully 
correct. The result also shows that the distribution distance, z, is equal to the 
excavation width, x in the case when simulation with a HEB300, and that the reaction 
force is constant. 

The distribution of the bending moment, M2, in the wailing beam at different crest 
lengths is presented in Figure 4.31. 
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Figure 4.31  Distribution of the bending moment M2 in the wailing beam at different 
crest lengths. 

The distribution of the bending moment at crest length 2,5 meter is considerably 
smaller than for the other crest length. This has the same explanation as for the shear 
force distribution, i.e. the sheet pile wall does only get small support from the 
surrounding soil volumes. The other crest lengths follow the same pattern and shows 
small differences in maximum and minimum values. At the end of the wailing beam, 
in every crest length, the bending moment is zero, which means that the wailing beam 
can be seen as freely supported. This is the opposite compared to the symmetry cut, in 
the excavation centre, where the retaining structure is fully fixed. 

The moment capacity of the wailing beam HEB300 is calculated from Equation 
(4.10). 

ÉÀÁ = ÊË∙ÃÄÅ
ÆÇ∙ÆÈ

 (4.10) 

where Wt is the elastic section modulus, fyc is the characteristic strength of the used 
steel quality, equal to 270 MPa,  Q[ = 1  and  Q̂ = 1,2. The comparison of the action 
effect and the capacity of the HEB300 is presented in Table 4.17. 

Table 4.17  Comparison of the action effect and the capacity regarding M2 of the 
wailing beam profile HEB300 in Serviceability limit state. 

 Unit Action effect Capacity 

M2 kNm 55  378 

As shown in Table 4.17, the moment capacity of the beam is much higher than the 
action effect. This means, as mentioned earlier, that the use of the wailing beam is 
mostly for lowering the deflections in Serviceability limit state.   

Evaluating the safety factor in the soil at different crest lengths, the safety factor in the 
soil is increased when adding a wailing beam, see Figure 4.32. 
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Figure 4.32  The safety factor in the soil. 

The comparison shows that the wailing beam HEB300 has a good effect on the 
retaining system. This agrees with the statement that the sheet pile wall itself is 
relatively weak around the vertical axis. The beam is transferring load from the 
sections in the excavation over to the soil where it is distributed over a larger area. 
This behaviour, called horizontal arching, explains why the influence distance is 
larger when using a stiffer beam. 

4.3.2 Excavation width 

The effect of the wailing beam when increasing the excavation width, concerning the 
horizontal deflection and the influence distance, is an important aspect. This because 
an optimization of the width of the staged excavation is often preferable on the 
construction site due to practical and economical reasons. The chosen excavation 
width to simulate is 8 meter. The result from the simulation, which also includes the 
results from the simulation without a wailing beam, is presented in Figure 4.33. 
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Figure 4.33  Horizontal deflection of the sheet pile wall at upper edge, with and 
without wailing beam. 

The wailing beam has a large effect of the deflection of the sheet pile wall. It reduces 
the deflection with about 50 % compared with not using a wailing beam. The 
influence distance increase with about 50 %, from 5 to 9 meter outside the excavation 
pit. As in Section 4.2.1, the reduction with 50 % of the deflection leads to an 
increased influence distance with 50%. Whether this can be seen a rule of thumb or 
not can be discussed, but more simulations has to be done in order to prove that this is 
not only a coincidence. However, this study lies outside the delimitations of this 
thesis. 

4.3.3 Variation of E-modulus in the soil 

In Section 4.2.3 it was established that the deflection was reduces by a factor two 
when doubled the E-modulus in the soil. And when simulated with halved E-modulus, 
the deflection increased with a factor two, see Figure 4.34. The result from the 
simulations with the E-modulus as in base case is added as a comparison. 
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Figure 4.34  The horizontal deflection at the upper edge of the sheet pile wall when 

double and halved the E-modulus in the soil. The plot regards 
simulation without a wailing beam.  

The effect of adding a wailing beam HEB300 into the simulations is presented in 
Figure 4.35. The result from the simulations with the E-modulus as in base case with 
wailing beam is added as a comparison. 

 

Figure 4.35  The horizontal deflection of the wailing beam when double and halve 
the E-modulus in the soil, compared with the simulation with the E-

modulus as in base case with wailing beam. 

The deflection of the wailing beam is reduced by approximately a factor two when 
doubled the E-modulus in the soil. When simulate with halved E-modulus, the 
deflection is increased with a factor two. The simulations show relatively small 
differences concerning the influence distance. In the case with halved E-modulus, the 
stresses in the sheet pile wall are higher since the soil is much weaker. The result 
shows that the relative differences are equal between the simulation without a wailing 
beam and by adding a wailing beam.  
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4.3.4 Simulation with weaker wailing beams 

The simulations with the wailing beam profile, HEB300, showed that the sheet pile 
wall became much stiffer. It improved the safety factor in the soil since the sheet pile 
wall could transfer higher forces when it is stiffer. A weaker wailing beam could be 
used instead, and still probably get satisfying mechanical behavior of the retaining 
system. In order to investigate the effect of using a weaker beam profile, two different 
wailing beams will be simulated in the model, HEB100 and HEB180. The definition 
of the quantities of the wailing beam is illustrated in Figure 4.36. 

 

Figure 4.36 Definition of moment of inertia (I), positive bending moment (M), 
positive curvature (κ), stiffness (E) and the shear force Q13 for a 

horizontal beam based on local system of axes (Brinkgreve, 2007). 

The material parameters that are used as input values in PLAXIS are presented in 
Table 4.18. It also includes the input parameters for HEB300 for comparison.  

Table 4.18  Material parameters for the wailing beam HEB300, HEB180 and 

HEB100. 

Parameter HEB300 HEB180 HEB100 Unit 

A 15,0·10-3 6,525·10-3 2,604·10-3 m2 

E 2,1·108 2,1·108 2,1·108 kPa 

I3 8,563·10-5 1,362·10-5 1,673·10-6 m4 

I2 2,517·10-4 3,831·10-5 4,495·10-6 m4 

I23 0 0 0 m4 

The horizontal deflection of the sheet pile wall, without wailing beam and with the 
three profiles that are used in this thesis is presented in Figure 4.37. It is valid at the 
upper edge of the sheet pile wall, where the wailing beam is welded, for the crest 
length 17,5 meter. 
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Figure 4.37  The horizontal deflection at the upper edge of the sheet pile wall 

without and with different wailing beams. The plot regards simulations 
at the crest length 17,5 meter. 

The most obvious effect is that the maximum deflections at the centre of the 
excavation are increased incrementally when simulated with weaker retaining 
structures. The differences in the horizontal deflection between the case without a 
wailing beam and with different wailing beams are presented in Table 4.19. 

Table 4.19  Maximal horizontal deflections. 

 Without wailing beam HEB100 HEB180 HEB300 

Deflection [m] 0,035 0,032 0,023 0,016 

The results show that the mechanical behavior when using a HEB100 is close to the 
case without a beam. This is because the beam profile has much weaker properties 
than the other profiles used in the simulations and is one of the smallest HEB profiles 
on the market. The HEB180 has a relatively high effect of the retaining system and 
increase the horizontal deflection effectively. 

Another important aspect is to evaluate if the influence distance of the sheet pile wall 
is affected when adding wailing beams with different properties. For the case without 
a wailing beam and the simulations with a HEB100, the pattern is almost the same. 
The influence distance differs more, approximately one meter, when adding a 
HEB180 and the deflection curve is straighter.  

To illustrate the different behavior for the different wailing beams, the deflection is 
plotted in cross-sections at four different distances from the excavation centre, see 
Figure 4.38. These figures shows how the deflection of the walls varies with depth, 
and that the wall with HEB300 has much lower deflection at the excavation centre, 
but also larger deflection 7,5 meter from the excavation centre. At distance 12,5 from 
the excavation centre, all walls are unaffected by the excavation.  
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Figure 4.38 Cross section of the horizontal displacement of the sheet pile wall at 

four different distances from the excavation centre. The excavation edge 
is 2,5 meter from the excavation centre.  

The distributions of the shear force, Q13, in the simulated wailing beams are illustrated 
in Figure 4.39. The figure only concerns the distribution at crest length 17,5 meter. 

 

Figure 4.39  The distribution of the shear force, Q13, in HEB100, HEB180 and 

HEB300 at crest length 17,5 meter. 
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The maximum action effect of the shear force and the capacity of the wailing beams is 
presented in Table 4.20.  

Table 4.20  The action effects of shear force and the calculated capacity of the 

different wailing beams. 

 HEB300  HEB180  HEB100  

Action 
effect 

Capacity Action 
effect 

Capacity Action 
effect 

Capacity 

Q13 [kN] 19  648 13  291 8 108 

The maximum value of the shear forces decrease with approximately 60 % when 
simulating with the HEB100 compared with the maximum value for HEB300. The 
difference between the HEB300 and HEB180 is about 30 %. 

The distributed reaction force in the wailing beams HEB100 and HEB180 is 
calculated in the same way as in Section 4.3.1 for HEB300. Shear forces with 
negative values is neglected and the result is presented in Figure 4.40 and Figure 4.41. 

 

Figure 4.40  The distribution of reaction force in HEB100. 

 

Figure 4.41  The distribution of reaction force in HEB180. 
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As in the case with HEB300, the reaction force against HEB100 and HEB180 is 
constant both inside and outside the excavation. The influence distance of the reaction 
forces differs from each other but an equilibrium state occurs in both cases. 

The distribution of the bending moment, M2, is illustrated in Figure 4.42. The 
distribution concerns HEB100, HEB180 and HEB300 at crest length 17,5 meter. 

 

Figure 4.42  The distribution of bending moment M2 at crest length 17,5 meter. 

A comparison between the maximum bending moment, M2, and the capacity is 
presented in Table 4.21. 

Table 4.21  The maximum bending moment, M2, and the calculated capacity of the 

different wailing beams. 

 HEB300  HEB180  HEB100  

 Action 
effect 

Capacity Action 
effect 

Capacity Action 
effect 

Capacity 

M2  [kNm] 48 378 19 96 5 20 

There are relatively large differences between maximum bending moments in the 
wailing beams. The HEB100 cannot take any high moments, compared to HEB180 
and HEB300, due to the beam has a lower flexural rigidity. The magnitude of the 
moment distribution curve is low, which means that the HEB100 do not support the 
sheet pile wall in a higher extent. This can be related to the deflection curve of the 
sheet pile wall with HEB100, which had almost the same curvature as when simulated 
without a wailing beam. At the end of the wailing beam, as mentioned in Section 
4.3.1, the bending moment is zero, which means that all the wailing beams can be 
seen as freely supported. In the symmetry cut, in the excavation centre, the wailing 
beams are fully fixed. 
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A phi/c reduction was done in order determine the differences in the safety factor of 
the soil when simulate with different wailing beams. The result is presented in Table 
4.22.  

Table 4.22 The safety factor for the model, concerning failure in the soil and how it 
is affected by the use of different wailing beams. These safety factors is 

valid for a crest length longer than 12,5 meter. 

 Without wailing beam  HEB100 HEB180 HEB300 

Safety factor 1,69 1,90 1,90 1,90 

As seen in the table, there is no difference using HEB100, HEB180 or HEB300, 
concerning the safety factor. The reason why the safety factor is equal in the 
simulations with the different wailing beams is that the failure mechanism is changed. 
In the case without a wailing beam, the failure mechanism is developed as a slip 
surface under the sheet pile wall, see Figure 4.43 a).  When simulating with the 
different wailing beams, the failure mechanism occurs as a result of the distributed 
load that is replacing the silt, see Figure 4.43 b).  

 

    

  a)       b) 

Figure 4.43 Failure mechanisms in the soil 

 a) Without wailing beam 

 b) With wailing beam 

The failure mechanism in the case with the wailing beam will probably not be 
developed in a real case, since it is caused by the fictive load, representing the silt. In 
a real scenario, there will be a resisting soil volume, as a slope with a sufficient 
inclination, which will prevent this slip surface to occur. During the phi/c reduction, 
PLAXIS will find the point with the lowest safety factor in the model. This means that 
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the safety factor for the slip surface under the sheet pile wall is higher than 1,9. It 
should be noted, as mentioned earlier, that the safety factor is only regarding failure in 
the soil body.  
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5 Studied object 

The planning of the infrastructure project BanaVäg i Väst has been discussed over a 
long time. The project includes a new double track railway and a four lane highway 
with increased standard between Göteborg and Trollhättan, along the Göta river, see 
Figure 5.1. The purpose is to meet the increased amount of cargo trains, and to make 
the road safer for the road users and also to improve the environment in the area.  

 

Figure 5.1  Stretch of the project BanaVäg i Väst (Banverket och Vägverket, 2008) 

The railway is designed for velocities up to 250 km/h which set high demands on the 
foundation of the railway. The geotechnical conditions are relatively poor. Ground 
improvements as lime/cement columns have to be installed along most of the stretch. 
The project is divided into 16 stages and the entire project is planned to be finished in 
2012. 

5.1 Project description 

The contract E33 is located between Bohus and Nödinge and includes 3,2 kilometer 
of double railway track and highway. The contractor is Skanska Sverige AB and 
responsible for all the temporary geotechnical structures is Skanska Teknik. 

Before the construction of the new railway embankment, lime/cement columns are 
installed and these have to be surveyed. This is to verify that the columns have a 
satisfying quality, that they are homogenous and have an inclination which does not 
exceeds the limits. The columns are often of poor quality the first meter, why this part 
of the columns often is taken away so a fresh end surface occurs. This includes 
excavation of clay material and refilling with crushed material that will form the sub 
base of the railway embankment. In the southern part of contract E33 the new railway 
track will be built close to the existing railway track. In order to keep the existing 
railway track open for traffic during the construction, a retaining structure is used. A 
cantilever sheet pile wall will be installed and the excavations down to fresh columns 
will be done as a staged excavation after which the pits are re-filled with crushed 
material. One part of the wall is reinforced with a wailing beam, and in one part 
satisfying stability and deflections below the limits are achieved without wailing 
beam. A section is shown in Figure 5.2.  
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Figure 5.2  Cross section of construction phase 1 (Skanska Teknik AB, 2009) 

The geometry corresponds to what is modeled in previous chapters, but the 
characteristic load is somewhat hard to define. In the design, the load from the 
existing track was set to 37,4 kPa. This is what is prescribed from the Swedish Traffic 
Administration, but is considerably higher than the weight of the trains that normally 
operates the stretch. The design load is instead calculated from the weight of the 
heaviest cargo train that could pass within 50 years, multiplied with factors 
concerning dynamic effects and partial factors. What load the excavation in reality is 
subjected to is hard to predict.  

The soil properties are also somewhat different to what was used in the model, since 
some simplifications were done to generalize the model. On site, the newly installed 
lime/cement columns will increase the strength parameters of the soil, an effect that is 
not considered in the model. Also the length of the sheet pile wall differs. In the 
model, the wall reaches a depth of -3 meter, instead of -5,8 at the project site. The 
reason for choosing the smaller depth is that when designing for the smaller load, 10 
kPa, the required depth in a 2D model is -3 meter. This gives a safety factor just above 
1.0, excluding the addition from the side effects. 

5.2 Measurements 

To evaluate the results of the simulations, a field study was carried out at contract 
E33. Instrumentation was installed at two sections, where the horizontal and vertical 
deflection of the sheet pile wall was measured. One of the sections had a wailing 
beam and one section did not. The mandatory monitoring program at site was 
extended, and measured the deflections on every second sheet pile. This corresponds 
to every 1,5 meter. These measurement were made in 15 points along the wall, giving 
the deform pattern for 22,5 meter wall. This gives information about movements in 
three dimensions and has an accuracy of ±2 mm/m. The position of the wall was 
measured before the excavation was made and used as a reference called the zero 
setting. After excavation, the deflection was measured repeatedly during a couple of 
days, until the values of the deflection had stabilized. During the time, about 70 train 
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per day passed by the excavation. Unfortunately, the excavations could not be done in 
both sections at the same time due to practical reasons at the construction site. The 
section without wailing beam was excavated at February 4th, 2010, and refilled one 
week later after four measurements. The results are presented in Figure 5.3. At this 
time, the ground frost reached a depth of over 1 meter below surface, due to a 
extremely cold winter. The other section, with wailing beam, was excavated May 7th, 
2010, when the ground frost was gone long-time. In total, six measurements were 
done at this section before the shaft was refilled May 15th, 2010. The result is 
presented in Figure 5.4. 

 

Figure 5.3 Measured horizontal deflection at upper edge of the sheet pile wall 

without a wailing beam at three different times.  

 

Figure 5.4  Measured horizontal deflection at upper edge of the sheet pile wall with 
a HEB300 at five different times. 
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For the section without wailing beam, Figure 5.3, the measured values show clear 
correlation and the three curves all have the same pattern. Even if the absolute value 
differs up to 4 mm, most of them are within 2 mm range, and many of the points 
within 1 mm range. The deflections measured for the section with the wailing beam in 
Figure 5.4 is however harder to interpret. The curves are more scattered, and the 
values are smaller. For many of the values in these sections, the deflection of the wall 
is negative, i.e. the wall is moving towards the railway. Many of the curves show the 
same pattern, but are displaced up or down. Studying measurement 1 and 5, the 
difference is relatively large. However, if the shapes of these two curves are studied, it 
is easy to see that they are following the same pattern. It is likely that this deflection 
could originate from errors in measurement. When setting up the measurement 
equipment, the device is placed in front of the wall and the position of the device is 
calculated using three reference points where the location is known. This procedure is 
made every time the measurements are done, and if the location of the device is not 
exact, the deflection curves could be displaced. The errors could also be caused by 
movements of the device after positioning. Since the ground is soft, it is possible that 
the tripod where the measuring device is placed is disturbed. This could explain a 
displacement up or down of the curves.  

To even out the differences between the curves in each section and get a 
representative value from the measurements, the mean value is calculated for each 
section. This is presented in Figure 5.5.  

 

Figure 5.5 Mean values for the measured horizontal deflection at upper edge of the 
sheet pile wall for sections with and without wailing beam.  

For the section without wailing beam there is a clear deflection inside the excavation. 
The maximum deflection occurs in the middle of the excavation and has a value of 
around 6 mm.  From this value, the deflections decreases and at a distance of about 
five meter outside the excavation, the displacement approaches the error margin. It is 
possible that the curve has been displaced one or two millimetres upward due to 
measurement error, and that the real deflection curve should be adjusted downwards.   

For the section with wailing beam HEB300, the deflection curve is almost entirely 
within the 2 mm margin. Since the curve does not show any uniform pattern, it is 
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likely that no measurable deflection occur. What the curves show should in that case 
only be noise. It is clear that there is a difference between the two cases, with and 
without wailing beam and this is a proof that the waling beam has an effect, at least 
for this particular case.  

5.3 Evaluation 

To evaluate the deflections calculated in PLAXIS 3D Foundation, the result is 
compared with the measured values of the deflection from the sheet pile wall at the 
project site at contract E33. The outer parameters differ in many ways, which was 
discussed in previous section. Because of this, the absolute value of the deflection 
differs. To make these results comparable, the deflection curves are normalized. This 
is done by dividing the deflection in every point by the maximum deflection of the 
curve. By doing this, the maximum deflection gets the value one and the deflection 
are then decreasing towards zero. The measured curve is also adjusted so that the 
points where the defections flatten out, about 5 meter from the excavation and out, is 
considered to be unaffected. In other words, the whole curve in Figure 5.5, is moved 
2,3 mm downwards before it is normalized. This is to compensate a possible 
displacement of the zero setting, caused by error in measurements, see Figure 5.6. 
Since the section with wailing beam did not show any deflection, only the curve from 
the section without wailing beam is plotted.  

 

Figure 5.6 Normalized horizontal deflections of the sheet pile wall. The curve from 
the measured values is adjusted so that the deflections outside the 

influence distance approaches zero. 
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6 Conclusions 

The knowledge of the three dimensional behavior of a corrugated sheet pile wall is 
limited. The reason for this is probably that it is seldom necessary to consider positive 
side effects in 2D calculations, why the effects are neglected. It is much easier to 
extend the driven depth of the sheet pile wall to achieve required stability. But in 
some cases, the addition from these effects could be of significant matter for the 
design, and be the difference whether it is necessary to use e.g. ground anchors or not. 
Since this method brings high costs, the profit with staged excavation is obvious. With 
the development of three dimensional softwares, the side effects can be modeled. This 
requires more detailed knowledge of the sheet pile wall´s properties in different 
directions. 

6.1 Modeling process 

In order to perform a parametric study, a generalized model was created in PLAXIS 
3D Foundation. Much effort was put in the creation process of the model since it is of 
great importance to analyze the validity of the model. This includes verification that 
the boundary conditions are valid for the simulations as well as the simplifications and 
assumptions done in the model. In order to evaluate how the mesh affected the 
calculation results, a study was done. This study showed how the calculation results 
were affected by the coarseness of the mesh and how this affected the calculation 
time. The study also showed the importance of evaluating the level of the coarseness 
and how a too coarse mesh could give misleading results. A finer mesh will give 
larger deformations and a lower safety factor, but only until a certain point. When 
reached a certain coarseness in the model, the result no longer differs when refining 
the mesh. A finer mesh will only increase the calculation time, and not more than 
marginally increase the accuracy of the calculations. Where this level is, differs and 
has to be evaluated from case to case. This aspect is especially important when using 
3D software, since the calculation time is considerably higher than using 2D software. 
It is tempting to choose a coarse mesh to save calculation time, since a detailed 
calculation with a fine mesh could take several hours for one phase, but this will also 
affect reliability of the result. That is why it is important to consider these aspects, and 
at least in some calculations remake the simulations with a different mesh and 
evaluate possible differences.  

6.2 Flexural rigidities of the sheet pile wall 

The most complex process in this thesis was to estimate the three dimensional 
properties of the sheet pile wall. The flexural rigidity around a vertical axis is hard to 
estimate, as well as the torsional rigidity against warping. When designing a sheet pile 
wall for staged excavation, it is essential to at least have a rough estimation of these 
properties. These assumptions are often based on qualified guessing from experienced 
geotechnical engineers, but there are also recommendations from user manuals of 
modeling softwares such as PLAXIS. The assumptions and the guidelines are many 
times pointing in different directions.  

Basic assumptions regarding slide in interlocks and angle displacement are affecting 
the result in some extent. In attempt to estimate the impact of these parameters, a FE-
model was created in PLAXIS 3D Foundation, where a corrugated sheet pile wall was 
subjected for bending in different directions. These simulations were made with the 
assumption that the interlocks do not slide or allow angle displacement. The 
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simulations showed that the flexural rigidity of the corrugated sheet pile wall is 
considerably weaker for bending around a vertical axis, than bending around a 
horizontal axis. Using these parameters when calculating the deflections of the sheet 
pile wall in a soil/structure model, the result shows that the wall is so weak against 
bending around a vertical axis that it gives deflections in the same magnitude as if the 
flexural rigidity was absent. This means that it is almost the same as using the 
assumption that angle displacement is possible. This is an interesting conclusion, 
since the value that is recommended in the user manual for PLAXIS 3D Foundation is 
completely different. The simulations also show that the torsional rigidity against 
warping is considerably lower than what is recommended in the user manual. This 
relation is also verified by theories from plate analysis. 

6.3 The effect of a wailing beam 

In the design of the sheet pile wall for the stage excavation at contract E33, the profit 
of using a wailing beam was discussed. Since no anchors were used, the idea was to 
transfer the loads from the excavation in the retaining structure to the soil outside the 
staged excavation. The maximum deflection would then be depending on the stiffness 
of this structure. To increase the stiffness, a wailing beam was used, and a relatively 
stiff profile, HEB300 was chosen. Using only two dimensional models, the effect of 
the wailing beam was hard to estimate. In this study, simulations in PLAXIS 3D 
Foundation have shown that the use of a wailing beam in an effective way decreases 
the maximum deflection of a retaining structure. Using a HEB300, the maximum 
deflection of the sheet pile wall is decreased with 50%. This result is valid even if 
some parameters such as excavation width or the E-modulus of the soil is changed. 
Reducing the dimension of the wailing beam, the effect was not as obvious as when 
using a HEB300. It was shown that the HEB100 almost did not have any effect at all 
on the deflections. It can therefore be concluded, that a stiffer wailing beam is 
required if the purpose is to lowering the deflections.  On the other hand, if the global 
factor of safety in the soil is of most concern, also a weaker wailing beam can be 
effective. The HEB100 had almost the same effect on the safety factor of the soil as 
the HEB300. In these cases it is important to manually control the capacities of the 
beams, since the phi/c reduction in PLAXIS only reduces the strength parameters of 
the soil. Structural elements such as walls and beams are modeled as elastic and can 
never go to failure, why these have to be evaluated separately in Ultimate limit state.  

A fundamental question in the design process was the influenced distance, which 
would determine the extension of the wall outside the excavation. For the case 
without wailing beam the deflections are much higher but the influence distance is 
relatively short. Since the wall is so weak for bending around a vertical axis, the wall 
cannot transfer stresses lengthwise in any larger scale. This means that it is enough to 
elongate the wall a few meters outside the excavation edge. Using a wailing beam will 
increase the influence distance due to its stiffness. In the simulations, the influence 
distance increases with 50 % using a wailing beam, same value with which the 
deflection was reduced. For the case with a HEB300 the rule of thumb is that the sheet 
pile wall has to be elongated outside the excavation edge with the same distance as the 
excavation is wide. This means that for a five meter excavation, the total length of the 
sheet pile wall has to be the excavation width, 5 meter, plus 5 meter at each side, 
giving a total length of 15 meter.  
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6.4 Measuring results 

To evaluate the result of the calculations, a field study was performed at the 
construction site at contract E33. A staged excavation was performed and the 
deflection of the sheet pile wall was measured. For the section with wailing beam, no 
clear displacement where measured. The section without wailing beam showed a clear 
deflection pattern. Since the outer conditions were hard to define, the results where 
normalized so that the deflection pattern could be compared with a normalized 
deflection curve from the simulations in PLAXIS. The results showed good 
agreement, verifying that the flexural rigidities achieved from previous simulations, 
were realistic. There was also a clear difference compared to the section with wailing 
beam which means that the wailing beam do have a significant effect.  
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7 Future research 

In this report, the three dimensional properties of the sheet pile wall is studied, and a 
method for finding the flexural and torsional rigidities are presented. This method can 
be developed and refined and a deeper study in this specific subject would be of great 
interest. It would also be preferable to perform more field measurements in order to 
determine the real behavior of the sheet pile wall. In the field study in this master’s 
thesis, the load induced by the trains was hard to estimate. Therefore it would be 
preferable to do a field study where the specific additional load would be easier to 
determine. 

In order to simplify the design process, it would be preferable to use a simplified 
model in two dimensions. Therefore a method needs to be developed to transform the 
three dimensional side effects to the two dimensional case. 
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Appendix 

2-D calculation of the required driven depth of the sheet pile wall Appendix 1 

Phases during the simulations in PLAXIS 3D Foundation  Appendix 2 

Results  from the simulations in PLAXIS 3D Foundation  Appendix 3 
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2D calculation of required driven depth of the sheet pile Appendix 1 

This calculation was done in order to determine the required the required driven depth 
of the sheet pile wall which gives the safety factor of 1,0 the including a additional of 
10 kPa. This calculation match the 2-D simulations done in PLAXIS 2D. 

 

Input data: 

Safety class 1 

γn= 1,0 (valid for SLS and ULS) 

γm= 1,0 (valid for SLS and ULS) 

γSda= 1,0 

Silt: (1,5-0,5 meter)    Clay (0,5-5,5 meter) 

γdrained= 19 kN/m3    γundrained= 15,5 

γundrained= 22 kN/m3    cud= 7+0,6·z 

φ= 32° 

KA= 0,31 

 

Active earth pressure 

Friction soil  X]� = QÍ�] ∙ T´Î ∙ Zj + XY 

Clay  X]� = QÍ�] ∙ (TÎ − 2 ∙ z©�) 
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Net earth pressure 

The ground below the excavation bottom consists of clay. The net earth pressure is 
calculated by: 

X^\w = ¹OÏ ∙ z©� ∙ QÍ�,ÐOÏ ∙ (Q ∙ S + Ñ� − �̈) 

 

 

Required driven depth of the sheet pile wall, D = Ò + 0,2 ∙ Ò = 3,5 meter 

Level of driven depth= -3 meter 

Total required length of the sheet pile wall= 4,5 meter 
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Phases during the simulations in PLAXIS Appendix 2 
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Results from the PLAXIS simulations Appendix 2 

Note that the scale differs between the figures 

 

Results from Serviceability limit state design 

Sheet pile profile AU14, without a wailing beam 

 

 

Sheet pile profile AU14, wailing beam profile HEB100 
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Sheet pile profile AU14, wailing beam profile HEB180 

 

 

Sheet pile profile AU14, wailing beam profile HEB300 
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Results from the Phi/c reduction 

 

Sheet pile profile AU14, without a wailing beam 

 

 

Sheet pile profile AU14, wailing beam profile HEB100 
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Sheet pile profile AU14, wailing beam profile HEB180 

 

 

Sheet pile profile AU14, wailing beam profile HEB300 

 

 


