Preface
9 April 2010
The following master thesis has the objective to analyze some questions that may
arise during the use of some safety factors proposed by the codes, in the design
of support structures, in particular sheet pile walls. It arose from a period of
study abroad that I spent at the Aalborg Univesity, Denmark, during the period
between October 2009 and April 2010. During this collaboration in Denmark,
I realized that the method of study on Aalborg University is very different from
that proposed by the Italian university. Even the way in which compiles a student
report is different. A student report at Aalborg University is composed by:
• statement of the problem;
• which are the methods of solution;
• methods in the present work;
• results and conclusion;
• in appendix:
– text book material;
– basic theory;
– user guides.
This document is written instead in a more typically Italian way (since it will be
finally delivered in Italy), it is proposed to the reader throughout the first part for
framing the problem, offering all the information that are useful to understand
it, and then, in the last part, the results found are presented. I want to thank my
supervisors associate prof.Johan Clausen and prof.Guido Gottardi, the first for the
kindness and willingness to me, for taking the time to my project and the time
spent in dialogue with me, the second for the help and advices he gave me while
being thousands of miles away.
Gianni Neri
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Abstract - IT
Versione italiana
Si è deciso di condurre questo studio in seguito ad alcune mancanze che la normativa tecnica dimostra nel caso della progettazione di paratie, nel nostro caso
di paratie realizzate in palancole metalliche. Se si leggono i capitoli che la normativa vigente (Eurocodice 7 oppure Nuovo Testo Unico delle costruzioni 2008)
fornisce, si capisce subito come possano nascere alcune incomprensioni ed errori
durante la progettazione. Le domande che sorgono alla mente del lettore durante
la lettura potrebbero essere le seguenti:
• sono giusti i parametri proposti dalla normativa sui quali applicare un fattore
di sicurezza? Quali sono i parametri sui quali è giusto applicare un fattore di
sicurezza? Quali sono i fattori che maggiormente influenzano il problema?
• i valori proposti dalla normativa sono giusti?
• con quali metodi di calcolo dobbiamo utilizzare i fattori di sicurezza proposti dalla normativa? Debbono essere utilizzati nei metodi tradizionali?
Oppure in un’analisi agli elementi finiti? Oppure vanno bene per entrambi?
Queste sono le domande alle quali si è cercato di rispondere con questo lavoro.
Per riuscire a dare loro una risposta ci si è avvalsi dell’utilizzo di simulazioni agli
elementi finiti tramite il software Abaqus, e dei tradizionali metodi di analisi per il
progetto delle opere in questione, che comunemente possono essere trovati in letteratura. Per quanto riguarda il percorso che si è seguito, questo risulta abbastanza
semplice e logico. Per prima cosa bisogna dire che si è studiato solo un piccolo
sottogruppo di tutte le casistiche che si possono incontrare nella realtà nel utilizzo
di paratie in palancole metalliche. Durante tutto il lavoro abbiamo sempre preso
in considerazione un caso semplice, cioè il caso di un opera in terreno omogeneo
e sabbioso, senza la presenza di particolarità (falda, carichi straordinari, ecc.). Il
primo passo che si è compiuto è stato quello di analizzare quali fossero i fattori
che maggiormente influenzano il problema, e se la costruzione del modello agli
vii

CONTENTS
Elementi quadrangolari
Dimensione (mm) c = 1 · 10−3 MPa c = 1 · 10−4 MPa c = 1 · 10−5 MPa c = 1 · 10−6 MPa
500
13.45
68.45
76.55
not found
300
15.25
69.60
78.55
not found
200
14.65
67.90
77.05
not found
100
13.10
not found
not found
not found
Elementi triangolari
Dimensione (mm) c = 1 · 10−3 MPa c = 1 · 10−4 MPa c = 1 · 10−5 MPa c = 1 · 10−6 MPa
500
12.25
79.30
87.55
not found
300
13.30
71.95
82.20
not found
200
12.80
not found
not found
not found
100
not found
not found
not found
not found

Table 1: Rapporto tra lo spostamento simulato in Abaqus e quello reale (%)

elementi finiti fosse giusta oppure no. Per fare cio è stato necessario trovare dei
risultati realistici, di una struttura prodotta nella realtà o in laboratorio, per poter
avere dei dati utili a eseguire qualche confronto. A tale scopo è stato utilizzato
un articolo scritto in un’università norvegese il quale può essere trovato in appendice. All’inizio si è condotta qualche simulazione per capire quali sia il tipo di
elementi finiti migliori per simulare questo problema. Dopo questa fase si è analizzato come diversi fattori influenzino i risultati. Si è osservato che per esempio
che:
• la coesione (c) è un importante fattore che influenza notevolmente i risultati. La tabella 1 mostra in valore percentuale quanto i risulati attenuti dalle
diverse simulazioni si avvicinino al valore osservato nella prova di laboratorio. Per esempio un valore pari al 100% significherebbe che c’è perfetta
corrispondenza fra il risultato ottenuto e la realtà osservata in laboratorio.
Dove “not found” significa che la simulazione non ha raggiunto la convergenza, ovvero che la struttura non ha raggiunto l’equlibrio. In questo modo
si è capito come in questo problema sia necessario utilizzare il più basso
valore di coesione possibile;
• si è osservato che il peso specifico del terreno è un parametro sul quale non
è giusto applicare un fattore di sicurezza, poichè per esempio una sua progressiva diminuzione in valore, ha dimostrato un comportamento ambiguo.
Per alcuni valori, aumentavano gli spostamenti massimi della struttura, poi,
continuando a diminuire il peso, gli spostamenti diminuivano, per poi ritornare ad aumentare in seguito. Quindi sarebbe difficile e complesso applicare un fattore si sicurezza a questo parametro. Tali risultati sono dati forse
dal fatto che il peso specifico condiziona da un lato la resistenza del terreno,
viii

CONTENTS
Angolo d’attrito (◦ )
20
25
Rapporto percentuale 66.7 36.4

30
20.7

35
10.9

36
8.2

Table 2: Rapporto tra lo spostamento simulato in Abaqus e quello reale (%)
Metodo tradizionale Analisi FEM
97
88

Table 3: Momento flettente massimo nella struttura (kNm/m)

ma come è ben comprensibile, dall’altro condiziona anche le azioni sulla
struttura.
• l’angolo di attrito del terreno, si è dimostrato invece un parametro degno di
un fattore di sicurezza. Una sua progressiva diminuziuone porta sempre più
la struttura ad avvicinarsi alla condizione limite di collasso.(tabella 2)
• si è notato che un variazione del valore dell’angolo di dilatanza non modifica più di tanto i risulati che si ottengono. Quindi si è pensato che non sia
conveniente applicare un fattore di sicurezza su di questo.
Dopo questo, si è passato allo studio di due applicazioni.
La prima riguarda una paratia in grado di sostenere un fronte di scavo di 4
m, non tirantata. La si è progettata con i metodi tradizionali. Con gli stessi
poi si sono calcolate le sollecitazioni alla situazione di collasso. La stessa struttura, poi, è stata riprodotta in un modello agli elementi finiti, ed è stata portata
al collasso diminuendo il valore dell’angolo di attrito. I risultati delle due analisi sono riportati in tabella 3. I risultati ottenuti dalle due analisi sono, come si
può vedere, molto simili tra loro. Questo significa che per quanto riguarda questo
caso, possiamo dire che si ottengono circa gli stessi risultati applicando il metodo
tradizionale da un lato, oppure studiando il problema con un modello agli elementi
finiti dall’altro, sul quale però si applicano i coefficenti di sicurezza forniti dalla
normativa. Si sono trovati dei valori di coefficenti di sicurezza, in pieno accordo
con quelli forniti dalla normativa.
La seconda applicazione riguarda un caso simile, dove questa volta però altezza di scavo è di 7 m, e per questo, l’opera necessita di un ordine di ancoraggi.
Per prima cosa sono state ipotizzate tre diverse modalità con le quali modellare
l’ancoraggio:
• una condizione di vincolo (non permette gli spostamenti) posta sull’opera
nel punto in cui l’ancoraggio agisce;
• modellando fisicamente sia l’ancoraggio che il bulbo di ancoraggio;
ix
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Vincolo sulla struttura Bulbo modellato fisicamente Bulbo come vincolo
65
65.7
63.2

Table 4: Momento flettente massimo nella struttura (kNm/m)
Metodo tradizionale Analisi FEM
113.9
107.9

Table 5: Momento flettente massimo nella struttura (kNm/m)

• modellando fisicamente l’ancoraggio, ma sostituendo il bulbo con una semplice condizione di vincolo che impedisca gli spostamenti.
A parità di condizioni al contorno, i risulati del momento massimo delle tre differenti modalità sono riportati in tabella 4. Sebbene il secondo fornisca i risultati
più vicini alla realtà (come ci si poteva aspettare), si è scelto di proseguire utilizzando il primo modo, poichè con esso si ha un buon compromesso tra onere
computazionale della simulazione e risulati ottenuti. In seguito si è proceduto allo
studio della struttura proprio come è stato fatto per la struttura precedente. Ancora una volta si sono confrontati i risultati ottenuti dai due metodi di analisi: il
metodo tradizionale da una parte, e l’analisi agli elementi finiti con l’utilizzo dei
fattori di sicurezza dall’altra. I valori dei fattori di sicurezza riscontrati durante
l’analisi sono in accordo con quelli forniti dalla normativa. Il valore del momento
massimo ottenuto dalle due analisi è riportato in tabella 5.
Al termine del lavoro si può affermare che:
• i fattori che maggiormente influenzano la risposta del modello sono la coesione e l’angolo d’attrito del terreno;
• non è tanto giusto applicare un fattore di sicurezza sul peso specifico del
terreno, in quanto esso condiziona sia le resistenze che azioni agenti nel
problema;
• i valori di safety factor forniti dalla normativa sembrano essere giusti, ma
da applicarsi in caso si scelga di analizzare il problema con l’analisi agli
elementi finiti;
• si possono ottenere risultati precisi solo se si immette un basso valore di
coesione, e questo è reso difficile se si incrementa la complessità del modello. Quindi sarebbe bene utilizzare un modello il più semplice possibile,
che descriva comunque il più fedelmente possibile la realtà.
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Abstract - EN
English version
We decided to conduct this study due to some technical shortcomings that the
legislation shows in case of design of sheet pile walls. If you read the chapters that
the codes (Eurocode 7 or Nuovo Testo Unico delle costruzioni 2008) provide, it
soon becomes clear how they can rise to any misunderstandings and errors during
design. The questions that arise in the mind of the reader while reading could be
as follows:
• are the parameters proposed by the legislation on which to apply a safety
factor righteous? What are the parameters on which it is right to apply a
safety factor? What are the factors that most influence the problem?
• are the values proposed by the legislation righteous?
• with which methods of calculation we have to use the safety factors proposed by the codes? Must they be used in traditional methods? Or in finite
element analysis? Or are they good for both?
This are the questions to which we tried to reply with this document. In order to
give them an answer, we used some finite element simulations using the software
Abaqus, and traditional methods of analysis for the design of the works in question, which commonly can be found in the literature. Regarding the path that is
been follow, this is quite simple and logical. First we have to say that it is studied
only a small groups of all circumstances that could be encountered in reality using
sheet pile walls. Throughout the work, we have always considered a simple case,
namely the case of a structure in an homogeneous sandy soil, without the presence
of special features (groundwater, extraordinary loads, etc.). The first step that was
made was to analyze which were the factors that most influencing the problem
and whether the construction of finite element model was right or not. To do this
it was necessary to find realistic results, a structure produced in reality or in the
laboratory, in order to get the information that we needed in order to do some
xi

CONTENTS
Quadrilateral shape
Dimensions (mm) c = 1 · 10−3 MPa c = 1 · 10−4 MPa c = 1 · 10−5 MPa c = 1 · 10−6 MPa
500
13.45
68.45
76.55
not found
300
15.25
69.60
78.55
not found
200
14.65
67.90
77.05
not found
100
13.10
not found
not found
not found
Triangular shape
Dimensions (mm) c = 1 · 10−3 MPa c = 1 · 10−4 MPa c = 1 · 10−5 MPa c = 1 · 10−6 MPa
500
12.25
79.30
87.55
not found
300
13.30
71.95
82.20
not found
200
12.80
not found
not found
not found
100
not found
not found
not found
not found

Table 6: Ratio between the simulated and the real displacement (%)

comparison. To this end we used a paper written in a Norwegian university which
can be found in the appendix. At the beginning we conducted some simulations
to see which are the best finite elements to simulate this problem. After this stage,
we analyzed how different factors influence the results. It was noted for example
that:
• cohesion (c) is an important factor that greatly influences the results. Table
6 shows in percentage value how much the results from the Abaqus’s simulations are close to the values observed in the test laboratory. For example,
a value equal to 100% would mean that there is perfect correspondence
between the result and the observed reality in the laboratory. Where “not
found” means that simulation didn’t converge, namely that the structure has
not reached the balance. In this way we understood that in this problem is
better to use the lowest possible value of cohesion;
• we observed that the weight of soil is a parameter on which is not fair to
apply a safety factor, since an its gradual decline in value, showed an ambiguous behavior. For some of its values, we saw the maximum displacement of structure increasing, furthermore, while lowering the weight of the
soil, some displacements decreased, and they returning to increase after. So
it difficult and complex to apply a safety factor is this parameter. These
results are given perhaps by the fact that the weight affects influences the
resistence of the soil, but as it is well understandable, it also affects the
actions on the structure.
• the friction angle of the soil has proved rather a parameter worthy of a safety
factor. A progressive decrease always brings closer the structure to reach the
limite state of collapse.(table 7)
xii
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Friction angle (◦ ) 20
Ratio
66.7

25
30
36.4 20.7

35
10.9

36
8.2

Table 7: Ratio between the simulated and the real displacement (%)
Traditional method FEM analysis
97
88

Table 8: Maximum bending moment in the structure (kNm/m)

• we noted that a change in the value of the dilatation angle does not change
that much the results you get. So we thought that it is not convenient to
apply a safety factor on this parameter.
After this, we went to the study of two applications.
The first relates to a sheet pile wall that can support a 4 m excavation depth,
without anchors. We designed it before with traditional method. With this latter
we calculated the stresses at the collapse state. We reproduced the same structure
in a finite element model, and it was brought to collapse by reducing the value
of the friction angle. The results of both methods are presented in table 8. They
are, as we can see, very similar. This means that for this case, we can say that the
same results are obtained if you apply the traditional method, or if you study the
problem with a finite element model, on which, however, apply the safety factors
provided by the codes. We found the values of the safety factors, in full agreement
with those provided by codes.
The second application concerns a similar case, where this time, the excavation height is 7 m, and therefore the work requires an order of anchors. First we
assumed three different ways in which to modelling the anchor:
• a constrain condition, which doesn’t permit any displacements, but only
rotations, in the point on the structure where the anchor it’s applied;
• phisically modelling the anchor and its bulb in the soil;
• physically modelling the anchor, and replacing the bulb with a simple constrain condition to prevent the displacements.
With the same boundary conditions, the values of maximum moment in the three
different modes are shown in table 9. Although the second choice giving the
results closer to reality (as might be expected), we chose to continue using the first
way, because with it we have a good compromise between computational cost of
the simulation and results obtained. Later we proceeded to study the structure just
xiii
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Constrain condition Phicical bulb Bulb as a constrain condition
65
65.7
63.2

Table 9: Maximum bending moment in the structure (kNm/m)
Traditional method FEM analysis
113.9
107.9

Table 10: Maximum bending moment in the structure (kNm/m)

as it was done for the previous structure. Finally we compared the results obtained
by the two methods of analysis: the traditional method in one hand, and the finite
element analysis using the safety factors in the other hand. Once again the values
of safety factors identified during the analysis are consistent with those provided
by codes. The value of the maximum moment obtained from the two methods is
shown in table 10.
At the end of the work we can say that:
• the factors that most influence the response of the model are the cohesion
and friction angle of soil;
• it is not so fair apply a safety factor on the weight of the soil, since it influences both the resistances and actions in the problem;
• the values of safety factors provided by the codes seem to be fair, but they
have to be applied when we choose to analyze the problem with the finite
element analysis;
• we can get accurate results only if you enter a low value of cohesion, and
this is made difficult if you increase the complexity of the model. So, it
important to use a model as simple as possible, however, that fits as closely
as possible the reality.
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Chapter 1
Introduction about sheet pile walls

This introduction is made by taking parts from the book “Elementi di geotecnica” [1], and other parts from some internet
web sites like citedeep)

A support structure is usually used for supporting a soil edge, a vertical slope
or almost vertical soil slope, for support a soil mass or of other materials. Such
structures are usually used in hydraulic, maritime, road constructions and foundation works. The most important consideration in proper design and installation
of retaining structures is that the retained material is attempting to move forward
and down slope due to gravity. This creates lateral earth pressure behind the wall
which depends on the angle of internal friction and the cohesive strength of the retained material, as well as the direction and magnitude of movement the retaining
structure undergoes. Lateral earth pressures are typically smallest at the top of the
wall and increase toward the bottom. Earth pressures will push the wall forward or
overturn it, if not designed properly. Also, any groundwater behind the wall that
is not dissipated by a drainage system causes an additional horizontal hydrostatic
pressure on the wall. A classification of these kind of structures subdivides these
in different categories:
• gravity walls;
• sheet pile walls;
• cantilevered walls;
• anchored walls.
1

Figure 1.1: Retaining walls

Sheet pile walls are formed by a relative thin structure, which is placed in the
ground until a certain depth under the excavation level, in order to obtain a sufficient sturdy support fit for contrast soil and water push, and possible overloads.
Their most common use is within temporary deep excavations. They are considered to be most economical where retention of high earth pressures of soft soils
is required. Soil conditions may allow for the sections to be vibrated into ground
instead of it being hammer driven. The full wall is formed by connecting the
joints of adjacent sheet pile sections in sequential installation. Sheet pile walls
provide structural resistance by utilizing the features of their section and they are
most commonly used in deep excavations. Steel sheet piling is the most common
because of several advantages over other materials:
• provides high resistance to driving stresses;
• light weight;
• can be reused on several projects;
• long service life above or below water with modest protection;
• easy to adapt the pile length by either welding or bolting;
• joints are less apt to deform during driving.
Sheet pile walls are constructed by:
• laying out a sequence of sheet pile sections, and ensuring that sheet piles
will interlock;
• driving (or vibrating) the individual sheet piles to the desired depth;
2
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• driving the second sheet pile with the interlocks between the first sheet pile
and second “locked”;
• repeating steps 2and 3 until the wall perimeter is completed;
• use connector elements when more complex shapes are used.
Sheet pile wall disadvantages are:
• sections can rarely be used as part of the permanent structure;
• installation of sheet piles is difficult in soils with boulders or cobbles. In
such cases, the desired wall depths may not be reached;
• excavation shapes are dictated by the sheet pile section and interlocking
elements;
• sheet pile driving may cause neighbourhood disturbance;
• land subsidence can occur in adjacent properties may take place due to installation vibrations.
They can be distinguished in two categories:
• Without anchors
• With ancorhs
In the first case, stability is secured by the passive resistance of the soil on the
structure part into the ground. In the second case, stability is also secured by
anchors, which are usually positioned in the top half structure. The section shapes
that is possible to chose are very different, and usually there are two family:
• Hot rolled profile:
-

“Z” section (figure:1.2)
“U” section (figure:1.3)
Flat shape (figure:1.4)
Combined elements (figure:1.5)
Special sections (figure:1.6)

• Cold rolled prolfiles:
- Paz section (figure:1.7)
- Pal section (figure:1.8)
- Trench section (figure:1.9)
In the figures: 1.10, 1.11, 1.12, 1.13, can be observed some work realized by this
kind of structures.
3

Figure 1.2: “Z” section

Figure 1.3: “U” section

Figure 1.4: Flat shape

Figure 1.5: Combined elements
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Figure 1.6: Special sections

Figure 1.7: Paz section

Figure 1.8: Pal section

Figure 1.9: Trench section

5

Figure 1.10: Typical example of permanent structure

Figure 1.11: Pilling stage
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Figure 1.12: Using sheet pile walls for exavation

Figure 1.13: Detail of the beginning of the anchors
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Chapter 2
What codes say about sheet pile
walls design?

This chapter is made by taking parts from the Eurocode 7 [4], and other part from the italian code Nuovo Testo Unico
delle Costruzioni 2008 [5]

2.1

Introduction

Surely what every professional has to take into account when designing a new
work are the rules provided by the code that is in force in that moment. A designing has to be correct in relation with these rules. Furthermore the code is a
good reference point for any professional. Thus before get into the design of the
sheet pile walls, is important know what legislation suggests. If we speak about
a professional who comes from one of the states member of the European Union,
he has many reference points about codes. First of all the Eurocodes. These are
some codes that are accepted in all the european states. In particular there are
many Eurocodes:
• EN 1990 Eurocode : Basis of Structural Design;
• EN 1991 Eurocode 1: Actions on structures;
• EN 1992 Eurocode 2: Design of concrete structures;
• EN 1993 Eurocode 3: Design of steel structures;
• EN 1994 Eurocode 4: Design of composite steel and concrete structures;
9
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• EN 1995 Eurocode 5: Design of timber structures;
• EN 1996 Eurocode 6: Design of masonry structures;
• EN 1997 Eurocode 7: Geotechnical design;
• EN 1998 Eurocode 8: Design of structures for earthquake resistance;
• EN 1999 Eurocode 9: Design of aluminium structures.
As you can see for this project is important the number 7, for this it is analized
after. The professional has another reference point, it consist in the own national
country code. In Italy the main code in force at the moment is a code about
constructions, which is called “Nuovo Testo Unico delle costruzioni NTU 2008”,
and it will also be presented later.

2.2
2.2.1

Eurocode 7-Basis of geotechnical design
Design requirements

The following factors must be considered when determining the geotechnical design requirements:
• site conditions with respect to overall stability and ground movements;
• nature and size of the structure and its elements, including any special requirements such as the design life;
• conditions with regard to its surroundings (neighbouring structures, traffic,
utilities, vegetation, hazardous chemicals, etc.);
• ground conditions;
• groundwater conditions;
• regional seismicity;
• influence of the environment (hydrology, surface water, subsidence, seasonal changes of temperature and moisture).
To establish geotechnical design requirements, three Geotechnical Categories, 1,
2 and 3, may be introduced.
Geotechnical Category 1 should only include small and relatively simple structures:
10
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• for which it is possible to ensure that the fundamental requirements will be
satisfied on the basis of experience and qualitative geotechnical investigations;
• with negligible risk.
Geotechnical Category 1 procedures should be used only where there is negligible
risk in terms of overall stability or ground movements and in ground conditions
which are known from comparable local experience to be sufficiently straightforward. In these cases the procedures may consist of routine methods.
Geotechnical Category 2 should include conventional types of structure and
foundation with no exceptional risk or difficult soil or loading conditions. Designs for structures in Geotechnical Category 2 should normally include quantitative geotechnical data and analysis to ensure that the fundamental requirements
are satisfied. The following are examples of conventional structures or parts of
structures complying with Geotechnical Category 2:
• spread foundations;
• raft foundations;
• pile foundations;
• walls and other structures retaining or supporting soil or water;
• excavations;
• bridge piers and abutments;
• embankments and earthworks;
• ground anchors and other tie-back systems;
• tunnels in hard, non-fractured rock and not subjected to special water tightness or other requirements.
Geotechnical Category 3 should include structures or parts of structures which fall
outside the limits of Geotechnical Categories 1 and 2. Geotechnical Category 3
should normally include alternative provisions and rules to those in this standard.
Geotechnical Category 3 includes the following examples:
• very large or unusual structures;
• structures involving abnormal risks, or unusual or exceptionally difficult
ground or loading conditions;
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• structures in highly seismic areas;
• structures in areas of probable site instability or persistent ground movements that require separate investigation or special measures.

2.2.2

Geotechnical design by calculation

Design by calculation must be in accordance with the fundamental requirements
of eurocode EN 1990-“Basis of Design”, and with the particular rules of this standard. Design by calculation involves:
• actions, which may be either imposed loads or imposed displacements, for
example from ground movements;
• properties of soils, rocks and other materials;
• geometrical data;
• limiting values of deformations, crack widths, vibrations etc.
• calculation models.
It should be considered that knowledge of the ground conditions depends on the
extent and quality of the geotechnical investigations. Such knowledge and the
control of workmanship are usually more significant to fulfilling the fundamental
requirements than is precision in the calculation models and partial factors.
The calculation model must describe the assumed behaviour of the ground for
the limit state under consideration.
The calculation model may consist of any of the following:
• an analytical model;
• a semi-empirical model;
• a numerical model.
A calculation model may include simplifications.

2.2.3

Actions

In geotechnical design, the following must be considered for inclusion as actions:
• the weight of soil, rock and water;
• stresses in the ground;
12
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• earth pressures and groundwater pressure;
• free water pressures, including wave pressures;
• groundwater pressures;
• seepage forces;
• dead and imposed loads from structures;
• surcharges;
• removal of load or excavation of ground;
• traffic loads;
• temperature effects, including frost action;
• ice loading;
• imposed prestress in ground anchors or struts;
• many others...

2.2.4

Design values of actions

The design value Fd of an action F can be expressed in general terms as :
Fd = γF Frep

(2.1)

Frep = ψFk

(2.2)

where:
• Fd is the design value of the action;
• Fk is the characteristic value of the action;
• Frep is the relevant representative value of the action;
• γF is a partial factor for the action which takes account of the possibility of
unfavourable deviations of the action values from the representative values;
• ψ is either 1.00 or ψ0 , ψ1 , ψ2 , which are respectively, the factor for combination value of a variable action, the factor for frequent value of a variable
action and the factor for quasi-permanent value of a variable action.
Values of the partial factor γF should be selected from the tables in the special
subsection of this section. These values indicate the appropriate level of safety for
conventional designs. The values of the partial factors may be set by the National
annex.
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2.2.5

Design values of geotechnical parameters

Design values of geotechnical parameters χd must either be derived from characteristic values using the following equation:
χd =

χk
γM

(2.3)

where:
• χd is the design value of a material property;
• χk is the characteristic value of a material property;
• γM is the partial factor for a material property, also accounting for model
uncertainties.
Values of the partial factor γM should be selected from the tables in the special
subsection of this section. These values indicate the minimum level of safety for
conventional designs. The values of the partial factors may be set by the National
annex.

2.2.6

Ultimate limit states

Where relevant, it must be verified that the following limit states are not exceeded:
• loss of equilibrium of the structure or the ground, considered as a rigid body,
in which the strengths of structural materials and the ground are insignificant in providing resistance (EQU);
• internal failure or excessive deformation of the structure or structural elements, including footings, piles, basement walls, etc., in which the strength
of structural materials is significant in providing resistance (STR);
• failure or excessive deformation of the ground, in which the strength of soil
or rock is significant in providing resistance (GEO);
• loss of equilibrium of the structure or the ground due to uplift by water
pressure (buoyancy) or other vertical actions (UPL);
• hydraulic heave, internal erosion and piping in the ground caused by hydraulic gradients (HYD).
Limit state GEO is often critical to the sizing of structural elements involved in
foundations or retaining structures and sometimes to the strength of structural
elements.
14
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2.2.7

Verification of static equilibrium

When considering a limit state of static equilibrium or of overall displacements of
the structure or ground (EQU), it must be verified that:
Edst,d ≤ Estb,d

(2.4)

where:
• Estb,d is the design value of the effect of stabilising actions;
• Edst,d is the design value of the effect of destabilising actions.
The partial factors for persistent and transient situations to be used in equation
(2.4) should be selected from the tables 2.1 and 2.2.

2.2.8

Verification of resistance for persistent and transient situations

When considering a limit state of rupture or excessive deformation of a structural
element or section of the ground (STR and GEO), it must be verified that:
Ed ≤ Rd

(2.5)

where:
• Ed is the design value of the effects of all the actions;
• Rd is the design value of the corresponding resistance.
Partial factors on actions may be applied either to the actions themselves Frep or
to their effects E:
Ed = E(γF Frep , χk /γM )
(2.6)
or
Ed = γE (Frep , χk /γM )

(2.7)

Partial factors may be applied either to ground properties (χ) or resistances R or
to both, as follows:
Rd = R(γF Frep , χk /γM )
(2.8)
or
Rd = R(γF Frep , χk /γM )/γR

(2.9)

Rd = R(γF Frep , χk )/γR

(2.10)

or
where:
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• γR is the partial factor for a resistance.
The partial factors to be used in equations (2.6), (2.7), (2.8), (2.9) and (2.10)
should be selected from the tables 2.3, 2.4 and 2.5.

2.2.9

Design Approaches

For limit state types STR and GEO in persistent and transient situations, there are
three Design Approaches. The manner in which equations (2.6), (2.7), (2.8), (2.9)
and (2.10) are applied must be determined using one of three Design Approaches.
The way to use those equations and the particular Design Approach to be used
will be given in the National annex.
They differ in the way they distribute partial factors between actions, the effects of actions, material properties and resistances.In Design Approach 1, for all
designs, checks are, in principle, required for two sets of factors, applied in two
separate calculations. Where it is obvious that one of these sets governs the design, it will not be necessary to carry out calculations for the other set. Generally,
factors are applied to actions, rather than to the effects of actions. In many cases,
factors are applied to ground parameters, but for the design of piles and anchors
they are applied to resistances.
In Approaches 2 and 3, a single calculation is required for each part of a design, and the way in which the factors are applied is varied according to the calculation considered.
In Design Approach 2, factors are applied either to actions or effects of actions
and to resistances. Design Approach 2 is an action (effect) and resistance factor
approach.
In Design Approach 3, factors are applied to actions or effects of actions from
the structure and to ground strength parameters. Design Approach 3 is an action
(effect) and material factor approach.
• Design approach 1 Except for the design of axially loaded piles and anchors, it must be verified that a limit state of rupture or excessive deformation will not occur with either of the following combinations of sets of
partial factors:
Combination 1 : A1 + M 1 + R1
(2.11)
Combination 2 : A2 + M 2 + R1

(2.12)

where + implies: “to be combined with”
• Design approach 2 It must be verified that a limit state of rupture or excessive deformation will not occur with the following combination of sets of
partial factors:
Combination : A1 + M 1 + R2
(2.13)
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In this approach, partial factors are applied to actions or to the effects of
actions and to ground resistances.
• Design approach 3 It must be verified that a limit state of rupture or excessive deformation will not occur with the following combination of sets of
partial factors:
Combination : A1? orA2∗ + M 2 + R3

(2.14)

? on structural actions and ∗ on geotechnical actions. In this approach, partial factors are applied to actions or the effects of actions from the structure
and to ground strength parameters.

2.2.10

Tables
Action

Symbol
Permanent
Unfavourable γG;dst
Favourable
γG;stb
Variable
Unfavourable γQ;dst
Favourable
γQ;stb

value
1.10
0.90
1.50
0

Table 2.1: Partial factors on action (γF ) for equilibrium limit state (EQU)

The partial factor “Shearing resistence” is applied to tan ϕ0 . Coefficients and
checks about the other two limits states (UPL and HYD) are not reported because
this kind of checks are not analized in this work. In case the reader need them,
they can be found in the annex A of the Eurocode 7.

Soil parameter
Symbol value
Shearing resistence
γϕ
1.25
0
Effective cohesion
γc
1.25
Undrained strenght
γcu
1.40
Unconfined strenght
γqu
1.40
Weight density
γγ
1.00
Table 2.2: Partial factors for soil parameters (γM ) for equilibrium limit state
(EQU)
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Action
Permanent
Variable

Symbol

Unfavourable
Favourable
Unfavourable
Favourable

γG
γQ

Set
A1 A2
1.35 1.0
1.0 1.0
1.5 1.3
0
0

Table 2.3: Partial factors on action (γF ) or the effects of actions (γE ) for structural
(STR) and geotechnical (GEO) limits states verification

Soil parameter

Symbol

Shearing resistence
Effective cohesion
Undrained strebght
Unconfined strenght
Unit weight density

γϕ
γc
γcu
γqu
γσ

M1
1.0
1.0
1.0
1.0
1.0

Set
M2
1.25
1.25
1.4
1.4
1.0

Table 2.4: Partial factors for soil parameters (γM ) for structural (STR) and
geotechnical (GEO) limits states verification

Resistance

Symbol

Bearing capacity
Sliding resistance
Earth resistance

γR,v
γR,h
γR,e

Set
R1 R2 R3
1.0 1.4 1.0
1.0 1.1 1.0
1.0 1.4 1.0

Table 2.5: Partial resistance factors for retaining structures for structural (STR)
and geotechnical (GEO) limits states verification
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2.2.11

Retaining structures

The provisions of this section must apply to structures which retain ground, comprising soil, rock or backfill and water. Material is retained if it is kept at a slope
steeper than it would eventually adopt if no structure were present. Retaining
structures include all types of walls and support systems in which structural elements have forces imposed by the retained material.
A list must be compiled of limit states to be considered. As a minimum the
following limit states must be considered for all types of retaining structure:
• loss of overall stability;
• failure of a structural element such as a wall, anchorage, wale or strut or
failure of the connection between such elements;
• combined failure in ground and in structural element;
• failure by hydraulic heave and piping;
• movement of the retaining structure which may cause collapse or affect the
appearance or efficient use of the structure or nearby structures or services
which rely on it;
• unacceptable leakage through or beneath the wall;
• unacceptable transport of soil particles through or beneath the wall;
• unacceptable change in groundwater regime.
The design methods and partial factors required by this code standard are usually
sufficient to prevent the occurrence of ultimate limit states in nearby structures,
provided that the soils involved are of at least medium density or firm consistency
and that adequate construction methods and sequences are adopted. Special care
should be taken, however, required for with some highly over-consolidated clay
deposits in which large at rest horizontal stresses may induce substantial movements in a wide area around excavations.
Determination of earth pressures must take account of the acceptable mode
and amount of any movement and strain which may occur at the limit state under
consideration. In the following context the word “earth pressure” will should also
be used for denoting the total earth pressure from soft and weathered rocks and
should include the pressure of groundwater. Calculations of the magnitudes of
earth pressures and directions of forces resulting from them must take account of:
• the surcharge on and slope of the ground surface;
19

2.2 Eurocode 7-Basis of geotechnical design
• the inclination of the wall to the vertical;
• the water tables and the seepage forces in the ground;
• the amount and direction of the movement of the wall relative to the ground;
• the horizontal as well as vertical equilibrium for the entire retaining structure;
• the shear strength and weight density of the ground;
• the rigidity of the wall and the supporting system;
• the wall roughness.
The magnitudes of earth pressures and directions of resultant forces must be calculated according to the selected design approach, and the limit state being considered.
The value of an earth pressure at an ultimate limit state is generally different
from its value at a serviceability limit state.
Limiting values of earth pressures must be determined taking account of the
relative movement of the soil and the wall at failure and the corresponding shape
of the failure surface. Intermediate values of earth pressure occur when if the wall
movements are insufficient to mobilize the limiting values. The determination of
the intermediate values of earth pressure must take account of the amount of wall
movement and its direction relative to the ground. The intermediate values of
earth pressures may be calculated using various empirical rules, spring constant
methods, finite element methods, etc.
The design of retaining structures must be checked at the ultimate limit state
for the design situations appropriate to that state, using the design actions or action effects and design resistances. Calculation methods may be used which redistribute earth pressure in accordance with the relative displacements and stiffnesses
of ground and structural elements.
The design of retaining structures must be checked at the serviceability limit
state using the appropriate design situations. The design values of earth pressures
should be derived taking account of the allowable deformation of the structure
at its serviceability limit state. These pressures may not necessarily be limiting
values. Limiting values for the allowable displacements of walls and the ground
adjacent to them must be established in accordance, taking into account the tolerance to displacements of supported structures and services.
20
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2.3
2.3.1

Italian code-NTU 2008
Basis of geotechnical design

The indications provided by this legislation are quite similar to those provided
from eurocode 7. For example, one of the first things that is stressed even here is
that, for every limit state must be verified:
Ed ≤ Rd

(2.15)

where symbols have the same meaning explained in the equation (2.5).
As in the eurocode 7, even here is reported that: the verification of this condition (2.15) must be carried out by using different combinations of groups of partial
coefficients, respectively defined for the actions (A1 and A2), for the geotechnical
parameters (M1 and M2) and for the resistances (R1, R2 and R3). We have to
pay attention to the fact that some things change, like for example: the various
groups of partial safety factors are selected under the two approaches, which are
distinct from one to another and alternatives (before they were three). In the first
design approach (Approach 1) there are two different combinations of groups coefficients: the first combination is generally more severe in relation to the sizing
of structural works in contact with the ground, while the second combination is
generally more severe with regard to the geotechnical sizing. In the second design
approach (Approach 2) it is an unique combination of groups coefficients to be
adopted both in structural checks and in geotechnical checks.
Coefficients to be used in the different combinations are shown in the tables
2.6 and 2.7.
Coefficients “R” depend on what type of structure is designed and they will be
given in the next subsection.

2.3.2

Retaining structures

The rules apply to all geotechnical works which could support soil or material
with similar behavior in a safe way. You must consider as actions, those due to
the weight of the soil and filling material, the overload, water, any prestressing
anchorages, waves motion, shocks and collisions, to variations in temperature and
ice. The checks performed by analysis of soil-structure interaction, or with simplified methods must always respect the conditions of equilibrium and compatibility
and consistency with the criteria resistance of the soil. You must also take into
account the dependence of the pressure from the soil displacement. During the
safety checks must be taken into account all the mechanisms for ultimate limit
state, both short and long term. Ultimate limit states are relate to the development
of collapse mechanisms determined by the mobilization of the resistance of the
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soil, and the achievement of the resistance structural elements that make up the
works themselves.
For sheet pile walls you must check this point:
• geotechnical limit state (GEO) or hydraulic (UPL or HYD):
- collapse due to rotation around a point (rigid motion);
- collapse for vertical limit load;
- slippage of one or more anchors;
- instability of the bottom of excavation in fine grained soil in undrained
conditions;
- lifting;
- syphon;
- global instability.
• structural limit state (STR):
- achievement of the resistance in one or more anchors;
- achievement of the resistance in one or more strut;
- reaching the strenght of the sheet pile wall.
Verification of global stability of the whole ground-work must be carried out according approach 1:
Combination 2 : A2 + M 2 + R2
using coefficients reported in tables 2.6, 2.7 and 2.8.
The remaining checks must be made by considering the following combinations of coefficients:
Combination 1 : A1 + M 1 + R1
Combination 2 : A2 + M 2 + R1
using coefficients reported in tables 2.6, 2.7 and 2.9.
In all cases, during operating conditions, the movements of the structure and of
the retained soil must be evaluated for checkcompatibility with the functionality
of the work and with safety and functionality of artifacts adjacent.In the presence
of buildings, which are particularly sensitive to movements of the ground, must be
developed a specific analysis of the interaction between building and soil, taking
into account the sequence of construction stages.
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Loads

Effect
Symbol EQU
Favourable
0.9
Permanents
γG1
Unfavourable
1.1
Favourable
0.0
Permanents no structural
γG2
Unfavourable
1.5
Favourable
0.0
Variables
γQi
Unfavourable
1.5

STR(A1) GEO(A2)
1.0
1.0
1.3
1.0
0.0
0.0
1.5
1.3
0.0
0.0
1.5
1.3

Table 2.6: Partial factors on actions for retaining structures for general (EQU),
structural (STR) and geotechnical (GEO) limits states verification

Coefficent R2
γR
1.1

Table 2.7: Partial resistance factors for retaining structures for general (EQU)
limits states verification

Parameter
To which parameter apply the factor Symbol
Tangent of shear angle
tan ϕ0k
γϕ0
0
Effective cohesion
ck
γc0
Undrained strenght
cuk
γcu
Unit weight
γ
γγ

M1
1.0
1.0
1.0
1.0

M2
1.25
1.25
1.4
1.0

Table 2.8: Partial resistance factors for retaining structures for general (EQU),
structural (STR) and geotechnical (GEO) limits states verification

Checks
Factor R1 Factor R2 Factor R3
Bearing capacity
1.0
1.0
1.4
Sliding resistance
1.0
1.0
1.1
Earth resistance
1.0
1.0
1.4

Table 2.9: Partial resistance factors γR for retaining structures for structural (STR)
and geotechnical (GEO) limits states verification
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2.4

Consideration

In this section we show some considerations that were made following the reading
of the rules presented so far. Since both of the rules are very similar each other,
these considerations can be applied to both of them.
First of all, there is no specific list of methods that can be used in the calculation of the structure in geotechnical field. This could also be justified by the
fact that probably the legislature want to leave the designer free to choose which
method and approach is more suited to the case. The problem arises when the
rules provide the use of the safety factors. It’s not shown and explained how these
factors have been found, and in what analysis they are valid. As we shall see,
during the course of this document, there are several methods that the designer
can use, beginning from traditional methods that rely on some calculations by
hand, until you get to more complex methods such as finite element analysis. The
question that we want to stress is: the safety factors provided by the rules, with
which method they are related ? Are always applied in every case ? Or dependent,
depending on the analysis that we adopt?
Another topic which we believe is worthy of some consideration is the manner
in which the legislation proposes to apply these factors. There are mainly three
types of factors, namely: A, M and R. Bearing in mind that the factors R are different from the unit only in case of verification to global stability, we can focus
our attention on the factors A and M. The factors A refer to actions, which are divided into permanent loads (structural or not), and variables. M indicates instead
the safety coefficient of the resistance, which are the characteristics of the soil, in
the case of traditional geotechnical works. For example in a foundation plinth is
simple to understand which are actions and which are resistances. For example,
the load on the floors of the building have already been divided into permanent or
variable load, and resistances are obviously the characteristics of the soil below
the floor of the foundation. In this view the approach of the legislation is logical.
But in the case of a sheet pile wall defining which are actions and which are resistances is not so simple, soil for some cases is an action, and it pushes the wall, but
in other cases its properties can be seen as resistences, as its cohesion. The legislation proposes the same approach for these two different types of works. Perhaps
it would be appropriate to use a different approach for this type of structures, perhaps a simpler approach because, as the legislation is drafted at the time, could
generate many doubts in the mind of the designer.
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Chapter 3
Soil and soil modelling

This part is made by taking parts from two different books: “Fondamenti di meccanica delle terre” [7], and “Applied soil
mechanics, with ABAQUS applications” [8]

3.1

Soil formation

Figure 3.1: Soil phase diagram

Soil is a natural body consisting of layers of mineral constituents of variable
thicknesses, which differ from the parent materials in their morphological, physical, chemical, and mineralogical characteristics. It is composed of particles of
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broken rock that have been altered by chemical and environmental processes that
include weathering and erosion. It is a mixture of mineral and organic constituents
that are in solid, gaseous and aqueous states. Soil particles pack loosely, forming
a soil structure filled with pore spaces. These pores contain soil solution (liquid)
and air (gas).
Accordingly, soils are often treated as a three state system. Soils contain three
components: solid, liquid, and gas. The solid components of soils are the product
of weathered rocks. The liquid component is usually water, and the gas component
is usually air. The gaps between the solid particles are called voids. As shown in
the figure 3.1, the voids may contain air, water, or both.

3.2

Introduction on soil mechanics

Soil mechanics is a discipline that applies principles of engineering mechanics,
e.g. kinematics, dynamics, fluid mechanics, and mechanics of material, to predict
the mechanical behavior of soils. Although soil is composed by three different
phases, it is usually considered as a continuum material. Moreover, as for all materials, also for the soil, is possible describing stress and deformation components
in all points of the continuum. In a 3D problem, fixed a system of coordinates, is
possible describing the stress components by the matrix:


σ11 σ12 σ13
σij = σ21 σ22 σ23 
σ31 σ32 σ33
or in a engeneering point of view:

σx τxy τxz
σij = τyx σy τyz 
τzx τzy σz


Strain state in a point is expressed by the matrix:


ε11 ε12 ε13
εhk = ε21 ε22 ε23 
ε31 ε32 ε33
or in a engeneering point of view:

εhk

εx
1

= 2 γyx
1
γ
2 zx

1
γ
2 xy

εy
1
γ
2 zy

26

1
γ
2 xz
1
γ 
2 yz



εz

CHAPTER 3. Soil and soil modelling

Figure 3.2: Stresses in three-dimensional space

However when we talk about soil is more correct refer to effective stress. The
concept of effective stress is one of Karl Terzaghi’s most important contributions
to soil mechanics. It is a measure of the stress on the soil skeleton (the collection
of particles in contact with each other), and determines the ability of soil to resist
shear stress. It cannot be measured in itself, but must be calculated from the difference between two parameters that can be measured or estimated with reasonable
accuracy.
Effective stress (σ 0 ) on a plane within a soil mass is the difference between
total stress (σ) and pore water pressure (u):
σij0 = σij − uδij
where:
• the total stress (σ) is equal to the overburden pressure or stress, which is
made up of the weight of soil vertically above the plane, together with any
forces acting on the soil surface (e.g. the weight of a structure). Total stress
increases with increasing depth in proportion to the density of the overlying
soil;
• the pore water pressure u is the pressure of the water on that plane in the
soil, and is most commonly calculated as the hydrostatic pressure;
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• δij is the Kronecker’s delta.
The equations that describe the behaviour of a porous material are called field
equations, and they can be writen as:
• Equilibrium equation
∂σij
+ γδij = 0
∂xj

(3.1)

∂σij0
∂h
+ γw
+ γ 0 δij = 0
∂xj
∂xi

(3.2)

using effective stress:

• Congruence equation
1
εij = −
2



∂Uh ∂Uk
+
∂xk
∂xh


(3.3)

• Continuity equation
−k
• Constitutive law

∂ 2h
∂εv
=
2
∂xi
∂t

∂σij0
∂εhk
= Chkij
∂t
∂t

(3.4)

(3.5)

where: Uh are the displacements, Chkij is the compliance tensor, k describes the
permeability of the soil, h is the hydraulic head at that point and εv is the volumetric deformation.
Imposing appropriate boundary and initial condition, the integration of these
equations allow to determine variables needed to describe the behavior of a region
of soil subject to a certain system of loads. The first three equations apply to
all materials, but the constitutive law can be changed depending on the material
that we want simulate. It is the description of the relationship between stress and
strain. The simplest known law is the elastic behaviour.

3.3

Elasticity

Here is presented the three-dimensional generalized Hooke’s law suited for isotropic
linear elastic materials in three-dimensional stress conditions. The generalized
Hooke’s is applicable also to the uniaxial stress condition (one-dimensional), the
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plane strain condition (two-dimensional), and the plane stress condition (also twodimensional). Hooke’s law is not appropriate for soils because soils are neither
linear elastic nor isotropic. Nevertheless, sometimes we idealize soils as being linear elastic and isotropic materials only then can we use Hooke’s law to estimate
the elastic strains associated with applied stresses within a soil mass.

3.3.1

Three-dimensional stress condition

The simplest form of linear elasticity is the isotropic case. Being isotropic means
that the elastic moduli, such as E and ν, are orientation independent. This means,
for example, that E11 , E22 , and E33 are identical and they are all equal to E
(Young’s modulus). The stress-strain relationship of the linear elastic isotropic
case is given by:
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(3.6)
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where D is called constitutive matrix.
The elastic properties are defined completely by Young’s modulus, E, and
Poisson’s ratio, ν. Equation (3.6) is also known as the generalized Hooke’s law.
Recall that Hooke’s law for the one-dimensional (uniaxial) stress condition is σ =
Eε. This equation has the same general form as (3.6). Equation (3.6) can be
inverted to yield:
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1/E −ν/E −ν/E
0
0
0
−ν/E 1/e −ν/E
0
0
0 


−ν/E −ν/E 1/E

0
0
0

C=
 0
0
0
1/2G
0
0 


 0
0
0
0
1/2G
0 
0
0
0
0
0
1/2G
where C is called compliance matrix.
In this equation, the shear modulus, G, can be expressed in terms of E and ν
as G = E/2(1 + ν).

3.3.2

Plane strain condition

Figure 3.3: Plane strain condition

The plane strain assumption is frequently used in geotechnical analysis of soil
structures that are very long in one dimension while having a uniform cross section
with finite dimensions. Figure 3.3 illustrates a soil embankment that is long in the
z-direction while having a uniform cross section with finite dimensions in the
xy plane. In this case we can assume a plane strain condition in which the strains
along the z-axis are assumed to be nil (ε33 = ε13 = ε23 = 0). The seemingly threedimensional embankment problem reduces to a two dimensional plane problem
in which the cross section of the embankment, in the xy plane, is assumed to
represent the entire embankment. Now, let us substitute ε33 = ε13 = ε23 = 0 into
equation (3.6):
 

 
(1 − ν)
ν
0
ε11 
σ11 
E


σ22 =
ν
(1 − ν)
0
ε22
 
  (1 − ν)(1 − 2ν)
τ12
0
0
(1 − 2ν)
ε12
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Inverting equation (3.8), we get:
 

 
ν
0 σ11 
 ε11  1 + ν (1 − ν)
 ν
ε22 =
(1 − ν) 0 σ22
 
 
E
ε12
0
0
1
τ12

3.4
3.4.1

(3.9)

Plasticity
Introduction about material plasticity

Typically for having a good simulation of the soil behaviour is necessary to use
a model based on plasticity theory. When an elastic material is subjected to load,
it sustains elastic strains. Elastic strains are reversible in the sense that the elastic
material will spring back to its undeformed condition if the load is removed. On
the other hand, if a plastic material is subjected to a load, it sustains elastic and
plastic strains. If the load is removed, the material will sustain permanent plastic
(irreversible) strains, whereas the elastic strains are recovered. Hooke’s law, which
is based on elasticity theory, is sufficient (in most cases) to estimate the elastic
strains. To estimate the plastic strains, one needs to use plasticity theory. For this
reason is important insert a small section about the soil plasticity.
Understand of this concept is very important to figure out which is behaviour
of the soil. To understand this is usefull use a laboratory test. While for metals,
and rocks, is possible have compression tests (or traction), this is not true for soils.
Such test is inconceivable due to granular nature and to almost absent cohesion
between the grains. To build the specimen must first have lateral support, otherwise it will fall down under its own weight. We consider a test which is dual to
simple compression test. In the latter there is only one component different from
zero in the stress tensor, while the deformation components may be all different
from zero. For the soil we use a simple shear test. (figure 3.4) Here is different
from zero only one component of the deformation tensor, γxz , while the stress
components may be all different from zero. The advantage of having only one
deformation component different from zero is that is possible drawing a single
curve stress-deformation (only for γxz in this case). Using a simple shear test we
observe that the only non-zero strain component is just γxz . Indeed εx , εy , γxy ,
γzy are equal to zero, because the box dimensions are fixed, and side walls are
smooth. Also εz is zero because is supposed that volume variations are not possible. Then you can bring back the bond obtained by the test. (figure 3.5) On the
vertical axis we put stress (τzx ), and on the horizotal axis the strain(γzx = γxz ).
It soon becomes evident the strong nonlinearity between stress and corresponding
strain. Therefore compliance tensor will be dependent from stress state. The more
relevant aspect is big difference between the virgin load phase and the unloading31
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Figure 3.4: Simple shear apparatus (taken from [7])

reloading phase. During the first step we have a strong permanent deformation,
which is not recovered. Then C tensor will be dependent not only by the stress
state but also by load increment direction and by the past history of the material.
C can assume only two value Ce or Cep depending by the sign of δτ . Once the
sign is fixed, yielding does not depend on the intensity of the increased load. In
complex load cases is not easy understand if an infinitesimal assigned stress variation will cause a plastic or elastic deformations. To determine which of the two
opportunities will occur is necessary to define a scalar feature, function of stress
state and of the past history of material, which will indicate if the soil behaviour
will be elastic or plastic after a stress increment. This feature is called yield function. For example in the monodimensional case the yield function can be writen
as:
f (τ ) = τ − τL (γ p )
where τL is the maximun shear stress, which is expressed as function of the plastic
deformations. f can be only negative or zero, since τ cannot be more than τL . On
the oder hand if f < 0 means that the soil is in an elastic phase. In this case
whatever the sign of δτ the relationship between stress and deformation will be
elastic, charaterized by C e .
If f is equal to zero, we have two possibilities:
• δτ < 0 we have a return in the elastic zone, so τL remains fixed and df < 0.
Also in this case C = C e ;
• δτ > 0 then δτ increases, even γ p increases. In this case df = 0 and
C = C ep = C e + C p .
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Figure 3.5: Bond obtained by the simple shear test (taken from [7])

C p can be calculated by imposing df = 0, so:
df = dτ −

∂τL p
dγ = 0
∂γ p

Cp =

1
∂τL
∂γ p

C p is known if you know the link between τL and γ p , which is called hardening
law (strain-hardening).
Now we can generalize the previous relationships to the pluridimensional case.
We have:
f = f (σij0 , θl ) ≤ 0
where θ is a vector of variables, called hidden variables, which are dependent to
history through plastic strains:
θl = θl (εphk )
Formally:
e
• if f < 0 then δεhk = Chkij
δσij0
e
• if f = 0 and df < 0 then δεhk = Chkij
δσij0
p
ep
e
• if f = 0 and df = 0 then δεhk = (Chkij
+ Chkij
)δσij0 = Chkij
δσij0
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Figure 3.6: Example of a yield criterion (taken from [7])

Figure 3.6 illustrates the three load conditions indicated by equations presented
before, for a material whose yield function is given by Von-Mises criterion (explained after) in a plain stress condition (σ3 = 0). The section AB shows a load
increment from a point far from yield. The behaviour is elastic regardless of the
direction of AB. CD begins from a yield condition brings back the material in a
elastic condition. Instead CE shows a load increment that exceeds the limit activated previously. Elastic domain changes with σL , which in turn changes with
plastic deformations.
C p can be calculated imposing df = 0:
df =

∂f ∂θl p
∂f
δσij0 +
δε = 0
0
∂σij
∂θl ∂εphk hk

Moreover assuming that the plastic deformations can be derivated from a scalar
function g(σij0 ) called plastic potential:
δεphk = λ
∂f
0
0 δσij
∂σij

λ = − ∂f

∂θl ∂g
0
∂θl ∂εphk ∂σhk

∂g
0
∂σhk
=

1 ∂f
δσij0
H ∂σij0

where λ is called plastic multiplier and H is called hardening modulus, moreover
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we have:
δεphk =

1 ∂g ∂f
δσij0
0
H ∂σhk
∂σij0

from which:
p
Chkij
=

1 ∂g ∂f
0
H ∂σhk
∂σij0

Therefore C tensor depends on a number of variables: stress state, the direction
of stress increment, the load history. Though they are the main variables, them
aren’t the only. For example soil behaviour changes during time for a fixed load,
it is affected by temperature, load velocity, chemical features, etc. Usually their
influence can be negleted, although there are problems that are influenced by these
variables. Ultimatly we can write:
!
0
δσ
ij
, εphk
Chkij = Chkij σij0 ,
δσij0
Since C is assumed time-independent, constitutive law can be write as:
∂σij0
∂εhk
= Chkij
∂t
∂t
To integrate the equation above is necessary an initial condition that indicate the
initial stress condition of the soil. Infact C tensor is dependent on stress state and
soil response depends on the stress history of the soil.
Plasticity theory was originally developed to predict the behavior of metals
subjected to loads exceeding their elastic limits. Similar models were developed
later to calculate the irreversible strains in concrete, soils, and polymers.

3.4.2

Plasticity models for metals

If the stress exceeds a critical value , as was mentioned above, the material will
undergo plastic, or irreversible, deformations. This critical stress can be tensile or
compressive. For metals the Tresca and Von-Mises criteria are commonly used to
determine whether a material has yielded.
• TRESCA CRITERION
This criterion is based on the notion that when a material fails, it does so
in shear, which is a relatively good assumption when considering metals. If
we consider a three-dimensional stress state, we can develop a 3D plasticity
criterion:
f = |σi − σk | − 2σyield = 0
where i, k inidicate the principal stresses. Inside of the yield surface, deformation is elastic. On of the surface, deformation is plastic.
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Figure 3.7: Tresca’s yield surface

Figure 3.8: Von Mises’s yield surface

• VON MISES CRITERION
This criterion is similar to the Tresca criterion but takes into account the
assumption that hydrostatic stresses do not contribuite to material faillure.
Von-Mises solves for an effective stress under uniaxial loading, subtracting
out hydrostatic stresses, and it claims that all effective stresses greater than
that, which causes material faillure in uniaxial loading, will result in plastic
deformations. Again, a visual representation of the yield surface may be
constructed using the follow equation:
2
f = (σ2 − σ3 )2 + (σ3 − σ1 )2 + (σ1 − σ2 )2 − 8σyield

36

CHAPTER 3. Soil and soil modelling
Surfaces seen so far are the yield functions. For metals they have a second task:
they are also the plasticity potential, it means that plastic deformations can be
evaluated deriving the yield function. We can write (as we done):
δεphk = λgrad(f ) = λ

∂f
∂σij0

Usually this equation is called normality law. λ as we told before is called plastic
multiplier and it expresses the modulus of the plastic deformation. The equation
that links δεphk with grad(f ) is called flow rule. In case of metals we call it associed
flow rule, because yield function and potetial coincide.

3.4.3

Plasticity models for soil

The criteria presented above have proved inadequate for a large range of materials
and several other yield criteria are in widespread use. For soil we usually use
different criteria.
• MOHR-COULOMB CRITERION
We usually know it as:
τf aillure = c0 + σf0 aillure tan ϕ
where ϕ is the angle of internal friction and c is the cohesion. In this case
the yield function can be writen as:
f = |σ10 − σ30 | − (σ10 + σ30 ) sin ϕ − 2c0 cos ϕ
This surface (figure:3.9) increases moving along the octahedral axis. This
means, as we told, that yield stress is dependent on the stress state of the
soil.

• DRUCKER-PRAGER CRITERION
It is derived from the Von-Mises criterion. It has developped because the
Mohr-Coulomb model has a flaw: in the corners of the function, its gradient
is not easy to define. For this, Drucker-Prager’section has a circular shape.
The yield function can be writen as:
2

f = σ102 + σ202 + σ302 − σ10 σ20 − σ10 σ30 − σ20 σ30 − [µ(σ10 + σ20 + σ30 ) + K] = 0
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Figure 3.9: Mohr-Coulomb’s yield surface

Figure 3.10: Drucker-Prager’s yield surface
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• LADE CRITERION
It was deleloped to cover the defects in the two previous models. DruckerPrager has the advantage that the yield function gradient is well defined
over the boundary function, but it has the disadavantage that it does not
grasp well the compressive and extensive strenght of soil. Lade’s criterion
manages to satisfy both two needs. Yield function can be written in this
case as:
f = I3 − γI13 = 0
where:
- I1 = σ10 + σ20 + σ30 ;
- I2 = σ10 σ20 + σ10 σ30 + σ20 σ30 ;
- I3 = σ10 σ20 σ30 ;
- γ is a parameter of the model.
Now we consider for example a plain strain problem, and we suppose to model
the soil with a Mohr-Coulomb model. If we consider ε2 = 0, we can write:
f = σ10 − σ30 − (σ10 + σ30 ) sin ϕ − 2c0 cos ϕ = 0
Calculating δεp is possible see that plastic deformations are not perpendicular to
the yield function. Therefore law of normality can not be assumed valid. At this
point we introduce a new function, g(σij0 ), called plastic potential, which is such
that :
∂g
δεpij = λgrad(g) = λ 0
∂σij
in the example that we treat g = σ10 − σ30 − (σ10 + σ30 ) sin ψ = 0, where ψ is called
dilation angle.
dεp
ψ = arctan vp
dεd
εv = ε1 + ε2 + ε3 = ε1 + 2ε3
is the volumetric deformation, and
εd = 2/3(ε1 − ε3 )
is the deviatoric deformation.
In this case we speak of non-associated flow rule.
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Chapter 4
Finite element analysis and Abaqus
4.1

Introduction to Finite Element Analysis

This small introduction about FEM analysis is performed by gathering information mainly from a text book [2].
Regarding the Abaqus program presentation, the reader can find more information by visiting the website of the company
that produces this software [6].

Finite Element Analysis (FEA) is a computer simulation technique used for engineering analysis. This technique of simulation uses the Finite Element Method
(FEM), which aim is essentially the discrete and approximate resolution of general systems of partial differential equations (PDE). Adavantages of this analysis
are the ability to handle:
• problems defined on complex geometries, which represents the strength of
this analysis;
• situations related at large variety of engineering problems (about solid, fluid,
heat, elettrostatic mechanics, etc.);
• problems with complex constraint conditions;
• problems with complex load conditions.
Disdavantages of this analysis are:
• the inability to generate a solution in closed form;
• the accurancy of the solution depends on the choice of which finite element
approach;
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- errors during the discretization of the domain, which has an irregular shape, while the elements that we use to discretize it, have a very
regular shape (triangular, rectangular, etc.);
- interpolation errors of the solution within individual elements by simple polynomial functions;
- use numerical approximate procedures for calculating volume integral
on the element domain;
• errors related to calculating procedures;
- calculation errors related to the limited number of significant figures
with which a computer works, which causes decimal that will inevitably lead to decimal truncation of the numeric quantities used;
• easy modelling errors that can be done by user.
Today a lot of different finite element softwares are avaiable, freeware or commercial. However, all programs divide the process in the same way. The process is
composed by three different parts:
• “pre-processing”, where it is builded the model;
• “processing”, this is the main analysis;
• “post-processing”, where the solution is elaborated and represented.
In particular the part of pre-processing consists of:
1. choosing the type of analysis to be carried (static, dynamic, termic, linear
or nonlinear, time-dependent or not, etc.);
2. choosing the type of finite elements (2D or tridimensional elements, with
linear, quadratic or polynomial adjustment, etc.);
3. define parameters for the constitutive behaviour of materials;
4. define grid nodes of the discrete problem;
5. construction of the finite element discretization of the problem domain;
6. apply conditions for constrains and load.
During post-processing, the program proceeds to solving the problem and represents the solution. Fundamental quantities can be analyzed (displacements, etc.),
even derivate quantities (stress, etc.). In commercial softwares, both the preprocessing and post-processing are increasingly using a graphical interface that
makes it easier to interact with the user.
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4.2
4.2.1

Finite Element Method
Introduction on FEM

Finite element method is a numerical technique capable of find out approximate
solutions of problems governed by partial differential equations, reducing them to
a system of algebraic equations. Although there are a lot of numerical strategies,
FEM keep a dominant position in the landscape of the numerical techniques. This
method is a great way to solve partial differential equations when domain shape
is very complex, or when the domain is variable, or when solution accurancy
required is not homogeneus on the domain.

4.2.2

History of FEM

The finite element method originated from the need for solving complex elasticity and structural analysis problems in civil and aeronautical engineering. Its
development can be traced back to the work by Alexander Hrennikoff (1941) and
Richard Courant (1942). While the approaches used by these pioneers are dramatically different, they share one essential characteristic: mesh discretization of
a continuous domain into a set of discrete sub-domains, usually called elements.
Courant’s contribution was evolutionary, drawing on a large body of earlier results for PDEs developed by Rayleigh, Ritz, and Galerkin. Development of the
finite element method began in earnest in the middle to late 1950s for airframe
and structural analysis. By late 1950s, the key concepts of stiffness matrix and
element assembly existed essentially in the form used today. The method was
provided with a rigorous mathematical foundation in 1973 with the publication of
Strang and Fix’s “An Analysis of The Finite Element Method”, then it has since
been generalized into a branch of applied mathematics for numerical modelling
of physical systems in a wide variety of engineering disciplines.

4.2.3

Basic concepts

FEM method is applied to objects that represent a continuum susceptible to be
divided into number, even very large, of elements with shape and dimensions of
limited size. Each element has characteristics consistent. The main feature of this
method is the discretization of the domain by creating a grid (called mesh) of basic
elements (finite elements) of a coded shape (triangles or quads for bidimensional
domains, hexahedrons or tetrahedrons for 3D domains). On each element, the
solution of the problem is expressed by linear combination of functions which
are called basic functions or shape functions. Note that usually these functions
are approximated, end the solution that we will obtain it will not be so excact.
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Typical example is the choice of polynomial shape functions, so the final solution
of the problem will be approximate by a polynomial broken function. Accuracy
of the solution is then linked to the degree of the polynomial chosen.
In its original version, FEM is used to solve problems based on linear constitutive laws. For example stress-deformation problems, or heat-transfer problems.
Nowadays even materials with nonlinear behaviour can be studied, assuming plastic or visco-plastic behaviour.
FEM belongs to the Galerkin’s method family, whose first feature is the weak
formulation of a differential problem. This formulation has the great advantage
of require to solution, regular and realistic features for (almost) all engineering
problems and it is therefore very usefull. Galerkin’s methods are based on the idea
of approximate the problem solution, which is write in weak formulation, by a
linear combination of elementary functions (shape functions). Coefficients of this
combination (called degrees of freedom) become the unknowns of the algebraic
problem obtained from the discretization.

4.2.4

Steps to reach the model

To get to the finite element model we follow some basic steps, each of which
involves the insertion of errors in the final solution:
1. Modelling: this step is present in all engineering studies: from the physical system to a mathematical model, which abstracts certain aspects of the
physical system of interest, focusing on a few variables of interest. You
make a mistake in choosing a model or another, which may be more or less
appropriate for the given problem.
2. Discretization: in a numerical simulation is necessary to pass through an
infinite number of degrees of freedom (typical condition of continuum) to
a finite number (typical condition of mesh). The discretization, in space
or time, aims to obtain a discrete model characterized by a finite number
of degrees of freedom. You make a mistake in discordance with the real
solution of the mathematical model.

4.2.5

The elements

Each element is characterized by:
• Dimension: 1D, 2D, 3D;
• Nodes: specific points of the element that identifies the geometry. In each
node is associated the value of a variable or its gradient;
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• Degrees of freedom: the possible values that can assume the variables or
gradients in the nodes. Two adjacent nodes have the same values;
• Forces on the nodes: external forces applied on the nodes;
• Constitutive properties: the properties of the element, that influence its behaviour;
• Solution of a system of equations, including nonlinear resolved by numerical from processing.
All the programs that use the finite element method have a library of finite elements. The most common are the following.
• mono-dimensional elements:
- “truss”: straight 2-node element that has stiffness only for translation
and therefore can transmit only axial forces;
- “beam”: straight 2-node element capable of transferring to the nodes
stiffness for all 6 degrees of freedom and therefore it is capable of
transmitting all kind of stress (axial forces, bending and torques moments, shear stress);
- “spring”;
- “rigid boby”: straight 2-node element infinitely rigid.
• bi-dimensional elements:
- “plain stress”: plate element with 3 or 4 nodes, it has only two degrees
of freedom for node corresponding to the shifts in its plan, and therefore can transmit only the efforts along the plane. Stiffness does not
transfer to other degrees of freedom. Used for modelling of structures
in their own plane loaded;
- “plate”: plate element with 3 or 4 nodes, has only three degrees of freedom for node, corresponding to translation perpendicular to its plane
and rotations from the two axes lying in the plane, and therefore capable of transmitting only shear and 2 bending moments;
- “shell”: plate element with 3 or 4 nodes, it incorporates the features of
the previous two elements;
- “plain strain”: plate element with 3 or 4 nodes, it has only two degrees
of freedom for node corresponding to the shifts in its plan. It is used for
modelling structures in which the thickness is more prevalent than the
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other dimensions and where it can be considered prevents deformation
in the thickness and therefore the state of deformation is considered
plane, as the analysis of the sections of pipes or retaining walls;
- “axisymmetric”.
• tri-dimensional elements:
- “solid element”: element from 4 until 27 nodes. It is capable of modelling objects that have no negligible dimension compared to the others.

4.2.6

Formulation for one-dimensional equations of second order

The equation given is a partial differential equation:
∂
−
∂x



∂u
α(x)
+ σ(x)u(x) = f (x)
∂x

(4.1)

restricted to the domain [a, b] and boundary conditions:
u(~x) = u~x
where ~x is a vector containing the points of the domain and u~x is a vector containing values of the function u in those points. Conditions expressed in this way
are usually called “Dirichlet’s conditions”. Moreover it’s also possible give conditions expressed as value of the first derivative of the function, in this case they
are called “Neumann’s conditions”.
The finite element method requires the multiplication of both sides of the equation (4.1) by a function of test v(x) :
∂
−v(x)
∂x



∂u
α(x)
+ v(x)σ(x)u(x) = v(x)f (x) (∀v(x))
∂x

(4.2)

The integration of both sides of (4.2), on the domain leads to:


Z b
∂
∂u
−v(x)
α(x)
dx +
v(x)σ(x)u(x) dx
∂x
∂x
a
a
Z b
=
v(x)f (x) dx (∀v(x))

Z

b

a
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Using integration by parts is possible expand the first term:

b Z b
Z b
∂
∂u
(v(x)u(x))α(x) dx − v(x)α(x)
v(x)σ(x)u(x) dx
+
∂x a
a ∂x
a
Z b
v(x)f (x) dx (∀v(x))
=

(4.4)

a
b

Z b
∂
(v(x)u(x))α(x) dx +
v(x)σ(x)u(x) dx
a ∂x
a
(4.5)

b
Z b
∂u
v(x)f (x) dx + v(x)α(x)
=
(∀v(x))
∂x a
a
The finite element approximation is a Galerkin approximation (it means that the
test functions are equal to the shape functions) which is performed discretized the
domain in the space Vh that admits a basis φj , 1 ≤ j ≤ Nh usually consists of
low degree polynomials. In monodimensional case, discretization of the domain
is performed by dividing [a, b] into intervals [xj−1 , xj ] with a = x0 < x1 < . . . <
xm < xm+1 = b e hj = xj − xj−1 . The weak formulation thus provides for the
determination of uh ∈ Vh so that the equality is verified:
Z b
Z b
∂
φj (x)σ(x)uh (x) dx =
(φj (x)uh (x))α(x) dx +
a
a ∂x
(4.6)

b
Z b
∂uh
φj (x)f (x) dx + φj (x)α(x)
(∀j = 1, . . . , m)
∂x a
a
Z

Since uh belongs to the space with basis φj , j = 1, . . . , m, is possible write uh as:
uh =

m
X

Ui φi (x)

i=1

Replacing and collecting:
Z b
Z b
m
X
∂
φj (x)σ(x)φi (x) dx) =
(φj (x)φi (x))α(x) dx +
Ui
∂x
a
a
i=1

b
Z b
∂uh
φj (x)f (x) dx + φj (x)α(x)
(∀j = 1, . . . , m)
∂x a
a
This equality can be expressed in matrix form as:

   
a11 a12 · · · a1m
U1
f1
 a21 a22 · · · a2m   U2   f2 

   
 · · · · · · · · · · · ·   · · ·  = · · ·
am1 am2 · · · amm
Um
fm
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(4.8)
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where the terms of the matrices are expressed as:
b

Z
aij =
a

∂
(φj (x)φi (x))α(x) dx +
∂x
Z

fi =
a

b

Z

b

φj (x)σ(x)φi (x) dx

(4.9)

a



∂uh
φj (x)f (x) dx + φj (x)α(x)
∂x

b
(4.10)
a

The resolution of the linear system allows the determination of the coefficients
Ui . These coefficients allow the determination of the approximate solution on the
discretized domain.

4.2.7

Mono-dimensional example

A typical problem (called also Poisson’s equation problem) is find a function u,
which second derivate is equal to a function given f . Poisson’s equation in a
mono-dimensional problem is write as:
−u00 (x) = f (x)
which it has to be completed with different kind of boundary conditions. There
are different kinds of latters:
• Dirichlet’s conditions: condition imposed on the function (zero order)
• Neumann’s conditions: condition imposed on the first derivate of the function (first order)
• Robin’s conditions: condition imposed as a linear combination of the function and its first derivate (mixed conditions)
For example referring to the Dirichlet’s conditions:
u(0) = u(1) = 0
the variational form of the problem becomes:
find u belonging to an appropriate functional space of functions vanishing at
the edge, such that for every function v in the same functional space you have:
Z 1
Z 1
0 0
u v dx =
f v dx
(4.11)
0

0

The approximation is introduced subdividing the domain into sub-intervals on
each of which the solution will be assumed to be polynomial. This allow you to
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write the approximate solution, called uh , using a linear combination of the basic
functions of the space of polynomial functions, denoted by φi :
uh =

n
X

Uj φj

j=1

Coefficients Uj are the unknowns of the discretized problem.
Using shape functions as test functions, we obtain a set of n equations:
n
X
j=1

Z
Uj

1

φ0j φ0i

1

Z
dx =

f φi dx(∀i = 1, . . . , n)

(4.12)

0

0

Indicating with A matrix:
Z

1

A = [aij ] =

φ0j φ0i dx

0

with U a vector with Uj elements, and with F a vector formed by elements:
Z

1

Fi =

f φi dx
0

the algebraic problem to be solved is simply the linear system:
~ = F~
AU

(4.13)

Matrix A is called stiffness matrix.

4.3

Abaqus

The Abaqus Unified FEA product suite offers powerful and complete solutions
for both routine and sophisticated engineering problems covering a vast spectrum
of industrial applications. Whether you need to understand the detailed behavior of a complex assembly, refine concepts for a new design, understand the behavior of new materials, or simulate a discrete manufacturing process, Abaqus
FEA provides the most complete and flexible solution to get the job done. With
Abaqus/CAE you can quickly and efficiently create, edit, monitor, diagnose, and
visualize advanced Abaqus analyses.
During the execution of this project was possible for me to use a student version of the program, regularly licensed registered at Aalborg University.
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Chapter 5
Traditional methods used for the
design of sheet pile walls

Please note that these concepts are taken from an italian textbook: “Elementi di geotecnica” [1]

5.1

Introduction

There can be found a range of traditional methods in literature for designing sheet
pile walls. They were commonly used when numerical methods were not yet
developed, for solve the problem without using a computer. They are mainly
founded on the idea of reach the equlibrium of the structure, where “equilibrium”
means, rotational and translational equilibrium. In effect they are usually called
“methods based on limit equilibrium”. They are numerous, as are situations where
this type of support structures can work (for example, if the sheet pile wall has
some anchors or not, the method will change). For this reason, there will be presented here only some of these methods. Before presenting them, it is necessary
bring to the reader’s mind some concepts about the pressure of the soil. These
concepts may seem poor and not complete, but simply because it is assumed that
the reader has already had to assimilate some basic concepts of geotechnical engineering in other occasions.

5.2

Pressure of the soil

In the following section, we will first discuss basic considerations necessary for
calculating lateral earth pressure and then how to apply these pressures, and cal51
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culate the forces. There are three categories of lateral earth pressure and each
depends upon the movement experienced by the vertical wall on which the pressure acting. The three categories are:
• at rest earth pressure;
• active earth pressure;
• passive earth pressure.
The at rest pressure develops when the wall has no lateral movement. The active
pressure develops when the wall is free to move outward such a typical retaining
wall and the soil mass stretches sufficiently to mobilize its shear strenght. On the
other hand, if the wall moves into the soil, then the soil mass is compressed, which
also mobilizes its shear strength and the passive pressure develops. In order to
develop the full active pressure or the full passive pressure, the wall must move. If
the wall does not move a sufficient amount, then the full active or passive pressure
will not develop. If the full active pressure does not develop, then the pressure
that is used in the calculations, it will be higher than the expected active pressure.
Likewise, significant movement is necessary to mobilize the full passive pressure.
How movement affects development of the active and passive earth pressure is
illustrated in figure 5.1. Note that the “at rest” condition is shown where the wall
rotation is equal to 0, which is the condition of zero lateral strain. From the figure
5.1 it is evident that:
• as the wall moves away from the soil backfill (left side of the figure 5.1),
the active condition develops and the lateral pressure against the wall decreases with wall movement until the minimum active earth pressure force
is reached.
• as the wall moves towards (into) the soil backfill (right side of figure 5.1),
the passive condition develops and the lateral pressure against the wall increases with wall movement until the maximum passive earth pressure is
reached.
Thus the intensity of the active / passive horizontal pressure, which is a function of the applicable earth pressure coefficient, depends upon the degree of wall
movement.
Lateral earth pressure is related to the vertical by a coefficient termed:
• at rest earth pressure coefficient, K0 ;
• active earth pressure coefficient, Ka ;
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Figure 5.1: How displacement affect the development of the active and passive
pressure (taken from [1])

• passive earth pressure coefficient, Kp .
The lateral earth pressure is equal to the vertical earth pressure times the appropriate earth pressure coefficient. We will explain now how calculate these coefficents.
If we assume a Mohr-Coulomb model as model of the soil, we can find a
relationship between horizontal stress and vertical. Paying attention to the figure
5.2 we can say that: where
• c, is the cohesion of the soil;
• ϕ, is the friction angle;
• σ1 and σ3 , are the principal stresses in a point;
• τ , is the shear stress in a cross section;
• σ, is the normal stress in a cross section.
τ = 1/2(σ1 − σ3 ) cos ϕ

(5.1)

σ = 1/2(σ1 + σ3 ) − 1/2(σ1 − σ3 ) sin ϕ

(5.2)

and is possible write that
1/2(σ1 − σ3 ) cos ϕ = c + [1/2(σ1 + σ3 ) − 1/2(σ1 − σ3 ) sin ϕ] tan ϕ
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Figure 5.2: Relations between various quantities inside the Mohr-Coulomb model
(taken from [1])

p

1 − sin2 ϕ, we obtain:
s
1 − sin ϕ
1 − sin ϕ
σ3 =
σ1 − 2c
1 + sin ϕ
1 + sin ϕ

specifying and recalling that cos ϕ =

(5.4)

s
1 − sin ϕ
1 − sin ϕ
σ1 =
σ3 + 2c
=
1 + sin ϕ
1 + sin ϕ
(5.5)




ϕ
ϕ
= tan2 45◦ +
σ3 + 2c tan 45◦ +
2
2
Let us now consider the case of the pressure on a rigid vertical wall, leaning
against a soil with a plastic behaviour (figure 5.3). Let the hypothesis that the wall
does not change the distribution of stresses that would occur in its absence, that
the wall acts as the volume of missing part. If we consider the Mohr’s plan (figure
5.3), vertical and horizontal stresses are major tensions, since for the assumption
made, there can be no shear stresses on the contact surface between the wall and
the soil and then in the initial conditions you have the relationship:
σh0 = K0 σv0

(5.6)

where K0 is the at rest coefficient and is assumed to be K0 = 1 − sin ϕ.
Assuming a shift δh of the wall outward, the horizontal stress σh = σ3 (minor
principal stress) decreases, while remains constant the vertical σv = σ1 (major
principal stress); the minimum horizontal stress is reached when the circle touches
the boundary line and in this case, there is tension in equilibrium limit active. We
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Figure 5.3: Rigid vertical wall, leaning against a soil with a plastic behaviour and
Mohr circles (taken from [1])

have just seen that due to equation (5.5) it is:


ϕ
ϕ
σ1 = tan2 45◦ +
σ3 + 2c tan 45◦ +
2
2
and so
σ3 =

σ1
c
ϕ −2
◦
tan (45 + 2 )
tan(45◦ + ϕ2 )

Assuming c = 0 and being
tan(45◦ − ϕ2 ) it has:

2

1
tan2 (45◦ + ϕ
)
2

= tan2 (45◦ −

ϕ
)
2

and

1
tan(45◦ + ϕ
)
2

=


ϕ
σ3 = σ1 tan2 45◦ −
= σ1 Ka
2

(5.7)

σha = σv0 Ka

(5.8)

where Ka is the active earth pressure coefficient.
Then in the general case:
p
σha = σv0 Ka − 2c Ka

(5.9)

If instead we assume a shift δh of the wall inwards (towards the soil), the horizontal
tension increases until it reaches the conditions of passive equilibrium limit, so we
have σhp = σ1 and:
p
σhp = σv0 Kp + 2c Kp
(5.10)
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where Kp = tan2 (45◦ + ϕ2 ).
Obviously the total pressure is obtained integrating previous relations indicated (5.9) and (5.10) along the wall. This solution is obtained under the conditions of equilibrium and the criterion of resistance.
We see that, for the active state, the mechanism of plastic collapse occurs on a
slip plane identified by the angle 45◦ − ϕ2 from the vertical. For the passive state
the mechanism of plastic collapse occurs on a plan identified the angle 45◦ + ϕ2
from the vertical.
As seen so far for situations of a vertical rigid wall with the determination
of the associated stress state has been solved by Rankine in 1857 and is called
“Rankine’s theory”.

5.3

Traditional methods for sheet pile walls

Limit equilibrium methods are commonly used in design practice, mainly to determine the lenght of the sheet pile wall that has to be fixed in the ground. They
can be used for problems where it is easy understand the kinematics, and they are
usually adopted for sheet pile walls without any anchors, or at most with a single
anchor.

5.3.1

Sheet pile walls with any anchors

At the beginning we consider that (figure 5.4) sheet pile wall is subjected to the
active pressure of the retained soil and that under this action, tends to rotate toward
the excavation and compress the soil from the opposite side resulting in passive
pressure, in the part above the center of rotation. Below the point of rotation we
have the passive pressure turned to the retained soil, end the active pressure in
front of the sheet pile wall. Pressure distribution of the soil is different from one
work to another. It changes if we work with incoherent or coherent soils, indeed
in the case of clay, it can also vary over time. Sheet pile wall in incoherent soil can
be designed following the figure 5.5. Calculating of the pressures force is usually
carried out by following the Rankine’s theory, where:
• γ is the weight of the soil;
• Ka and Kp are the active and passive coefficients.
In determining the diagrams of pressure should be taken into account the pressure
of the ground, whether or not immersed, the hydrostatic pressure, if present, and
possible effects of overloading. The calculation proceeds with the following steps
(figure 5.5):
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Figure 5.4: Behaviour of a traditional sheet pile wall (taken from [1])

Figure 5.5: Pressures diagram in the case of incoherent soil (taken from [1])
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• we fix the lenght of D0 , that ranging between 0.7h and 2h, from dense soil
to not dense soil;
• drawing AB, that identifies the passive pressure in front of the work; BC =
D0 γKp ; EF which determines the active pressure behind, CF = (h +
D0 )γKa ; GH with BH=CF, so CH = D0 γKp − (h + D0 )γ K̇a ;
• drawing EI, that identifies the passive pressure behind the work; CI = (h +
D0 )γKp ;
• segment IL represents the active pressure, at the bottom of the sheet pile
wall, due to soil ahead, IL = D0 γKa ; segment CL represents the resulting
pressure;
CL = CI − IL = γ[hKp + D0 (Kp − Ka )]
• b is determined by trial and error, and we draw Lb, which intersects GH in
the point N;
• by calculating the forces:
- Pa active resultant equal to the area EGO;
- Pp passive resultant equal to the area ONb;
- Pp0 passive resultant equal to the area CLb;
and by identifying their point of application (center of gravity of the individual areas);
• position of the b point is acceptable if the equation that represents the equilibrium to horizontal movements is verified:
Pa + Pp0 − Pp = 0
• after satisfying this condition, must be also verified the rotational equilibrium around a point, for example C:
Pa b3 + Pp0 b1 − Pp b2 = 0
where with the letter b are indicated the respective arms of the forces from
the point C.
When we don’t reach equilibrium for any position of the point b, we must increase
D0 . Considering passive pressure we introduce a F coefficient, equal to 1.5 - 2.
Then assuming that the new passive coefficient (that we use in our calculation) is
equal to Kp = Kp /F . This in order to take account on the fact that to mobilize
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Figure 5.6: Pressures diagram in the case of coherent soil (taken from [1])

the full passive pressure, very high displacements are needed, which usually don’t
occur (see figure 5.1). After calculating the depth of piling, the calculation of
the moment on the sheet pile wall can be conducted with the traditional methods
of science of constructions (“Elastic line method”). In case of coherent soil is
possible examine two situations: the first one considers the conditions when the
sheet pile wall is just been planted in the ground, while the second considers the
conditions in the long term. For long term situations we consider a value of zero
for the cohesion of the soil, and then we fall in the same case of incoherent soil.
While something different happens when we analyze the short term conditions,
since the friction angle is put equal to zero, and cohesion has the value of the
cohesion in undrained conditions, c = cu .
The construction of the pressure diagram during the short term conditions is
based on that performed for soils without cohesion, but there are some differences.
Following the figure 5.6, we will explain them:
• we fix the lenght of D0 ;
• by drawing AB, that represents the passive pressure due to the soil ahead.
For Rankine’s theory pp = 2cu + γz. Thus BC = 2cu + γD0 ;
• by drawing E’F, that represents the active pressure behind the work, pa =
−2cu + γz. Thus CF = −2cu + γ(h + D0 ). The pressure furnished by the
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segment ET is not taken in account, beacuse in the reality soil sustains by
itself;
• by drawing GH, that represent the passive pressure resultant in front of the
structure, which is constant along the sheet pile wall, in fact:
pp − pa = 2cu + γz − [−2cu + γ(h + z)] = 4cu − γh
Thus HC = 4cu − γh;
• by drawing E 00 I, equal to the passive pressure due to the soil behind the
work:
CI = 2cu + γ(h + D0 )
• UV indicates the active pressure of the soil in front of the structure, thus
VC = −2cu + γD0 ;
• segment CL, with LI=VC, it represents the pressure due to the soil behind
the structure, at its bottom:
CL = 4cu + γh
.
Then proceed, as for the case of incoherent soil, by fixing by trial and error b, and
checking if the equilibrium equations are satisfied. It is helpfull know that also a
simplified approach exists. It allows to represent the passive pressure behind the
sheet pile wall as a concentrated force and the front like a triangular load. In this
way calculation becomes easier, while you introduce a small error, that anyway
makes the structure safer. In this case, the depth of piling is determined with a
simple rotational equilibrium around the point at the bottom of the structure.

5.3.2

Sheet pile walls with anchors

When the excavation becomes too deep, you can not reach equlibrium by using
the structures presented in the paragraphs above. Althought you reach the equilibrium, the deformations at the top of the structure can not be acepted, because
usually they are not compatible with the work to be performed. Thus in these
cases, when the height is to great or when deformations need to be limited, we
usually put an anchor or more than one in the upper part of the structure. This
version of wall uses cables or other elements anchored in the rock or soil behind
it. Usually driven into the material by boring, anchors are then expanded at the
end of the cable, either by mechanical means or often by injecting pressurized
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Figure 5.7: The fixed earth method for anchored walls (taken from [1])

concrete, which expands to form a bulb in the soil. Technically complex, this
method is very useful where high loads are expected, or where the wall itself has
to be slender and would otherwise be too weak. For these structures there are two
main methods of analysis:
• free earth support, here the base of the pile is assumed to be free to move;
• fixed earth support, here the base of the pile is assumed to be fixed into the
soil.
The appropriate method depends on the relative stiffness of the wall/soil system.
The first method is used when is possible suppose that the sheet pile wall is a
rigid structure. The soil can not reverse the curvature of the sheet pile wall and it
give not rise to negative bending moment at the base of the structure. The second
method is generally used when the structure is flexible, and is assumed that the
last lower part of the structure remains fixed in the soil, with no displacements
(in reality it is almost fixed). These assumptions are justified if, as the sheet pile
walls, the structure is enough flexible, so that the soil is capable of reversing the
curvature on its bottom. For the reasons presented above, in this document, we
will show only the fixed earth support, since we treat sheet pile walls.
For calculate the pressures we use the same method as we used for calculate
them in case of sheet pile walls with any anchors, presented in the figures 5.5 and
5.6. The classical solution (figure 5.7) assumes a deformed shape with, an inflection point I and a point of tangency to the vertical axis N, latter taken at a depth
y = 1.2D0 , and the rotation of the structure around the restrained point O without
any displacements. Again the passive pressure coefficient is reduced by a factor
equal to 1.5 - 2, for taking account of the real displacements that happen. The soil
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reaction below the point N is replaced by a concentrated force R, that can be determined from the translational equilibrium of the beam SN, supported in O and I,
subjected to a load diagram known. In the figure 5.7 we have the graph of the full
pressure, of the simplified pressure, and the moment graph. Proceedings of the
classical theory say to fix D0 , thus find the diagram of moments, then obtain the
graph of the displacements by imposing a vertical tangent in N. Since in general,
at this point, the graph of the displacements will not pass through the reference
point O (fixed point at zero displacement), we will assume a new value of D0 , until when the deformations shape will not pass through O. This procedure is rather
cumbersome, and it does not offer great advantages over the simpler method of
Blum’s beam. In this last method, used only for soil without cohesion and in long
term conditions for cohesive soil, the diagram of the pressures is the same: Blum
hypothesizes a point I where curvature is inverted (where the bending moment is
equal to 0), and he gives an empirical relationship that links the depth of this point
and the friction angle of the soil (figure 5.8). So the sheet pile wall is formed by
two beams (figure 5.9), one upper simply supported in O and I, and one lower
also supported in I and N. Refering to the figure 5.9, the calculation procedure is
developed in this way:
• it is evaluated pa and the depth a where the pressure is equal to 0;
• x is calculated by the graph 5.8;
• it is considered applied in I the force R0 , that is calculated from a rotational
equilibrium around O of the beam OI;
• it is calculated y from a rotational equilibrium around N of the beam IN;
• calculate T by a translational equilibrium for the beam OI;
• calculate R by a translational equilibrium for the beam IN;
• at the end, D0 = 1.2y.
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Figure 5.8: Relationship between x and the friction angle (taken from [1])

Figure 5.9: The Blum’s beam method for anchored walls, diagram of the actions
(taken from [1])
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Chapter 6
Construction and calibration of a
model

Some considerations made in this chapter refer to a scientific norwegian article that we used [12]

6.1

Introduction

In this section we present the path that leads to the formulation of the mathematical
model by the finite element program “Abaqus”. Obviously a real sheet pile wall is
a tridimensional problem, but since one dimension is relevant than the others it is
usually treated as a bidimensional problem. At this point let me insert a note: since
for me was a bit complicate the built of this model, I would write this section to
be helpful for people like me, who must build a model of this type. The difficulty
is not so embedded to the problem, but it is difficult to find texts or articles which
can analyze the following problem, also consulting foreign literature. During the
first part of this chapter, it will be presented the process to built the mathematical
model step by step. The description is specific for this model, so it is possible that
the reader comes across some terms typical from Abaqus’s programming.
The aims of this chapter are to show how we can built a sheet pile wall model
in Abaqus, and to understand which parameters are important for our problem.
To meet this last goal we have to compare the results obtained from Abaqus,
with some data coming from another source. Precisely for this reason, we use a
laboratory test carried out in the Norwegian University of Science and Technology
(NTNU). The entire article used is shown in appendix. They made this test to
compare the reality with the data obtained from another finite element program.
The model consists in a sheet pile wall in a sandy soil, with a strut in the upper
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Figure 6.1: Model sketch

part of it. The excavation in front of the structure is subdivided in 8 different steps,
in each of which it is reached a different depth of digging. The entire experiment
is divided in 9 steps. The reader can find any informations that he requires in the
article attached at the end of this document.

6.2

How is the model built?

We will follow the normal path with which a common model is built in Abaqus:

6.2.1

Create the parts

The model consists of 11 parts. Addition to the structure that represents the sheet
pile wall, we have ten parts that constitute the soil. In turn the soil can be divided
into two categories: permanent soil and removal soil. The first category is composed by the soil in front of and behind the structure which we find at the end of
the excavation process. They are the components that exercise on the structure,
respectively, passive and active pressure, at the end of excavation process. The
other 8 elements are the soil that is removed step by step during the excavation.
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Figure 6.2: Abaqus model

Infact the norwegian laboratory test was performed in 8 steps, each of which is a
step of the excavation.
Planning to place the reference system centered with the top of the structure,
we built the parts of the model, indicating their coordinates of the vertices, using
the dimensions shown in the norwegian test (in mm).
The structure is composed by a beam element, and we indicated it as: 2D,
deformable, wire element. We drawed many segments each of which has as start
and end point two subsequent excavation levels. The second segment, starting
from the top, is divided in two part by a point (called strut point), because in this
point we will apply the force of the strut during the analysis. We defined 2 points:
• strut point, where we apply the force of the strut. It is placed 0.5 m far from
the top of the structure;
• tie point, located at the bottom of the structure.
Then we define 10 surfaces:
• 8 contact surfaces, one for each surface of the beam, which will be in contact
with the removal soil;
• contact beam right, the surface of the beam in contact with the soil to the
right of the structure;
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• contact beam left, the surface of the beam in contact with the soil to the left
of the structure.
Consequentially it was created the soil. Each part of soil was created as: 2D,
deformable, shell, according to the dimensions indicated by the norwegian test.
For each removal soil part they were created 3 surfaces: one for the upper and one
for the lower contact with others removal soil parts, the last for the contact with
the beam. For permanent soil parts it were created 2 different surfaces: one to
simulate the contact with the structure, and the other to simulate the contact with
the other permanent soil part. For this section it remains only the last particularity:
in one of the permanent soil part is necessary to create a point (called tie point)
which is at the same level of the bottom of the structure. The reason for this
operation will be explained in the section about contact.

6.2.2

Materials

The real structure is made by alluminum, therefore it was neccessary create this
material in the model. It is possible modelling it as an elastic material which has
the following features:
• density = 2.7522935 ·10−9 kg/mm3
• Young’s modulus = 69000 MPa
• Poisson’s ratio = 0.15
While the behavior of aluminum is well represented by a model of elastic material,
as we saw in the chapter 3, soil is not at all an elastic material. The accuracy of
the result is closely related to the model used to represent the soil, moreover there
are many models that attempt to simulate it. Models exist for sandy soils, which
are different from those for clay soils. To obtain a good compromise between
simplicity of the model, and accuracy of results, it was decided in the first instance
of using a model of plasticity of the Mohr-Coulomb type. To implement this
model they were inserted the following parameters:
• density = 1.5392456 ·10−9 kg/mm3
• Young’s modulus = 20 MPa
• Poisson’s ratio = 0.2
• friction angle = 35◦
• dilation angle = 2.5◦
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• cohesion = 1 ·10−3 MPa
• abs plastic strain = 0
We note that although the sand used in the test is not endowed with cohesion,
it must be included a number other than zero in the model, to avoid problems
of no-convergence of the calculation. This is a limiting factor, because having
different values of cohesion it mean different behaviours of the soil, even if the
value changes are few tenths of thousandth.

6.2.3

Sections, profiles and beam orientation assignment

First of all we had to create a new profile for the section of the structure. We
adopted a rectangular profile with a base of 1 mm and height of 16 mm. These
dimensions are taken from the article as the other dimensions taken so far. Now
we were ready to create the new sections, one for the beam, and the other for the
soil. The sections created are:
• a beam section, associated with beam profile, and made by alluminium;
• a homogeneus, solid, section, associated with material soil.
Now was important assign to elements the respective sections. Moreover, we
must assign to the beam, a beam orientation. One suggested by default by the
program is fine. After these steps we were ready to create the assembly, through
the appropriate menu of the GUI of the program.

6.2.4

Steps

If we read the norwegian article, is possible figure out that the entire test is subdivided in 9 steps. For this reason we must create 9 different steps. There are 8 steps
where it was done the excavation. One step, the forth, is dedicated to the inclusion
of the strut. To have a greater convergence of the model during the simulation, it
was realized a new step, before all the others. In this step we have the structure
stuck in the ground, still no stage of excavation was initiated, but it was inserted a
gravity load. We will not dwell now on the loads, but it is important to know that
we must also create this step. Ultimately the steps that should be created are:
• step 0, where, we put a gravity load on the entire model;
• step 1, where, we reach the excavation deep of 0.35 m;
• step 2, where, we reach the excavation deep of 0.67 m;
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• step 3, where, we reach the excavation deep of 0.91 m;
• step 4, where, we apply the strut load (5 kN);
• step 5, where, we reach the excavation deep of 1.18 m;
• step 6, where, we reach the excavation deep of 1.52 m;
• step 7, where, we reach the excavation deep of 1.82 m;
• step 8, where, we reach the excavation deep of 2.11 m;
• step 9, where, we reach the excavation deep of 2.30 m;

6.2.5

Interactions

First, we must create two types of contact, by defining two “interaction properties”:
• contact, with the following options:
- normal behaviour;
- tangential behaviour, with a friction coefficient of 0.6.
• kind of tie, with the following options:
- normal behaviour;
- tangential behaviour, with a friction coefficient of 1.
We defined two different kind of interaction:
• 10 interactions of contact type, 8 between structure and surfaces of the removal soil, 2 between structure and permanent soil, one on the left side and
the other on the right side;
• 8 interactions of kind of tie type, between surfaces that are in common between one removal soil part and the next.
Moreover, is necessary manage these interactions during the simulation. Is possible do this with the “interaction manager”. Interactions related to the parts of soil
to be removed were disabled in the step where the respective part to which they
refer was removed. While interactions related to the permanent soil were started
from the initial step, and they were propagated during the entire simulation.
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6.2.6

Constrains

We put two tie constrains. “Tie” means that no displacements are allowed between
the parts that are connected in this way. The first, of this kind of connection, was
placed between the final lower point of the structure and respective point in the
permanent soil. Otherwise soil and structure could have some vertical relative
displacements. The second connection was placed between two surfaces next to
where permanent soil on the right meet the left one. That was for 0.5 m below the
structure.

6.2.7

Boundary conditions

Also in this case there were some boundary conditions that were present for all the
duration of the simulation, while others were suppressed at some step. Conditions
that were permanent are:
• constrain the vertical displacements at the bottom of the model;
• constrain the horizontal displacements on the lateral side of the permanent
soil parts.
Then we created boundary conditions for the lateral side of the removal soil. These
were created for the initial step, and they constrained the horizontal displacement
of those edge. After create them, we organized them with the “boundary conditions manager”. Boundary conditions related to the parts of soil to be removed
were disabled in the step where the respective part to which they refer was removed.

6.2.8

Remove istances during the simulation

There are some commands that can not be executed through the graphical interface
of the program, but they must be writen in the script of the model. Each model is
associated with a script. A script is a text file that reproduce the commands which
create, manage and organize the model. Each time that the user gives a command
trough the GUI, automatically it is also writen in the script of the model. If we
want insert some special commands, we have to write them in the script. This
happened when we wanted remove some parts from the model during the simulation. To do this, we writen in the step where we wanted remove that particular
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*Model Change, type=ELEMENT, remove
remove3-1.1
remove3-1.2
remove3-1.3
remove3-1.4
remove3-1.5
element the following command:
remove3-1.6
remove3-1.7
remove3-1.8
remove3-1.9
remove3-1.10
remove3-1.11
First of all, to get the script, we press the right mouse button on the model name,
and click on “edit keywords . . . ”. Then we have to insert the command given
above. To understand easly how the command works, we explain the example
given above:
• MODEL CHANGE, is the name of the command;
• type = ELEMENT, identifies the type of entity to be changed, in this case
will be an element or more;
• remove, is the type of change to be performed. It is for example also possible
add items;
• remove3-1.1, before the dot, it is indicated the name of the instance that
owns the item, after the dot is writen the number of the element to be removed.

6.2.9

Loads

Load conditions were very simple. The main load which governed the model
is gravity. Thus, it was created a gravity load at the initial step, acting on the
entire model, and was propagated it during the simulation. Gravity is expressed
in mm/s2 , so we introduce a value of -9810 agent in the vertical direction.

6.2.10

How model the strut?

It was source of several considerations. Since the beginning of the problem we
have been looking for ways to model the strut. First of all is important know
when, where and how it acts. The strut was positioned 0.5 m below the top of the
structure, and it appears at the beginning of the fourth step. At the beginning it
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acts as a force of 5 kN/m ( 5N/mm ), and after with its axial stiffness depending
on the displacements of the sheet pile walls. Thus we had to model this behavior.
Modeling what happened until the end of the fourth step was not so difficult.
In fact it was only necessary insert a concentrated force, positioned in the “strut
point” on the structure, and that it acts on the horizontal direction with a value of
5 N. Is important note that this force was deactivated at the end of the fourth step,
because after this moment we had to modeling the axial stiffness of the strut. We
can think to doing it in different ways. Fundamentally the ways designed were
three. Following we try to explain them:
• the first possibility is a “concentrated force”. Obviously it is positioned in
the strut point and it acts in the horizontal direction. As amplitude it is put 1,
and what really governs the amplitude is a distribution. In fact it is created
a new distribution:
5 + 9.5(−X − Dend of f ourth step )
After the fourth step, the strut provides a force that is linearly dependent
from its axial stiffness (EA) and its deformation.
F = EA = EA

∆l
L

“L”, is the lenght of the strut, that is equal to 1 m, that means 1000 mm,and
“∆l ”, is the displacement at the end point of the strut. The problem is that it
has to be given the displacement in the the global reference system. For this
reason we put 5+9.5(−X −Dend of f ourth step ), where X in the displacement
at the beginning of each step, and Dend of f ourth step is the displacement of
the strut point when the strut is apllied. Note that this displacement must be
updated whenever we change a feature of the model;
• the second way is to modeling the strut in a “physical manner”. It is created a new part of the model, to insert it in the assembly. It is modeled as
a 2D-deformable-wire part, and its shape is essentially a simple line, whose
coordinates can be deduced from the norwegian article. It has two extreme
point, one left and one right. It is modeled as a truss element, because its
axial stiffness is much higher than its flexural rigidity. It is created a new
truss section, with 1 as value of the sectional area, and composed by a new
material with no density, but only with a value for the Young’s modulus.
This value represents the entire axial stiffness of the strut. Its right end is
connected with the strut point on the structure, by a “tie” constrain. While
on the other end is applied a boundary condition to fix horizontal and vertical displacements. This new element is actived from the fifth step onward;
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• the last possibility is model the strut as a “fixed boundary condition”. It is
created a new boundary condition that does not allow any displacements. It
is positioned in the strut point of the structure, and it is activated from the
fifth step until the end of the simulation. In this way we model the strut as
an element with infinite axial stiffness.
During some simulations, it was possible to check that the first way to reproduce
the strut was not so good. Principally because the deformation of the strut should
be updated continuously, while the model uses same value of its deformation,
calculated at the beginning of the step, for the entire duration of the step. In this
way we get results that are not entirely true of the real behavior of the structure.
Regard for the other two methods, before making any comment on them, we
present the results. For clarity, we present only the displacements obtained in the
middle of the last step, because they seemed more significant (for the model with
the strut physically modeled was not possible to conclude the simulation due to
convergence problems, therefore we report the results when the simulation has
stopped, that was when 60% of the step was completed). It can be observed
(figure 6.3 and 6.4) that: the maximun displacement obtained in the sheet pile
wall is more or less the same in both the two types of modeling. When the strut is
modeled in a physical manner, the deformation appears to be closer to the results
presented in the norwegian article, this at the expense of greater uncertainty in the
upper part of the structure, where it is not well taken the trend of displacements.
Furthermore, this type of modeling has more problems to converge. For all the
considerations presented above it is considered satisfactory the model where the
strut is simply modeled as an external constraint.

6.2.11

Meshing the parts

Before going on with the simulation, it is necessary to divide the domain of the
problem in small subdomains, this concept is called meshing. As we saw in the
chapter 4, it is basilar for the finite element analysis. First we analyze how it was
created the structure mesh and after the soil mesh.
• Mesh of the sheet pile wall. This part was diveded in element which were
about 100 mm long. Regarding element type, it was chose for: standard
element library, beam family, linear geometric order, shear flexible beam.
This kind of element are called “B21” by Abaqus;
• Mesh of the soil. As is possible imagine, the mesh of the soil is more important than the mesh of the structure, because soil is a “key factor” on the
behavior of the work. For this reason we decided to try different type of
mesh for it, and then we will decide which of them is the most accurate.
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Figure 6.3: Horizontal displacement at the 60% of the last step with the strut
physically modeled

Figure 6.4: Horizontal displacement at the 60% of the last step with the strut
modelled as a boundary condition
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There are several parameters that influence the results of the simulation.
Them are listed below:
- the dimensions of the elements;
- the shape of the elements. Abaqus allows to chose two shape of the
element (in case of two-dimensions problem): one is the triangular
shape and the other is the quadrilateral;
- the geometric order. We can chose between linear and quadratic order. Regarding this, we report that in the Abaqus’ manual it is writen
that the elements with linear order have to be avoided if is possible,
furthermore, these elements appear overly stiff and exhibit slow convergence with mesh refinement. Anyway we will consider them in our
analysis rather than ban them immediately;
- we can chose between two different kind of elements, which differ in
the number of points where the solution is calculated: full integration
or reduced integration. At first sight the second choice would make
us think of a less accurate solution, but again, as the Abaqus’ manual
shows, in case we are using quadratic order, these elements generally
have yield more accurate that corresponding fully integrated elements;
- is possible chose between an 8 or 6 node element. We decided to use
the first, because it appears giving more accurate results.
Now we have to combine these different parameters to see which is the best combination of them.
For do that, we chose to focus attention on the displacement at the top of the
structure at the end of the third step of excavation. This was about 20 mm, as can
be see in the norwegian article. To analyse how the factors listed above influence
the results we chose to run several simulations, we decided for a value of cohesion
equal to 0.001 MPa. Is not so low, but in this way we can have very fast simulations, while having a representations of what we seek. The results (displacement
in mm) are reported in the table 6.1. When the cell is empty, it means that this result was not calculated, because it was not important to understand how the factors
influence the results. Furthermore, reduced integration is not possible if we use
elements of triangular shape. In the end when not found is writed, it means that
the structure didn’t reach the equlibrium. If we take 20 mm as the value of the displacement observed in the norwegian test, and we calculate the ratio between this
and the displacement obtained in our simulation (multiplied by 100 to have a value
expressed in percentage terms), we can better understand the results (table 6.2).
In the figure 6.5, we can see how the two different shape of the element look like.
We reported some results during the last step of excavation. Usually the linear
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Quadrilateral shape
Triangular shape
Dimensions (mm) Integration Linear order Quadratic order Linear order Quadratic order
Full
2.45
500
Reduced
2.69
Full
1.57
2.26
0.84
2.83
400
Reduced
2.60
2.91
Full
2.66
300
Reduced
3.05
Full
2.19
2.72
1.64
2.56
200
Reduced
2.63
2.93
Full
2.56
2.65
2.25
not found
100
Reduced
2.66
2.69
-

Table 6.1: How some meshing factors influence the displacement at the end of
step 3

Quadrilateral shape
Triangular shape
Dimensions (mm) Integration Linear order Quadratic order Linear order Quadratic order
Full
12.25
500
Reduced
13.45
Full
7.85
11.30
4.20
14.15
400
Reduced
13.00
14.55
Full
13.30
300
Reduced
15.25
Full
10.95
13.60
8.20
12.80
200
Reduced
13.15
14.65
Full
12.80
13.25
11.25
not found
100
Reduced
13.30
13.45
-

Table 6.2: Ratio between the simulated and the real displacement (%)
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Figure 6.5: Horizontal displacements reported on the deformed shape of the model
using two different kind of soil mesh
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order gives results less accurate than which are obtained from quadratic order. It
is true that reduced integration elements give results that are better those are given
by the fully integration elements. Another interesting consideration is that: the
accuracy of results depends on the size of the elements in a strange way. There is
a range of values where the solution is more accurate than others, and in this case
this range is from 200 mm to 400 mm for the dimension of the elements. It could
be that this range depends on the dimension of the model, but this phenomenon is
not studied in this work. After the considerations made above we chose to model
the work by quadrilateral shape elements, with quadratic order, and with reduced
integration, because they appear as well accurate as the triangular shape elements,
but they are also most stable elements.

6.3

Considerations about calibration of the model

Calibration was carried in order to be able to build a model, that gives a good
representation of reality. Furthermore the second purpose was to discover the
influence of some parameters on the response of the model. We can think that if a
variation of a parameters hasn’t a big influence on the response of the model, it is
not important define a safety factor for it. So, this operation was completed also
for understand which parameters most influence the results.
The main considerations are presented below.

6.3.1

Cohesion

Since we tried to model the sandy soil that has been used in laboratory test, it
would have inserted a value of zero cohesion. Unfortunately this is not possible in
Abaqus. A zero value of cohesion produce some problem of convergence during
the simulation. Through various simulations, we figured out that this problem
happen also with a small value, close to zero, of the cohesion. So it was necessary
enter a value different from zero. In this way, in the other hand, the soil is a bit
cohesive, therefore the pressure that the ground exerts on the structure is less and
therefore the stresses, found with the finite element model on the sheet pile wall,
are lower.
Cohesion is a very important parameter when we want make some simulations
with sandy soil. This parameter influences a lot the results that we can obtain.
Furthermore, it influences more results, than do the dimension of the elements,
or their shape. To understand this we run some simulations where we change the
value of the cohesion. Focusing our attention, again, on the displacement of the
top of the structure at the end of the third step of the excavation. The results are
reported in the table 6.3, where it can be see that we changed also the dimension
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Quadrilateral shape
Dimensions (mm) c = 1 · 10−3 MPa c = 1 · 10−4 MPa c = 1 · 10−5 MPa c = 1 · 10−6 MPa
500
2.69
13.69
15.31
not found
300
3.05
13.92
15.71
not found
200
2.93
13.58
15.41
not found
100
2.62
not found
not found
not found
Triangular shape
Dimensions (mm) c = 1 · 10−3 MPa c = 1 · 10−4 MPa c = 1 · 10−5 MPa c = 1 · 10−6 MPa
500
2.45
15.86
17.51
not found
300
2.66
14.39
16.44
not found
200
2.56
not found
not found
not found
100
not found
not found
not found
not found

Table 6.3: How cohesion influences displacement at the end of the step 3
Quadrilateral shape
Dimensions (mm) c = 1 · 10−3 MPa c = 1 · 10−4 MPa c = 1 · 10−5 MPa c = 1 · 10−6 MPa
500
13.45
68.45
76.55
not found
300
15.25
69.60
78.55
not found
200
14.65
67.90
77.05
not found
100
13.10
not found
not found
not found
Triangular shape
Dimensions (mm) c = 1 · 10−3 MPa c = 1 · 10−4 MPa c = 1 · 10−5 MPa c = 1 · 10−6 MPa
500
12.25
79.30
87.55
not found
300
13.30
71.95
82.20
not found
200
12.80
not found
not found
not found
100
not found
not found
not found
not found

Table 6.4: Ratio between the simulated and the real displacement (%)

and the shape of the elements during the simulations. All displacements are reported in mm. The displacement of the structure in reality was about 20 mm, and
when it is writen not found, it means that model couldn’t reach the convergence.
We report the ratio between the displacement calculated above and the displacement that really happened in the norwegian structure (ratio is given in the form
of percentage). In this way it is easier understand how solution is close to the
real displacement (see table 6.4). As we can see cohesion its a really important
parameter that influences the model. Unfortunately even if the model had reached
convergence for low values of cohesion at the end of the third step, this did not
happen when we tried to simulate all steps of the stage of excavation. Probably
this happens because the model becomes more complex by adding the missing 6
steps. We tried to get lower value of cohesion but was really difficult, and at the
end we accepted the value of 0.001 MPa. Even with a denser mesh was not possible to fall below this value. Maybe this problem can result from the soil model.
It can be possible that, changing the model of the soil, with one different from the
Mohr-Coulomb, it will be easy put a lower value of cohesion. We reported in the
following pages, the results from this simulation, using the value of cohesion presented above. In this way is possible for the reader make a comparation between
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them and between the real behaviour of the structure. It is obvious to say that an
higher cohesion produces less deformation of the sheet pile wall, and that it would
get better results by reducing the cohesion, but as was pointed out shortly before,
this is not possible.
The results for all the simulation are presented in figures: 6.6, 6.7, 6.8, 6.9,
6.10.

6.3.2

Weight of the soil

One parameter of our calculation can be the weight of the soil. What happen if
we increase it, and what if we decrease it? Can we use a safety factor for it?
The weight of the soil is calculated by Abaqus, starting from the value of material
density and from the value of gravity. Thus if we want to change the weight, the
best solution is to change the value of density. The normal value of soil density
is 1.5392 ·10−9 kg/mm3 (value used in the norwegian test), but we tried different
values of it, and we payed attention on two displacements:
• the displacement at the point at the top of the structure, at the end of the
third step;
• the maximun displacement in the structure at the end of the simulation.
Following our simulations, we can say that: the weight of the soil is a strange parameter. It might think that increasing the weight of the soil, it leads to an increase
of deformations of the structure, since an higher load acting on the structure. Instead this principle is valid only for some parts of the structure, particular for the
top of the sheet pile wall. Infact as we can see in the table 6.5, increasing weight,
entails a greater deformation of the highest point of the structure. Regarding the
maximum displacement, this assumes values with a strange trend by increasing
weight of the soil. Sometimes, although we decrease soil weight, we obtain values of maximum deformation larger, in other cases, regardless of whether the
weight of the soil is increased or decreased, the structure is no longer in balance,
and the simulation fails before reaching the end. This behavior can be explained
Material density (kg/mm3 ) 0.8 ·10−9
0.9 ·10−9
Disp.top step 3 (mm)
0.16
0.20
Max disp step 9 (mm)
1.6
2.14
Material density (kg/mm3 ) 1.4 ·10−9 1.5392 ·10−9
Disp.top step 3 (mm)
1.43
2.18
Max disp step 9 (mm)
not found
9.68

1 ·10−9
0.25
2.85
1.6 ·10−9
2.51
10.58

1.1 ·10−9 1.2 ·10−9 1.3 ·10−9
0.45
0.72
0.99
2
5.11
not found
1.7 ·10−9
2 ·10−9
3.09
4.99
not found not found
-

Table 6.5: How the soil weight influences the displacements of the structure
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Figure 6.6: Results at the end of the step 3 (cohesion = 1 ·10−3 MPa)
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Figure 6.7: Results at the end of the step 4 and 5 (cohesion = 1 ·10−3 MPa)
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Figure 6.8: Results at the end of the step 6 and 7 (cohesion = 1 ·10−3 MPa)
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Figure 6.9: Results at the end of the step 8 (cohesion = 1 ·10−3 MPa)
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Figure 6.10: Results at the end of the step 9 (cohesion = 1 ·10−3 MPa)
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considering that the values of passive and active pressure acting on the structure,
depend on the value of the weight of the soil. If now we think that the balance
of the structure depends on many factors, which include also the passive pressure,
we can see how a decrease in the weight of soil includes a decrease of this stabilizer contribution. For this reason, for particular density values, structure does not
reach equilibrium. For all the considerations listed above, probably the weight of
the soil is not a good factor on which to impose a safety factor. Indeed, as we
have seen so far, it is unclear what causes an its increase or a decrease. So it is
important to have good precision with this parameter of the ground, and use its
value for the particular project situation.

6.3.3

Friction angle of the soil

Another parameter worthy of some words, it could be the friction angle of the soil.
As is possible to learn from any book of geotechnical, this parameter affects both
the active and passive pressure acting on the stucture. The idea was, therefore, also
in this case, observe what happens to the model, if it increases or decreases the
friction angle of the soil. Then it was attempted to construct a table similar to that
reported in the previous section, where we reported the displacements of the same
points, but by increasing or decreasing the friction angle. The results obtained are
collected in the table 6.6. It is easy to see that by decreasing the friction angle,
Friction angle (◦ )
20
25
30
35
Disp.top step 3 (mm)
13.33
7.28
4.14 2.18
Max disp step 9 (mm) not found not found 18.44 9.68

36
1.64
4.31

Table 6.6: How friction angle influences the displacements of the structure

we increase the deformations of the sheet pile wall. For low values of friction
angle is also difficult reach the final convergence of the model. This behaviour
can be explained noting that, if we decrease the friction angle, we decrease also
the passive pressure, contrariwise we increase the active pressure, as can be seen
in chapter 5. Since the passive pressure is the element that opposes to the pressure
of the soil behind the structure, its decreasing progressively leads to the collapse
of the work. For these reasons we can consider the friction angle worthy of a
safety factor.

6.3.4

Dilatation angle

Next parameter that is studied in the dilatation angle of the soil. In the chapter
3, we tried to give a mathematical explanation of this parameter. To understand
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how it can affect the results of our model, it should be better give a qualitative
explanation rather than rigorous and mathematics. The concepts that are now
proposed are taken from an italian article used for some university lectures.[9]
While the friction angle can be considered as an intrinsic mineralogical property of the soil, the dilatation angle is a geometric property, linked to the degree
of interlocking between the particles, and accordingly to the soil density. In fact,
the shear strength of soil depends on many factors, among which the most important, the internal friction between the grains, which is mobilized during the relative
movement between the particles and on their degree of mutual interlocking, which
is increasing with increasing density relative. An higher value of dilatation angle
is typical of a denser soil, which is obviously more resistant. We conducted several
simulations, changing every time the value of the dilatation angle, paying attention to same results that have been discussed so far regarding the other parameters
analyzed. The results found are reported in the table 6.7. Some considerations can
Dilatation angle (◦ )
1.5
2
2.4
2.5
Disp.top step 3 (mm)
2.19
2.19
2.19
2.18
Max disp step 9 (mm) not found not found not found 9.68

2.6
2.18
9.63

15
20
2.01 2.00
8.15 7.69

32
1.97
7.02

Table 6.7: How the dilatation angle influences the displacements of the structure

be made also in this case. Since previously we said that an higher value of dilatation angle represents an higher degree of mutual interlocking between particles,
it is normal see that if we try to increase this parameter, we reach a lower value
of displacements. Furthermore it is possible observe that decreasing the dilatation
angle, under a certain value, the simulation can not find convergence calculation.
For this reason it could be a good parameter on which apply a safety factor. We
said “it could be” because if we pay more attention in the results reported in the
table 6.7, it is possible understand more. Paying attention in the results for the
value of 2.5◦ and 32◦ , we can see that even if we increase significantly the value
of the dilatation angle, we obtain a decreasing of 25% of displacement, that, in
our case, they are few mm. It easy understand as, an error on the determination
of this parameter of the soil, leads to a small error at the end of the project. It is
also important underline that, the dilatation angle doesn’t appear in any traditional
method for the design of sheet pile walls, as we saw in the chapter dedicated to
these methods (chapter 5). For all these reasons, it is believed that is not important
give any safety factor at this parameter.
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Chapter 7
Considerations about safety factors Part 1
7.1

Introduction

The norwegian structure certainly is an excellent work to be studied in the laboratory simple, small, relatively deformable, and lends itself well to be reproduced
by any finite element calculation. It’s good if, as in the case of norwegian laboratory tests, it is necessary compare reality with the results coming out of a program
calculation. Since the test conducted in Norway wanted to analyze the behavior
of the structure, we tried push the limits of the structure and its resistance. Even
in the same article the authors report that “we expected that the structure would
collapse”. In fact, even just simply trying to change some parameter the test, for
example by lowering the friction angle of the soil, we can see that the program
can not find the balance of the structure. This could be a symptom that the structure could be very close to the collapse conditions. So it is obvious that it is not
possible run any analysis about safety factors, it would not make much sense to
do it on a structure close to collapse.
The finite element model so far studied could be considered as a way to calibrate the model, as we said in the chapter about calibration of the model. At this
point we know that the model has produced meaningful results, but not entirely
accurate, and it was possible to focus on some limitations of the model (like the
fact that it is difficult to implement a value of cohesion quite close to 0).
To perform a critical analysis of safety factors suggested by the code is necessary to consider a new structure. Perhaps without anchorage, which is first designed with traditional methods by hand (without considering the safety factors)
is then reproduced in Abaqus. Once it is reproduced, considerations can be made
on safety factors.
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Figure 7.1: Sketch of the structure

Thus at the beginning of this chapter we will design a new structure, using one
of the traditional method, and then, after this, we can make some considerations
about safety factors.

7.2

A free sheet pile wall

We present here the features of the new structure. The sheet pile wall has to retain
a digging depth equal to 4 m, and it is made of steel (figure 7.1), which has the
following features:
• weight for unit of volume = 78000 N/m3
• Young modulus = 210000 MPa;
• Poisson ratio = 0.3;
• an elastic perfectly plastic behaviour, where the yield stress is equal to 235
MPa.
For simplicity soil is a mono-layer homogeneus sandy soil, the ground-water level
is not taken into account. The features of this soil are:
• weight for unit of volume = 15000 N/m3
• Young modulus = 20 MPa;
• Poisson ratio = 0.2;
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• friction angle = 35◦ ;
• dilatation angle = 30◦ ; (it’s a value that usually can be found in the italian
literature)
• cohesion = tried to put as close as possible to 0 MPa.
At this point, we pass through the design of the structure. For do that, we decided
to use the simplified approach that is presented in the chapter about traditional
method (chapter 5). As we said in that chapter, this method allows to represent
the passive pressure behind the sheet pile wall as a concentrated force and, the
front like a triangular load. In this way calculation becomes easier, while you
introduce a small error, that anyway makes the structure safer. The depth of piling
is determined with a simple rotational equilibrium around the point at the bottom
of the structure. We use a value of Kp reduced by the coefficient that means take
in account that to mobilize the entire passive pressure you need big displacements,
that usually do not occur. The value of this coefficient is set on 1.5. Following
that method we find a value for the depth of piling equal to 3.7 m, that satisfies
the rotational equilibrium calculated at the bottom of the structure. At the end the
lenght of the sheet pile wall is 7.7 m.
Once we know the length of the structure and evolution of the loads on it, it is
useful to calculate the stress on it. We may think that the stress which mainly acts
on the structure will be the flexion. In particular it is worth a little explanation,
as we moved from the load path to the bending moment acting on the structure.
For do that we used the theory of “the elastic line”, that can be found in any book
of science of construction. This theory mainly shows the link between load and
deformation in a beam (assuming that its behaviour is explained by the theory of
Eulero-Bernoulli). The main equation of this theory is:
d4 y
EJ 4 = q(x)
dx

(7.1)

where, if we take a beam in horizontally position:
• E; is the young modulus of the material that making up the beam;
• J; is the moment of inertia of the section;
• x and y; are the coordinates of the points of the bar, when a reference system
is fixed at one of the ends of it, and the x-direction is parallel to the bar, and
y is the vertical deformation of the beam;
• q; is the distribuited load that acts on the structure.
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Figure 7.2: Explanation of some parameters used in the traditional method

Denoting by M the bending moment acting on the structure, the same theory explain also that:
d2 y
EJ 2 = −M (x)
(7.2)
dx
so that:
d2 M
= −q(x)
(7.3)
dx2
This is the equation that we used to calculate the bending moment on the structure.
The load q has to be inserted as a function of x-coordinate of the bar, but since, as
is possible see in the figure 7.2, the load is represented by a broken line, it means
that it can not be explained by a continue function. For this reason we split the
bar into two parts, where the load is linear. To facilitate the calculation we choose
two different reference sistems. First of all it was looked for the mathematical
equation of the load, and once it was known, we integrated it twice, in order to
find the equation of the bending moment. Each time you integrate it has to be
added a constant to the equation. These constants will be find imposing some
boundary conditions after. The process is showed below with reference to figure
7.2.
Beam A:
q(x1 ) = γKa x1
(7.4)
d2 Ma
= −γKa x1
dx2
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dMa
1
= − γKa x21 + C1
dx
2
1
Ma = − γKa x31 + C1 x1 + C2
6

(7.6)
(7.7)

Beam B:
−D0 hKp + γ(h + D0 )Ka − γKa h
x2 =
D0
γD0 (Ka − Kp )
= γKa h +
x2
D0

(7.8)

d2 Mb
γD0 (Ka − Kp )
= −γKa h −
x2
2
dx2
D0

(7.9)

q(x) = γKa h +

dMb
γD0 (Ka − Kp ) x22
= −γKa hx2 −
+ C3
(7.10)
dx2
D0
2
x2 γD0 (Ka − Kp ) x32
Mb = −γKa h 2 −
+ C 3 x2 + C 4
(7.11)
2
D0
6
As we can see we have to find 4 constants, that means put 4 boundary conditions
to the problem. The boundary conditions that we thought are listed below:
• Ma (x1 = 0) = 0;
• Mb (x2 = D0 ) = 0;
• Ma (x1 = h) = Mb (x2 = 0);
•

dMa
(x1
dx1

= h) =

dMb
(x2
dx2

= 0).

The first and the second conditions require that the bending moment is equal to 0
and the ends of the structure, because there are no constrains in these points, and
there are no moments applied here. The third of them requires the continuity of
the diagram of the bending moment. To understand the last condition you have to
note that the derivate of the moment is the shear stress, and that the shear function
has a jump in a point of the bar, only if a concentrate force is applied in that point.
In the point where the beam A and beam B are joined there isn’t any concentrate
force load, thus the shear funcion has to be continuous.
By imposing these conditions we obtain these equations:
•
•

C2 = 0

(7.12)

1
− γKa h3 + C1 h = C4
6

(7.13)
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•
−γKa h

D02
D0 (Ka − Kp ) D03
−γ
+ C3 D0 + C4 = 0
2
D0
6

•

1
− γKa h2 + C1 = C3
2

(7.14)

(7.15)

Replacing the last in the third and the third in the second, you may find that:
C1 =

γKa h

D02
2

+ γ D0 (KDa0−Kp )

D03
6

+ 21 γKa h2 D0 + 16 γKa h3

D0 + h
C2 = 0

1
C3 = C1 − γKa h2
2
1
C4 = C1 h − γKa h3
6
Using the constants above, and the equations (7.7) and (7.11) you can draw the
diagram of the bending moment, which is reported in figure 7.3. The maximum
value of the bending moment is 97.1 kNm/m. Now that we have the maximum
value of the bending moment in the structure is possible to design it choosing
the most appropriate section among commercial sections. Paying attention to the
bending’s formula (equation (7.16)) we can calculate the minimum modulus of
resistence necessary to ensure the structural strength to the maximum stress.
σ=

M
W

(7.16)

where M is the bending moment, and W is the modulus of resistence and σ is the
stress in the structural element. If we put the maximum value of stress allowable
(yield stress), and reversing the formula, we can find the minimun value of the
modulus of resistence needed:
Wmin =

Mmax
σamm

97091 Nm/m
2
2 = 414 mm
235 N/mm
Browsing through a catalog of an italian company that produces sheet pile walls
(see the bibliography [10]), we decided for a section with the features reported in
the table 7.1, referring to figure 7.4.
Wmin =
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Figure 7.3: Diagram of the bending moment

Figure 7.4: Dimensions of the chosen section

CODE
b(mm)
AZ 12
670
s(mm) Area(cm2 /m)
8.5
126

h(mm)
t(mm)
302
8.5
4
Moment of inertia(cm /m) Modulus of resistence(cm3 /m)
18140
1200

Table 7.1: Features of the chosen section
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Figure 7.5: Shape and parameters of the chosen section in Abaqus

7.3
7.3.1

Model and results from Abaqus
Introduction to the model

The study of this new structure with the finite elements analysis, was run through
Abaqus. The model constructed is very similar to the model constructed for the
calibration run in the chapter 6.
It is composed by 3 parts, the structure represented by a beam, and two parts
representing the soil in front and behind the structure. The dimensions of the
model are about 10 m height as in width. The mesh is made by plain strain,
quadratic order, quadrilateral shape and with a dimension around 500 mm. The
contact and load conditions are the same like the calibration model. Regarding
boundary conditions, we put the constraint for vertical displacements to the base
of the model, and a constraint for the horizontal displacements on the sides of the
model. Those that are worthy of some comment are the particular characteristics
of this model, which are mainly two. The first is that this simulation is composed
only by one single step, which is called “gravity”. Was not necessary define the
various steps that represent the phase of excavation. In short it is as if the entire
excavation was carried out at once, immediately reaching the final level of excavation. The second particularity is the answer to the problem of: how insert the
section of the real sheet pile wall in Abaqus? As you can see in figure 7.4, the
section that we chose is a tipically, but very complicated, section for sheet pile
walls. Furthermore there isn’t in Abaqus this shape of section. We have to find
a way to implement it in Abaqus. The solution was use another Abaqus’ shape,
and calibrate its dimensions so that the moment of inertia and the sectional area
(and hence even the mass) are equal to that of the chosen section (figure 7.4 and
table 7.1). The shape that it was chosen is the “box shape” as you can see in the
figure 7.5. The thickness decided is uniform, and the value of the parameter “a” is
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equal to 1 mm, because the model is a two-dimensional representation of a much
more extensive work. Then, the equation of the area and moment of inertia were
calculated, and they are reported below (equations (7.17) and (7.18)):
Area = ba − (a − 2t)(b − 2t)
Moment of inertia(J) =

b3
(a − 2t)(b − 2t)3
−
12
12

(7.17)
(7.18)

Since:
A = 126 cm2 /m = 12.6 mm2 /mm
J = 18140 cm4 /m = 181400 mm4 /mm
As you can see is a problem with two unknown variables (“b” and “t”), and it
composed by two equations. Thus it can be solved very easly. The results are:
b = 414.7105 mm
t = 0.0152 mm

7.3.2

Results of the simulations carried

Several simulations were carried out, and following we try to show the most important results obtained. First of all, since we found that the dilatation angle influence in some way the convergence of the calculation, we wanted to figure out
how much a variation of this parameter influences and changes the results. We
carried four simulations, changing the dilatation angle and the friction angle, and
the results obtained are shown in the table 7.2. We reported the displacement at
the top of the structure and the maximum bending moment found at the end of the
simulation. We carried these four simulations with a value of cohesion equal to 1
·10−5 MPa. As you can see there aren’t so much differences between the results
Friction angle =33◦
Dilatation angle = 20◦ Dilatation angle = 30◦
Disp. (mm)
39.25
39.87
Moment (Nm/m)
58695
58251
Friction angle =35◦
Dilatation angle = 20◦ Dilatation angle = 30◦
Disp. (mm)
34.13
33.51
Moment (Nm/m)
52232
51876

Table 7.2: How dilatation angle influence results
obtained with the two different values of the dilatation angle. For example if we
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Friction angle
25◦
25.1◦
Disp. (mm)
not found 135.37
Moment (Nm/m) not found 101456

25.3◦
125.62
99849

25.5◦
117.51
98266

Table 7.3: Results from the collapse analysis with a cohesion = 1 ·10−5 MPa
Friction angle
26.9◦
27◦
27.3◦ 27.4◦
Disp. (mm)
not found 81.59 77.19 75.80
Moment (Nm/m) not found 87748 86162 85562

Table 7.4: Results from the collapse analysis with a cohesion = 5 ·10−6 MPa

focus our attention on the displacements, is possible see that they differ in about
0.5 mm, which is not a value so important in a structural engineering problem like
this.
After that we tried to push the structure to collapse. As we said in the chapter
about the calibration of the model, the best parameter that we can chose in case
of a sheet pile wall in a sandy soil is the friction angle, in particular trying to
decrease it. So we run some simulations with different value of cohesion, trying
to decrease the friction angle. We done it with a value of dilatation angle equal
to 20◦ , because this value provides better results regarding the convergence of the
calculation. In the same way as before, it is reported the maximum displacement
obtained in the extreme top of the structure, and the maximum bending moment.
The results are reported in the tables 7.3 and 7.4. If we want to compare the
safety factors provided by the codes, we have to calculate them starting from the
results obtained by Abaqus’simulations. In the case of the friction angle, usually
the safety factor is formulated in this way:
SF =

tan ϕ
tan ϕreduced

(7.19)

where ϕ is the real value of the friction angle, ϕreduced , is the angle reduced by the
use of the safety factor. Using equation (7.19), we build the tables 7.5 and 7.6.
In the figures 7.6, 7.7, 7.8, 7.10, 7.11, 7.9, we report some results obtained
from the simulatons, in terms of displacements, bending moment and deformed
shape of the model.
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Friction angle
25◦
25.1◦ 25.3◦ 25.5◦
SF
not found 1.416 1.405 1.393

Table 7.5: Safety factors from the collapse analysis with a cohesion = 1 ·10−5
MPa
Friction angle
26.9◦
27◦
27.3◦ 27.4◦
SF
not found 1.313 1.298 1.293

Table 7.6: Safety factors from the collapse analysis with a cohesion = 5 ·10−6
MPa

Some important considerations can be made after presenting the figures 7.9,
7.10 and 7.11.
First of all the assumption of the simplified method appears to be justified.
The point around which the structure rotates is very close to its lower end, so
therefore that the passive pressure behind the sheet pile wall spreads over a very
small height. For this reason the resultant force of the passive pressure can be
neglected. Even if actually the simplified method doesn’t neglects this force, but
it places the force in a point where it is not taken into account during the balance
to the rotation.
The second important consideration is that is justified also reduce the passive
pressure coefficient. In fact as you can see in the figure 7.6, if we take the displacement in the middle of the structure, ie the maximum displacement that generates
passive pressure, it is around 32.37 mm, and it spreads on a lenght of 3700 mm.
Now we can calculate the percent ratio between the displacement and the height
where it spreads. Focus our attention in the figure 5.1 we can see that, for a ratio
of 0.79 %, and assuming an average behavior of the land between the two lines
shown in this graph, we find a value of Kp about 2.5. This is a value very close to
that we used in our calculation during the simplified method, that is equal to 2.45.
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Figure 7.6: Displacements next to collapse (cohesion = 1 ·10−5 MPa)

Figure 7.7: Bending moment next to collapse (cohesion = 1 ·10−5 MPa)
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Figure 7.8: Horizontal displacements of the model near to collapse (cohesion = 1
·10−5 MPa)

Figure 7.9: Horizontal displacements of the model near to collapse (cohesion = 5
·10−6 MPa)
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Figure 7.10: Displacements next to collapse (cohesion = 5 ·10−6 MPa)

Figure 7.11: Bending moment next to collapse (cohesion = 5 ·10−6 MPa)
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Traditional method FEM (cohesion = 1 ·10−5 MPa) FEM (cohesion = 5 ·10−6 MPa)
97091
101456
87748

Table 7.7: Values of maximum bending moment (Nm/m) with different analysis

7.3.3

Considerations about results

Several considerations can be made on the results. Following we try to show them
and make some comments.
If we compare the graph of the bending moment obtained by traditional method
(figure:7.3) and with that obtained from Abaqus (figure:7.7), we can see that:
• the trend of the two graphs is very similar to each other, it changes only
the final part down. Particularly what changes is the curvature of the graph.
This is due to the fact that: the trend of passive pressure envisaged in the
traditional method is different from that in reality you get. In the final part
of the structure down, the displacements are very small, and therefore, as
we have said many times, the coefficient of passive pressure that must be
considered in these cases is significantly lower than that used in the practice
of traditional method;
• the maximum value of the moment is very similar in both methods. Of
course, is certainly not the same value, but the order of magnitude is similar. This means that even the simple traditional method captures well the
development of stresses. First of all you must think that the value obtained
with a cohesion closer to zero, should be a more reliable value. Known
this you can see that if we give more credit to the results obtained with a
lower value of cohesion, the traditional approach overestimate the value of
maximum moment, so we design a structure more secure.
Again, as was also possible see during the calibration of the model, we note that
cohesion is an extremely important parameter, from which the results depend significantly. Compared to the model built to simulate the norwegian structure, this
new model is certainly closer to an accurate behavior, since it was possible to
substantially lessen cohesion. Cohesion greatly influences the outcome, and consequently also influences the value of the safety factor that we set out to find.
Furthermore we run some simulations to see how cohesion affects the value of the
safety factor. Results are reported in the figure 7.12. Before compiling the graph,
we expected a linear link between cohesion and the safety factor: greater cohesion will translate into an higher safety factor. What we obtained is different. The
graph tells us that cohesion is a very important factor, and we must pay attention
when we decide its value. The graph shows how is important the value of cohe103
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Figure 7.12: How cohesion affects safety factor value

sion that the designer decides ti use, and once again it underlines how cohesion
extremely affects the results.
Since in real life the sandy soil cohesion is practically about zero, you tend to
believe the most important results obtained with the lowest value of cohesion.
Regarding safety factors we consider valid a safety factor to be applied to the
tangent of the friction angle, varying between 1.3 and 1.4, as the table 7.5 and 7.6
suggest, or even the figure 7.12. For the reasons written in the previous paragraph
we tend to consider more appropriate a safety factor closer to 1.3, for example we
can suppose a factor:
SFtan ϕ = 1.32
(7.20)
It is very important to note that: the value of safety factor that is found for the
tangent of the angle of friction is in full agreement with that shown by the code.
It is noted therefore that the value of this safety factor provided by the legislation
fits very well to designs for sheet pile walls using a finite element analysis, and
we achieve with a good approximation the same result using different methods:
in one hand, the traditional method without take into account any safety factors
provided by the legislation, and the other a design with a finite element model that
takes into account of them.

104

Chapter 8
Considerations about safety factors Part 2

In this chapter we use a freeware program called “ProSheet 2.2” realized by ArcelorMittal company [11]

8.1

Introduction

So far we found that is possible obtain the same results with two different approachs to the sheet pile wall design: using the traditional methods, otherwise a
FEM analysis of the structure using the safety factors. This, as we saw so far, is
valid for a free sheet pile wall. What about the sheet pile walls that include an anchor? Is the same reasoning valid? In this chapter they are presented some results
obtained for this kind of structures.

8.2

A sheet pile wall with anchor

We present here the features of the new structure. The sheet pile wall has to retain
a deep of excavation equal to 7 m, and for this, in practice, is necessary provide an
anchor, usually placed in the top of the structure. It has the function to garantee
the balance of the structure, even to decrease its displacements (figure 8.1). Both
the anchor and the structure are made of steel, which has the following features:
• weight for unit of volume = 78000 N/m3
• Young modulus = 210000 MPa;
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Figure 8.1: Sketch of the structure

• Poisson ratio = 0.3;
• an elastic perfectly plastic behaviour, where the yeild stress is equal to 235
MPa.
For simplicity soil is a mono-layer homogeneus sandy soil, the ground-water level
is not taken into account. The features of this soil are:
• weight for unit of volume = 15000 N/m3
• Young modulus = 20 MPa;
• Poisson ratio = 0.2;
• friction angle = 35◦ ;
• dilatation angle = 30◦ ; (it’s a value that usually can be found in the italian
literature)
• cohesion = tried to put as close as possible to 0 MPa.
For design this sheet pile wall is used the Blum’s theory as we present in the last
section of the chapter 5. For do that, we used a freeware program: ProSheet 2.2.
This can be found in the internet network, since the company ArcelorMittal has
made it freely downloadable via its website. We following report the presentation
made by the same company for ProSheet 2.2 : “Comprehensive Sheet Pile Design
Software for Cantilever and Anchored Wall Systems according to the Blum theory. The ProSheet 2.2 defines all the forces required for determing a sheet piling
structure”.
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So here are presented the results obtained using this program.
First of all is necessary insert the parameters of the problem: geometry and
soil features. Regarding the choice of method it’s chosen the “fixed earth support”. The program automatically calculates the coefficients of active and passive
pressure, after having given the friction angle. This is acceptable for the calculation of active pressure, but not for the passive, as we have seen that the coefficient
for this is reduced by a factor F, which takes into account that not all of the passive pressure is mobilized, since displacements are not so high. Fortunately, the
program provides that the value of the coefficient of passive pressure may also
be entered by hand. As for the factor F, we choose a value of 1.75, since it is an
intermediate value to those suggested by the traditional method.
The program provides tabular and graphics results. Some charts are presented
in figure 8.2, 8.3, 8.4, since they are more intuitive. In the lower part of the figure
, the graph has a strange behaviour: there is an horizontal stroke, that indicates
a concentrated force. This is due to the Blum’s method, which replaces the final
part of the graph of pressures on the sheet pile wall, with a concentrated force.
The main considerations cover the maximum bending moment, the piling depth
and the maximum stress in the anchor. Regarding the maximum moment we can
see that this is placed in the upper part of the structure, about a depth of 5 m,
and its value is about 114000 Nm/m. Generally the maximum moment is always
placed in the upper part of the structure, but even occurs a maximum moment in
the lower part of the structure, which tends to bend the structure in the opposite
way. This occurs below the point of inflection. What is important for the designer
is the maximum value of moment, indipendently from the its sign. Since, even by
changing the geometry of the problem, the upper moment is always larger than the
lower one, will be the first such to govern the choice of the section of the sheet pile
wall. Since the structure is virtually subject only to bending, using the equation
(7.16), it is possible calculate the minimum modulus of resistence, that is equal
to:
Wmin = 485 mm2
After found this data, we consider satisfactory in this case the same section that
we chose in the previous chapter, whose geometric characteristics are listed in the
table 7.1, referring to the figure 7.4.
The program supplies also the piling depth that checks the balance of the structure. Referring to the Blum Theory presented in the chapter 5, is possible find the
depth y, which, according to what is provided by the program, is equal to:
y = 11.771 − 7 = 4.771 m
At this point, always referring to Blum’s theory, the piling real depth is equal to:
D0 = 1.2y = 5.7 m
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Figure 8.2: Total pressure on the sheet pile wall

Figure 8.3: Shear force on the sheet pile wall

108

CHAPTER 8. Considerations about safety factors - Part 2

Figure 8.4: Bending moment on the sheet pile wall

Then this will be the geometry to be implemented in Abaqus.
The latest information that we can take, on the results of the program, concern
the force acting on the anchor. This is subject only to normal stress and must be
able to withstand a force of 50000 N, as shown by the graph of cross force (figure
8.3). The normal stress (σ), in the anchor which has area A, subjected to the force
F , is equal to:
σ=

F
A

(8.1)

If we reverse the formula, and substitute instead of σ, the value of σyield , we obtain
the minimum value of sectional area A, to be assigned to the section of the anchor.
In this case we obtain:
F
Amin =
σyield
Amin = 212.77 mm2
This is the minimum value of the area to be assigned to the section that will characterize the anchor while modeling it using Abaqus.
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8.3
8.3.1

Model and results from Abaqus
Introduction

As previously was done in the chapter 7, it was decided to build a finite element
model in Abaqus, in order to compare the results that will obtained from it, with
those from the traditional method. First of all some considerations will be made
about how the model was built, then move on to analyze the results.
Basically the model is quite similar to that realized for the case of free sheet
pile wall, since materials are the same, even the kind of problem is the same. Geometry is obviously changed, and with this the dimensions of the model. Boundary conditions haven’t to disturb the result of the model, and to make this, since
the excavation depth is increased, they were increased also the dimensions of the
problem, for example it was considered an expansion of 18 m behind the structure,
and 10 m in front of it. Regarding the type of elements used we opted for quadratic
order, quadrilateral and reduced integration, since as we saw in the chapter about
calibration, this kind of element provides the best results as regards this type of
problem.
As we saw before, the dimension of the element is also important for the accurancy of the results. We saw that it seems exists a particular dimension that
maximizes the accurancy of the solution. Elements should be neither too large
nor too small. Since now the model is larger than that of the previous chapter, we
decided for a dimension bigger than that used before. We fixed the dimension of
the element in about 800 mm. This dimension is also a good compromise between
accuracy of results and computational cost content.

8.3.2

How model the anchor

One factor worthy of some consideration is the modeling of the anchor. As had
already been done in the model calibration with the strut, this can be modeled as a
boundary contidion, or physically as a new entity. In this document the results of
three different approaches are reported on, which were all carried out to compare
differences. When the anchor is modelled as a boundary condition, this is just a
constrains, positioned in the structure in the point where the anchor it supposed
connected, that is at the depth of 1 m from the top of the structure. This does
not allow displacements, but it permits rotations of the sheet pile wall around the
point where it is applied. In the other hand when the anchor is phisically modeled,
this is done creating a new entity with a truss section. It is made by steel, with
the sectional area calculated before in this chapter. Its lenght is about 6.70 metres.
This is achieved by paying attention to the fact that the end point of the anchor
must be outside of active pressure wedge, which is tilted to the horizontal line
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As Boundary condition
Phisically modeled
Phisically modeled with bulb

Mmax + (Nm/m) Mmax − (Nm/m)
29524
65066
30485
63168
59266
65796

Table 8.1: Maximums moment with the three approaches

passing through the foot of the structure of an angle of:
α = 45◦ +

ϕ
2

where ϕ is again the friction angle of the soil. The lenght of the anchor, which
influences the extent of axial deformation of the anchor, it can be easly calculated
by some simple trigonometric considerations.
Then we have two different sub-approaches, one of them is to put at the end
of the anchor on the right side, a boundary condition, that doesn’t permit any displacements. In this way we take into account the axial rigidity of the anchor. The
other way is to modelling also the bulb of the anchor. This latest was modelled
by a infinitely rigid element, of circular shape, with a diameter of 40 cm, and it
was tied with end of the anchor. We chose a rigid element instead of a traditional
element, because in this way we can have better convergence of the model. Using
this last approach we take into account the interaction between soil and bulb of
the anchor. As we understood during this project, if we use a more complicated
model, is difficult with this get close to the collapse state (it is difficult put down
the value of the features of the soil). Since we more complicated the model now
(modelling also of the bulb) was difficult carry out the simulation with lower values of cohesion or friction angle. So we carried a simulation to compare the three
different approaches with cohesion=1 ·10−4 MPa and friction angle=35◦ .
The moment graph and the horizontal displacements are presented in figures
8.5, 8.6 and 8.7. In the table 8.1 the maximums moments are collected. In the
third model the structure shows a displacement, in the point where the anchor is
positioned, equal to 2.8 mm from the start position.
The first thing that can
be observed is the perfect consistency in maximum moment value from the three
different approaches. Indeed, even if there are some differences, they are almost
insignificant in engineering. This result was expected, since the axial stiffness, of
the anchor, is very high, so consequently the deformations that it permits are very
small.
Another particularity that we can see is that when we phisically modelled the
bulb, the difference is not so big, between the two main values of the bending
moment, which happens in the other two approaches. If we pay attention in the
figure 8.4, also the traditional method showed the same result: the main values of
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Figure 8.5: Anchor modeled as a boundary condition
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Figure 8.6: Anchor phisically modeled
113

8.3 Model and results from Abaqus

Figure 8.7: Anchor and bulb phisically modeled
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cohesion = 1 ·10−6 MPa ϕ = 27.6 ◦

Mmax + (Nm/m) Mmax − (Nm/m)
44861
107902

Table 8.2: Results from with two different values of cohesion

cohesion = 1 ·10−6 MPa ϕ = 27.6 ◦

SF
1.28

Table 8.3: Results from with two different values of cohesion

the moment are not so different. In conclusion we can say that: the third model is
surely the model which better represents the reality of the problem, but its problem
is that we can’t use it with small values of cohesion and friction angle. So we have
to conclude that the best of the approaches is the first, because it gives good results
in moment and with it we can get close to the equilibrium limit state (small values
of cohesion and friction angle).
So according to the above, we chose to continue with the study of this structure, by modeling the anchor as a simple boundary condition.

8.3.3

Results and some considerations

After found the better way to model the anchor, we tried to push to collapse the
structure. So, keeping costant the value of cohesion, it was tried to decrease the
value of the friction angle, as already we done in the chapter about the structure
without anchor. The lowest value of cohesion that we tried is 1 ·10−6 MPa. It
was also tried to decreasing further the value of cohesion, but without any results.
The model has shown some convergence problems. In the figure 8.8 and 8.9, they
were reported some results regarding the lower value of cohesion, in particular
displacements and the bending moment. The results are also reported in the table
8.2. The safety factor related to the results shown in the table 8.2 is presented
in the table 8.3. The definition of safety factor is the same as in equation (7.19).
Before performing some considerations about safety factors, we can observe that
the reduced value of the coefficient of passive pressure chosen is justified. Indeed,
being the maximum displacement equal to 32.29 mm that develops over a height
of 5.7 m, the percentage ratio between displacement and height is equal to 0.56 .
If you look at the figure 5.1, at the value of the ratio just calculated, an average
value of coefficient of pressure is very much similar to the value we chose. Thus
the hypothesis we performed can be considered correct.
The graph of the moment is not perfectly similar to that found by traditional
method, or rather it is only part of it. Fortunately, what is similar, it is the most
significant part. The maximum value of bending moment is consistent in the two
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different methods (which is what governs design of the structure). The lower
part of the graph proposed by both methods is not similar to each other. This
is due to the model that we used, because it is not so similar to reality (as we
saw in the previous paragraph), furthermore the traditional method is a method
that simplifies the determination of soil pressures on this part of the structure.
As already said, what counts most is the great similarity of values of maximum
bending moment.
Regarding to the most important considerations we can say that: the value of
safety factor obtained is again very close to the value suggested by the codes.
Once again we get the same results following the two different approachs: on
the one hand traditional method, which can be found in any manual of geotechnical engineering, in the other hand the finite element analysis, but using in the
latter case, the safety factors.
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Figure 8.8: Displacement with a cohesion = 1 ·10−6 MPa

Figure 8.9: Moment with a cohesion = 1 ·10−6 MPa
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Chapter 9
Conclusions
Conclusions show different questions, to which we tried to give an answer during
the writing of this document.
• Are the parameters on which activate a safety factor proposed by the codes
righteous? Which are the parameters on which is fair apply a safety factor?
Which are the parameters that mainly influence the analysis?
Studying sheet pile wall, there are features which are not worthy of any
safety factor. Some of them, like the dilatation angle for example, they
don’t have influence so much on results of the simulation. Someone else,
like the weight of the soil, it is difficult for them understand how they influence the simulation, particularly it’s not so clear if to getting closer to the
collapse state, we have to increase or decrease their value. Studying more
than anything else sheet pile wall in sandy soil, we found that cohesion is
one of the most important parameter, which greatly influence the results of
the simulation. We noted that using Abaqus, it’s not always possible to use
small values of cohesion, or at least small enough to have a negligible error
on the results. So we have to pay the maximum attention to the results that
we obtain;
• Are safety factors proposed by the codes righteous?
Regarding the value of the safety factors provided by the codes (Eurocode 7
or NTU 2008), in our analysis we found that it is right. After analyzing the
problem we think that the codes are a bit incomplete, and a bit unspecific
regarding the design of these works. Since we understood the difficulty
to identify if a feature is an action or a resistence on the sheet pile wall,
codes could focus more on this field, providing to the professional some
instructions more detailed and specific to this kind of works. For example,
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the codes provide a safety factor on the weight of the soil, which seems to
be unsuitable after the results found in this work;
• Which are the methods with which we have to use the safety factors? Latters
should be used in traditional methods? Or during a finite elements analysis?
Or maybe are they good for both the approaches?
As already mentioned in the chapters prior to, another lack by the codes is
that they provide the safety factors, but they do not specify by what method
of calculation they should be used. During our work we found that is possible to reach the same result (stresses, displacements, etc.) by following two
different paths: in one hand the traditional methods usually provided by the
literature, and in the other hand by a finite element analysis, but using in
the latter case also the safety factors. So we can say that the safety factors
proposed by the codes, they should be used if the design is conducted with
a FEM analysis.
Developping the different models with finite element analysis, we noted that is
better to use a model, which is as simple as possible. The problem is that more
we complicate and we enriche the model by details, more the simulation becomes
unstable, and it’s difficult to achieve its convergence. During our simulations more
we complicate the model, more we had to increase the value of cohesion, and thus,
results obtained were affected by error.

9.1

Possible future works

• use a soil model more appropriate to the sandy soil;
• reply to the same questions presented above, but using a coherent soil. Probably in case of coherent soils, it should be right have a safety factor on the
cohesion and another on the friction angle. It could be interesting study how
they interact each other, and if their values remain the same if we consider
both of them at the same time;
• it could be study more complex cases, with a more complex soil stratigraphy
and there isn’t a single homogeneous layer of soil, or even take into account
the presence of groundwater, etc.
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Appendix A
The norwegian tests

This part of the document is taken from a scientific article developed by Norwegian University of Science and Technology
NTNU [12]

This appendix presents some laboratory test permormed at the Norwegian University of Science and Technology (NTNU). Using this data we tried to adjust a
finite element model. This operation is very important, infact if we want to use a
computer model of a sheet pile walls, we must be sure that our model corresponds
as closely as possible to reality. This is the main purpose of the adjustment. To
complete this operation is necessary to compare the solution proposed by the computer model with an exact know solution. As exact know solution we adopted this
norwegian article following presented, so that the reader can then compare the test
laboratory results with the solution proposed by the finite element model.
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Figure A.1: Article pag.1
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Figure A.2: Article pag.2
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Figure A.3: Article pag.3
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Figure A.4: Article pag.4
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Figure A.5: Article pag.5
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Figure A.6: Article pag.6
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Figure A.7: Article pag.7
128

CHAPTER A. The norwegian tests

Figure A.8: Article pag.8
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Figure A.9: Article pag.9
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Figure A.10: Article pag.10
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Figure A.11: Article pag.11
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Figure A.12: Article pag.12
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Figure A.13: Article pag.13
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