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In het Kennisprogramma Natte Kunstwerken (KpNK) werken Deltares, MARIN, 
Rijkswaterstaat en TNO samen aan de kennisontwikkeling om de vervangings- en 
renovatieopgave bij natte kunstwerken (stuwen, sluizen, gemalen en storm-
vloedkeringen) efficiënt en kostenbesparend aan te pakken. 

 
 
 
 

                

  
Voor het kennisprogramma wordt er jaarlijks een inhoudelijk Kennisplan inclusief 
bijbehorend financieringsplan opgesteld. Andere partijen (zoals waterschappen 
en marktpartijen) worden nadrukkelijk uitgenodigd om deel te nemen. 
 
Meer informatie over het Kennisprogramma Natte Kunstwerken vindt kan 
worden gevonden op www.nattekunstwerkenvandetoekomst.nl waar ook de 
onderzoeksresultaten ter beschikking worden gesteld. 
 

 
De samenwerking binnen het Kennisprogramma Natte Kunstwerken vormt de 
uitwerking van de onderzoekslijn “Toekomstbestendige Natte Kunstwerken” 
binnen het Nationaal Kennisplatform voor Water en Klimaat (NKWK). Dit kennis-
platform brengt Nederlandse overheden, kennisinstellingen en bedrijven bij 
elkaar om samen te werken aan pilots, actuele vraagstukken en lange termijn-
ontwikkelingen op gebied van water- en klimaatvraagstukken. 
 
Meer informatie staat op www.waterenklimaat.nl. 

 



 
 
 

 
 
 
 

 
 



Kennisprogramma Natte Kunstwerken 
Kennisplan 2018 

 
 

 

Voorwoord 

Sluizen, stuwen, gemalen en stormvloedkeringen zijn belangrijke assets van beheerders zoals 
Rijkswaterstaat en de waterschappen. Een groot deel van deze natte kunstwerken bereikt komende 
decennia het einde van de (technische) levensduur waarvoor het is ontworpen. Er dient zich dan ook 
een aanzienlijke vervangings- en renovatieopgave van deze kunstwerken aan. 

De laatste jaren wordt steeds meer gezocht naar mogelijkheden om levensduur van kunstwerken te 
verlengen, en om bij einde levensduur (noodzakelijke) ingrepen aan gebiedsontwikkelingen en/of 
functionele/netwerk ontwikkelingen te koppelen. Rijkswaterstaat heeft daartoe als asset manager een 
vernieuwde werkwijze voor het Vervanging en Renovatie (VenR) proces opgesteld, welke de basis 
vormt voor de inrichting van het Kennisprogramma Natte Kunstwerken (zie Figuur 1). 

 

Figuur 1.   Vernieuwde RWS-werkwijze Vervanging en Renovatie. 

In het Kennisprogramma Natte Kunstwerken wordt kennis ontwikkeld die bijdraagt aan de 
verschillende stappen binnen deze vernieuwde VenR-werkwijze, met als focuspunten stap 1 
(prognoserapport) en stap 2 (regio-analyse en -advies). Het prognoserapport richt zicht op de (einde) 
technische levensduur, het regio-advies brengt met name de relatie object-netwerk-gebied in kaart. 
 
Het onderzoek in het Kennisprogramma Natte Kunstwerken vindt plaats langs de onderstaande  
3 onderzoekssporen en heeft tot doel om een effectieve en efficiënte aanpak van de vervanging- en 
renovatie-opgave en nieuwbouw van natte kunstwerken mogelijk te maken: 
 
 bestaand object - inzicht in (einde) technische levensduur 

- levensduurverlenging 
    object-systeem - inzicht in (einde) functionele levensduur en 

object-systeemrelaties 
    nieuw(e) object/objectonderdelen - toepassen innovaties 

- inspelen op toekomstige ontwikkelingen. 
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Sinds enkele jaren is er het Nationaal Kennisplatform voor Water en Klimaat (NKWK). Hieronder lopen 
diverse onderzoekslijnen. Eén van de onderzoekslijnen is “Toekomstbestendige Natte Kunstwerken”. 
Voor het praktisch laten functioneren van deze onderzoekslijn is er een Samenwerkingsovereenkomst 
Natte Kunstwerken en een Kennisprogramma Natte Kunstwerken opgesteld: 
 

 Samenwerkingsovereenkomst Natte Kunstwerken. De partijen die momenteel binnen deze 
overeenkomst samenwerken aan onderwerpen rondom de vervangings- en renovatieopgave 
bij natte kunstwerken zijn Deltares, MARIN, Rijkswaterstaat en TNO. 

 In het kader van de bovengenoemde Samenwerkingsovereenkomst Natte Kunstwerken en 
de 3 onderzoekssporen van het Kennisprogramma Natte Kunstwerken wordt er jaarlijks een 
inhoudelijk Kennisplan inclusief bijbehorend financieringsplan opgesteld. 

 
Naast de genoemde partijen zijn en worden andere partijen nadrukkelijk uitgenodigd om deel te 
nemen aan de Samenwerkingsovereenkomst Natte Kunstwerken en/of het Kennisplan. Inzet kan 
zowel in kind en/of financieel zijn. In het Kennisplan 2017 is er binnen het kader van 
Kennisprogramma Natte Kunstwerken samengewerkt met Acotec BV, Arcadis en ArcelorMittal. 
 
Resultaten uit het Kennisprogramma Natte Kunstwerken worden gedeeld met de gehele sector, onder 
andere via de website www.nattekunstwerkenvandetoekomst.nl. 
 
De hierop volgende samenvatting heeft betrekking op het onderliggende onderzoeksrapport “The 
influence of soil embedment on local instability of a Class 4 profile”. Dit onderzoek is geleid door 
Deltares in het kader van het Kennisplan 2018. In verband met de Algemene Verordening 
Gegevensbescherming is het originele Deltares rapport ten behoeve van het publiceren op de website 
alleen qua persoonsgegevens, maar niet qua inhoud aangepast. 
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Samenvatting 

The influence of soil embedment on local 
instability of a Class 4 profile 
Aanleiding 

Voor een meer kosteneffectieve betrouwbare toepassing van stalen damwanden is een (fysisch) meer 
realistisch rekenmodel van de constructie nodig waarmee de invloed van de dominante onzekerheden op 
het gedrag kunnen worden beschouwd. Een van deze onzekerheden is het knikgedrag (lokale instabiliteit) 
van dunwandige stalen damwanden (als gevolg van corrosie) in combinatie met een inbedding van de 
damwand in de omringende grond. Op dit moment is er geen inzicht in hoeveel extra capaciteit inbedding 
door de omringende grond deze (conform de indeling in Eurocode 3) klasse 4 profielen biedt; dit aspect 
wordt in ontwerp en beoordelingen dan ook volledig verwaarloosd.  

 

Onderzoeksvraag en -opzet (WAT) 

Er wordt verwacht dat de inbedding van een stalen damwand door de omringende grond een positieve 
invloed zal hebben op de capaciteit van deze constructie, omdat deze inbedding de lokale knikeffecten 
onderdrukt. De grootte van de invloed zal afhangen van de grondsoort waarin de damwand is ingebed. 
Vooral bij dunwandige stalen damwanden kan dit aspect voor de capaciteit van belang zijn.  

Het onderliggende rapport presenteert de resultaten van een verkennende onderzoeksfase met behulp van 
het Eindige Elementen Methode (EEM) programma PLAXIS 3D waarvoor de volgende doelen zijn gesteld: 

1) Verificatie: in hoeverre kan PLAXIS 3D lokale knikeffecten met plaatelementen modelleren? 
2) Zijn de effecten van inbedding in de omringende grond op lokale knik van de damwand significant? 

Dus is het de moeite waard om de effecten van inbedding nader te onderzoeken? 

 

Onderzoeksaanpak en -methode (HOE) 

De aanpak heeft allereerst bestaan uit een verificatie dat PLAXIS 3D (ten minste enkele) mogelijkheden 
heeft om lokale knikeffecten en de invloed van bodeminbedding te evalueren. Vervolgens zijn analyses 
uitgevoerd van een aantal vereenvoudigde situaties met behulp van een plaatelement met een slankheid 
van 1,00 (i.e. plaatbreedte = 300 mm, plaatdikte = 6,5 mm), waarbij de grondsoort die de inbedding van het 
plaatelement ‘verzorgt’ is gevarieerd van (slap) veen tot en met (sterk) zand. 
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Onderzoeksresultaten en synthese 

De resultaten uit de verschillende PLAXIS 3D-analyses van een eenvoudig plaatelement suggereren: 

 Slappe, normaal geconsolideerde grond (zoals veen en zachte klei) heeft slechts een beperkte 
positieve invloed op de piekweerstand tegen lokale knik van het beschouwde dunwandige plaat-
element. De winst van ondersteuning door inbedding in de omringende grond is minder dan 5%. 

 Stijve klei en los zand hebben een grotere positieve invloed op de piekweerstand tegen lokale knik 
van het beschouwde dunwandige plaatelement. De winst van ondersteuning door inbedding in de 
omringende grond is meer dan 5%. 

 Voor platen met een slankheid groter dan 1,00 zal de impact van de ondersteuning door inbedding 
in de omringende grond naar verwachting groter zijn. 

 De invloed van ondersteuning door inbedding in de omringende grond op het gedrag na optreden 
van lokaal plooien (post-buckling behaviour) is nog niet verder onderzocht, mogelijk dat de grond 
inbedding hier ook een positieve bijdrage kan leveren. 

 

Evaluatie en vooruitblik 

Op basis van de positieve resultaten van dit verkennende onderzoek op een eenvoudig dunwandig 
plaatelement wordt verder onderzoek naar de positieve effecten van inbedding door de omringende grond 
op de constructieve sterkte van dunwandige damwanden aanbevolen. Hierbij zou een meer realistische 
schematisering van de damwand kunnen worden aangehouden. 
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1 Introduction

1.1 Background
In the research programme Hydraulic Structures (Dutch: Kennisprogramma Natte
Kunstwerken) the Dutch knowledge institutes Deltares, TNO and Marin develop in
cooperation with the Dutch Ministry of Infrastructure and Water Management (Dutch:
Rijkswaterstaat) knowledge to prepare for the vast replacement task of old Hydraulic
Structures in the Netherlands.

The aim of the research programme is to develop knowledge that allows:

• To make an efficient use of technical and functional remaining life expectancy.
• To design a new structure:

– Were innovative solutions can be used for.
– That is adaptable to future needs.

In relation to an efficient use (maximum residual life) of existing hydraulic structures it is
essential that the structure can be realistically modelled and as such the dominant
uncertainties can be reduced. One of these aspects is the behaviour of thin walled steel sheet
piles in combination with a soil embedment.

1.2 Thin walled steel sheet piles (Class 4)
Due to corrosion effects the thickness of sheet piles will reduce. When sheet piles become so
thin walled that they experience local instability effects (“buckling”) they are referred to as
Class 4 type sections in the jargon of Eurocode. As a result their capacity has to be reduced
significantly using the current Eurocode approach due to local instability (“buckling”) effects.
In this current Eurocode approach the positive influence of soil embedment is not accounted
for.

It may however be expected that the soil embedment will have a positive influence on the
capacity as it supresses local buckling effects. At this moment however there is no insight in
how much extra capacity (different types of) soil embedment gives and also no agreed
method to quantify this effect.

Local buckling is a complex structural mechanism. This mechanism is in general studied with
structural finite element (FE) programs such as DIANA or ABAQUS, which have specific tools
to deal with buckling (e.g. efficient methods of applying initial eccentricities and dealing with
post-buckling behaviour). It is however known that the FE program PLAXIS also has, at least
some, possibilities to analyse local buckling effects. When using the plate elements in
combination with the so-called updated mesh functionality global buckling effects can be
reproduced. Advantages of PLAXIS are the good possibilities to deal with soil and soil-
structure interaction behaviour. Disadvantage is that the program lacks the specific tools
mentioned to deal with buckling.
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1.3 Goal
The following overall goal is set:

How much extra capacity do, local buckling sensitive, Class 4 sections have when embedded
in soil?

To achieve this goal a mixed approach has to be used, i.e. a combination of numerical work
and experimental work.

This report presents a preliminary phase and has set the following sub-goals:

• Verification: to what extend can PLAXIS 3D model local buckling effects?
• Are the effects of soil embedment on local buckling significant, i.e. is it worthwhile to

further investigate the effects of soil embedment?

1.4 References
[1] Tjepkema and Maljaars “Verschil in toetsmethoden plooigevoelige elementen”, Bouwen

met Staal 2012.
[2] EN 1993-1-1:2005, Design of steel structures – Part 1-1: General rules and rules for

buildings (“Eurocode 3”).
[3] EN 1993-1-5:2006, design of steel structures, part 1-5: plated structural elements.
[4] EN 1993-5:2007, design of structural structures, part 5: piling.
[5] PLAXIS manuals, www.plaxis.com

1.5 Glossary of terms

FE Finite element
Column buckling /
Euler buckling

When a column is subjected to compressive stress, buckling may occur. Buckling
is characterized by a sudden vertical and sideways deflection of a structural
member. This may occur even though the stresses that develop in the structure
are well below those needed to cause failure of the material of which the structure
is composed.

Plate buckling / local
buckling

A plate is a 3-dimensional structure defined as having a width of comparable size
to its length and a thickness very small relative to its other two dimensions. Similar
to columns, thin plates experience out-of-plane buckling deformations when
subjected to critical loads. Just like the column the plate will show a positive post-
buckling behavior. However the plate has a more reliable post buckling strength
and as such this behavior is, in some situations, taken into account in practical
engineering.

Class A cross section classification method to identify the extent to which the resistance
and rotation capacity of cross sections is limited by its local buckling resistance.

DIANA, Abaqus Finite element packages primarily aimed at structural analysis while allowing also
for modelling soil

PLAXIS Finite element package primarily aimed at soil and soil-structure interaction
analysis while allowing also for structural analysis. The program consists of a 2D
(plain strain) analysis tool and a full 3D analysis tool.

CAD A CAD program allows for fast and efficient creation of amongst others (3D)
geometries that can be imported in a FE package

Geometrically (non-)
linear behavior

When an (FE) analysis does not take second order effects into account, e.g. in the
case of buckling the additional bending moment caused by the additional sideways
deflection, it is said to be geometrically linear. When it does take second order
effects into account it is said to be geometrically non-linear. In PLAXIS
geometrically non-linear effects can be included when activating the so called
“updated mesh” functionality

Physically (non-) linear
material behavior

When an (FE) analysis does not take plastic material behavior into account, e.g.
the possibility of yielding for steel, it is said to be physically linear. When it does
take this behavior into account it is said to be physically non-linear
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2 Relevant theoretical background

2.1 Classification of cross sections
EN 1993-1-1:2005 [2] uses a classification of cross sections. As stated in paragraph 5.5.1. of
[2] the role of cross section classification is to identify the extent to which the resistance and
rotation capacity of cross sections is limited by its local buckling resistance.

As mentioned in paragraph 5.5.2. of [2] distinction is made between 4 Classes of cross
sections, see Figure 2.1 and Figure 2.2.

Figure 2.1 Eurocode distinguishes between 4 classes of cross sections [2]

Figure 2.2 The relation between bending moment capacity and rotation for the different classes
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For the determination of a certain class for a compressed plate element Eurocode 3 [2]
furthermore distinguishes between:

• Internal elements = elements supported on both sides.
• Outstand elements = elements not supported on both sides.
• Also see Figure 2.3.

Example of internal element Example of outstand element
Figure 2.3 Internal vs outstand compressed element according [2]

Furthermore Eurocode 3 [2] distinguishes/mentions:

• The “type of compression”, i.e. pure bending, pure (uniform) compression and
intermediate effects (combination of bending and compression).

• Shear lag effects should be taken into account. Shear lag is a concept used to account
for uneven stress distribution in connected members where some but not all of their
elements (flange, web, leg, etc.) are connected.

• Eurocode 1993-1-5 [3] discusses in plane loading. Effects of out of plane loading are
outside the scope.

In this document the following situation is analysed:

• A Class 4 element.
• An internal compressed element.
• Pure uniform compression.
• No shear lag effects.
• In plane loading.

2.2 Initial eccentricities
When discussing buckling effects it is important to think about initial eccentricities. In order for
buckling to occur an initial eccentricity is required. Although the final bearing capacity of a
Class 4 (plate) element is not dependent on the initial eccentricity (assuming it is reasonably
small compared to the dimensions of the element), the load-displacement behavior of the
element up to failure is dependent on the specified initial eccentricity. In practical engineering
it always has to be assumed there is an initial eccentricity that triggers buckling. Eurocode 3
[2] specifies values for the eccentricity to be taken into account.

When using FE for analyzing buckling, initial eccentricities can basically be applied in two
ways:
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1 By applying a geometrical eccentricity.
2 By applying a load, causing an initial lateral displacement.

When working with PLAXIS and using approach 1) the geometry ideally has to be prepared
with a separate CAD program. PLAXIS itself offers too few tools to efficiently create a
complex structural geometry using plate elements with initial eccentricities.
Here approach 2) is used with PLAXIS. This approach allows for a fast and efficient way of
applying an initial eccentricity. However the applied eccentricity is not a typical sinus shaped
form. As a result also some initial stresses are introduced in the structure which are not
present using method 1).

When analyzing a structure one can distinguish:

• Geometrical non-linear behavior: second order effects due to displacements are taken
into account.

• Physical non-linear behavior: the maximum allowable yield stress of the material is
taken into account (next to the elastic behavior).

When in PLAXIS the initial eccentricity is applied using a lateral load then, by definition, it is
needed to account for geometrical non-linear behavior using the so called Updated Mesh
functionality in PLAXIS. Only this way one can take the initial eccentricity into account that
triggers the buckling. Else the beam would be perfectly straight and will not buckle.

In other more structural oriented FE programs such as DIANA or Abaqus there is more
functionality available to account for (initial) eccentricities, this way allowing for a geometrical
linear analysis while still taking initial eccentricities into account.

2.3 Column buckling (Euler buckling)
The Euler buckling theory is extensively described in literature, see for example “Mechanics
of Materials” by Timoshenko. When a column is subjected to compressive stress, buckling
may occur. Buckling is characterized by a sudden vertical and sideways deflection of a
structural member. This may occur even though the stresses that develop in the structure are
well below those needed to cause failure of the material of which the structure is composed.

The formula derived by Euler for long slender columns with a hinge on both sides, is given
below:

F = p2 EI / L2

were:

F [kN]  critical buckling load.
EI   [kNm2]  bending stiffness of the column.
L [m]  buckling length.

In practical (Civil Engineering) design the load is always kept (well) below the critical buckling
load for a column.

Note that in principle an elastic compressed column displays stable post-buckling behavior,
i.e. the load capacity still increases after the theoretical buckling load, see Figure 2.4. This
effect is not taken into effect in practice since pure elastic materials do not exist in reality.
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During post-buckling the stresses in the structure very quickly increase causing failure by
yielding of the material.

Figure 2.4 Load-displacement behaviour of a column under a vertical load

2.4 Plate buckling (local buckling)
A plate is a 3-dimensional structure defined as having a width of comparable size to its length
and a thickness very small relative to its other two dimensions. Similar to columns, thin plates
experience out-of-plane buckling deformations when subjected to critical loads. Just like the
column the plate will show a positive post-buckling behavior. However the plate has a more
reliable post buckling strength and as such this behavior is, in some situations, taken into
account in practical engineering.

To verify the possibilities of PLAXIS 3D to predict local buckling, use has been made of a
(Dutch) article by Tjepkema and Maljaars [1] which has been published in the Dutch
magazine Bouwen met Staal 2012. In appendix A this article is discussed in more detail.

The article [1] discusses amongst others a FE model which is set up in DIANA using the
following parameters:

• An internal compressed plate field with length/width ratio of 7/1. A principle sketch of
the situation is given in Figure 2.5.

• The boundaries of the plate are hinged supported.
• Material behavior is elasto-plastic with a yield strength (fy) of 355 N/mm2.
• Three plates are analysed with slenderness ratios (lp) of 0.67, 1.0 and 1.75.
• Results are presented for load against deformation:

– Load is normalized: sav / fy in which sav is the average normal stress in the plate.
– Deformation is normalized as the maximum out of plane deformation (dw) against

the width of the plate (b)
– Figure 2.6 shows the result for a slenderness of 1.00. The other results are shown

in appendix A.

The results of the FE analyses give good insight in the physics involved when analysing plate
buckling.
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Figure 2.5 Principle sketch of the compressed internal plate element, taken from [1]

In Figure 2.6 the results of the different FE analyses made are shown for a plate with a
slenderness of 1.00:

• Horizontal blue dotted lines are the (theoretical) elastic critical buckling loads.
• Green dotted lines represent the post-buckling behavior of a plate with linear elastic

material behavior without initial imperfections. Note that the fact that this line has an
upward trend can be explained by the fact that after buckling the supported edges of
the plate can sustain more load than the middle of the plate. The calculation is
geometrically linear.

• The dark blue dotted lines are valid for a plate with linear elastic material behavior with
initial imperfections. The applied initial imperfection, according to the 1st buckle shape
with an amplitude of dw;i / b = 0.002, is in accordance with table C2 from EN1993-1-5
[3]. The influence of the imperfections shows as the difference between the green and
blue lines.

• The orange curves with bigger dots show the plastic capacity of the plates for different
values of the initial imperfection. In contrast to the other curves the orange curves are
the result of multiple calculations (each larger dot represents one calculation). In each
analysis the plate has elastic-plastic material behavior. The calculation however is
geometrically linear, so the effect of an increasing deformation is not taken into account
in the calculated stresses. The orange curve shows that with an increasing initial
deflection the capacity decreases, this is the effect of the increasing initial bending
moment in the plate.

• Finally the red continuous curves show the result of an elasto-plastic and geometrical
non-linear analysis including the effect of an initial imperfection. Such a type of analysis
is the best approximation of reality. It is clear that the red line is “confined” by the blue
and orange lines.



18-10-0041, Version 1.0, November 30, 2018, final

Kennisprogramma Natte Kunstwerken Toolbox MMI - The influence of soil embedment on local
instability of a Class 4 profile

8 of 26

Figure 2.6 Results of the FE analyses in the article of Tjepkema and Maljaars [1] for a slenderness of 1.00
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3 PLAXIS 3D verification

3.1 Column buckling (Euler buckling)
A calculation has been made using the FE program PLAXIS 3D to verify the ability of the
available plate elements to predict column (Euler) buckling. For this a column like structure (a
vertical plate of 1 m width and a length of 10 m) has been loaded vertically. Use has been
made of the updated mesh functionality. A small initial horizontal eccentricity has been
created using a small horizontal load in the middle of the plate.

The following input is used:

• EI = 1000 kNm2/m.
• n = 0.
• L = 10 m.
• Plate width = 1m.
• Elastic plate.
• Theoretical buckling load F = p2 * 1000 / 102 = 98.7 kN/m.

Figure 3.1 Load-displacement diagram of PLAXIS calculation of a plate subject to compression load (blue line).
Theoretical Euler buckling load indicated with red line.

It is concluded that PLAXIS 3D is able to give a good estimate of the theoretical Euler
buckling value.

Note that in PLAXIS the load capacity is still increasing beyond the theoretical buckling load.
This effect is in line with the theoretical case with an elastic beam as described in chapter 2.

3.2 Plate buckling (local buckling)
In PLAXIS 3D a verification is made based on the examples shown in the article by Tjepkema
and Maljaars [1]. See appendix A for the back ground on this article. A PLAXIS 3D model was
set up with the same starting points as those used for the elaborated case with lp = 1.00 in
[1], which corresponds to a Class 4 profile as explained in Appendix B.
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A plate width (b) of 300 mm has been chosen, which is assumed to be a realistic estimate of
the width of a flange of a sheet pile. The corresponding plate thickness (t) is set to 6.5 mm to
find the desired slenderness of 1.00. And for the length (l) of the plate a value of 2100 mm is
chosen to find the same length to width ratio as used in the article by Tjepkema and Maljaars
[1].

Note that the absolute dimensions of the plate are in principle not relevant for a buckling
analysis, it is the slenderness (width to thickness ratio) that is relevant.

For the situation with an elasto-plastic plate PLAXIS also requires additional input on the
plastic section modulus Wp and the yield stress fy. It should be noted that PLAXIS cannot
predict the real strength of the plate, for all possible combinations of bending moment and
normal force, with one parameter set. As such the user has to make a choice for the situation
at hand for the PLAXIS input of Wp and the yield stress. The choice made here has been
further elaborated in Appendix D. The resulting input has been shown in the table below.

Table 3.1 PLAXIS input derived, also see Appendix D

A variation has been made using the following lateral loads to generate the initial eccentricity:

• Using a triangular surface load over the whole plate surface.
• Using a triangular line load matching the elastic buckle shape.

Also see Figure 3.2.

Parameters for a compressed internal plate
E 210000 N/mm2
nu 0.3 -
eta 1 - from EC3
b\ 300 mm
l 2100 mm length - width ratio = 7:1
t 6.5 mm
fy 355 N/mm2
eps 0.81 -
k_sigma 4 - for eta = 1

l_p 1.00 - relative slenderness
r 0.78 - reduction factor on plastic capacity

sig_E 89.1 N/mm2 elastic (euler) buckling stress
sig_cr 356 N/mm2 elastic critical plate buckling

l_p 1.00 - check, sqrt (fy/sig_cr)

PLAXIS Input
Wplastic 1.06E-05 m3/m
fy;plaxis 408 N/mm2 = fy multiplied with 1.15
Mp;plaxis 4 kNm/m
Np;plaxis 2654 kN/m
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Figure 3.2 Different ways of applying initial eccentricity: Triangular surface load on whole plate (left), Triangular line
load in middle of plate matching the expected buckling shape (right)

It was decided to use the triangular line load, see Figure 3.2 (right side), that matches the
expected buckling mode as this generates a smoother load – displacement curve. By
applying the triangular surface load over the whole plate, see Figure 3.2 (left side) actually the
first buckling mode for the length of the plate is applied. During the calculation PLAXIS
however abruptly switches to the final buckling mode for this length over width ratio causing a
non-smooth load-displacement line.

Note that there can be many other ways of applying the initial eccentricities. Due to project
restraints only two ways have been investigated here. In Eurocode 3 [2] specifications are
given on the magnitude and shape of the initial eccentricities.

The following boundary conditions are applied on the plate:

• Left and right boundary: x, y direction no displacement, z direction free.
• Bottom boundary: x, y and z direction no displacement.
• Top boundary: x, y direction no displacement, z direction free.
• No rotation fixities on any boundary.

The following phasing is used in the PLAXIS 3D model:

1 Activate plate and boundary conditions.
2 Apply lateral load (causing initial eccentricity).
3 Apply vertical load using elastic plate.
4 Apply vertical load using elasto-plastic plate.
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The results of the analysis for a plate slenderness of 1.00 are shown in Figures 3.3 - 3.7.

Figure 3.3 Horizontal deflection in y-direction (perpendicular to plate) for the elastic plate lp = 1.00
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Figure 3.4 Horizontal deflection in y-direction (perpendicular to plate) for the elastic plate lp = 1.00

Figure 3.5 Horizontal deflection in y-direction (perpendicular to plate) for the elasto-plastic plate lp = 1.00
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Figure 3.6 Horizontal deflection in y-direction (perpendicular to plate) for the elasto-plastic plate lp = 1.00

Figure 3.7 Structural plastic points for the elasto-plastic plate lp = 1.00
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The load displacement curves for the elastic and elasto-plastic calculation have been plotted
against the results in Tjepkema and Maljaars [1] in Figure 3.8.

In general it is concluded that PLAXIS 3D using plate elements is able to reproduce the
behavior of a compressed internal plate reasonably well. As such this calculation can serve
as a first reference to further quantify the effect of soil embedment in this preliminary
investigation.

The following additional comments can be made with the general conclusion:

• By applying an initial eccentricity in line with the expected buckling shape a smooth
load-displacement curve is found. However still the eccentricities in PLAXIS are
applied in a simplified manner as compared to the reference calculation causing some
differences between both solutions.

• PLAXIS is not able at this moment to accurately model all combinations of bending
moment and normal force with one parameter set (see discussion in Appendix D).
This also causes some differences between both solutions.

• For the elastic plate solution the differences between the reference calculation and
the PLAXIS solution tend to become bigger for larger deflections. This is caused by
the fact that the reference elastic calculation is a geometrical linear calculation while
the PLAXIS solution is taking geometrical non-linear behavior into account.

• The ideally compressed internal plate element is analysed with PLAXIS 3D. This
situation has resemblance with the compressed flange of a U-type sheet pile in
bending, also see Appendix C. As such it is seems reasonable that conclusions for
the ideally compressed plate element are also relevant for sheet piles.
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Figure 3.8 Comparison of the PLAXIS results with the reference calculation for lp = 1.00. The yellow continuous
line should be compared with the dashed black line (PLAXIS versus reference for the linear elastic
situation). The purple continuous line should be compared with the red continuous line (PLAXIS versus
the reference for the elasto-plastic situation)

Final remarks:

• The analyses presented here have been performed in a load-controlled manner. This
approach was deemed acceptable since first focus in this preliminary analysis was on
the peak strength and not so much on post-peak behavior. It has however been verified
that a displacement controlled manner generates the same results.

• Mesh size has been varied within the analyses and the impact on results investigated.
The mesh size used in the presented calculations was sufficiently small such that no
significant influence on the results is present.
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4 Effect of soil embedment

4.1 Introduction
To gain more insight in the effect of soil embedment on the load capacity the elasto-plastic
plate element with a slenderness of 1.00 from the previous chapter is analysed again. The
behavior of this model without soil embedment has been verified against a reference solution,
as discussed in chapter 3. In this chapter a “soil embedment” is added to this model. The way
the soil embedment is modelled is done in a simplified manner with a number of different
approaches. In Table 4.1 the different approaches are shown.

Approach Comment
0 Only an elasto-plastic plate element Base model, verified against reference

solution from literature [1]
1 Using a linear elastic medium on both

sides of the plate;
Plate element with elastic medium on both
sides of the plate.

2 Using a linear elastic medium on only
one side of the plate;

To gain more insight in the effect of a one or
two sided soil support, the soil is only applied
on one side.

3 Using a linear elastic medium on one
side of the plate and using an interface
element with tension cut off;

By applying an interface one can take soil
structure interaction into account, i.e.
allowing the soil to slide along the plate. By
setting a tension cut off in the interface the
soil cannot exert tensile forces on the plate.

4 Using an elasto-plastic (Mohr Coulomb)
medium on one side of the plate and
using an interface element with tension
cut off

By switching to a MC material one can limit
the amount of compressive stress the soil
can sustain.

Table 4.1 Different ways of modelling a soil embedment in PLAXIS 3D.

The described stepwise approach in Table 4.1 was aimed at gaining more insight in the
following aspects:

• Soil is a stress dependent material, i.e. without any stress the material has no strength
and no stiffness. So in a FE model this requires setting up a large model with sufficient
volume to generate realistic stress levels or alternatively apply external loads on a small
soil volume to generate the desired stress level. Both approaches are possible but will
result in a more complex model. Applying a linear elastic medium directly around the plate
allows for a relatively simple model and low calculation times. For this preliminary phase
the latter approach was chosen. However a number of (possibly unrealistic) effects take
place in this approach:

o An elastic “soil” is able to support the plate by means of compressive and tensile
stresses on both side of the plate, which does not seem realistic because soil is
not able to generate significant tensile stresses over a longer period. On the other
hand it is known that in the soil a certain horizontal compressive stress (e.g.
active, neutral (K0) or passive) is present. This stress will act on one side or both
sides of the plate (depending on the exact situation). If the plate wants to buckle
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this means that on one part of the plate the compressive soil stress will increase
while on another part the compressive soil stress will decrease. The latter
situation may be modelled to some extent using an elastic material. It is not
directly clear to what extend this is realistic.

o The “soil” is not able to slide along the plate, generating more support than in
reality.

• By adding a so called interface to the plate the soil is able to slide in vertical sense
along the plate, thus accounting for the soil-structure interaction which is more
realistic.

• By setting the tensile stress of the interface to (an almost) zero value one can get rid
of tensile stresses. This way a situation is simulated where the soil can only exert
compressive stresses to the plate. Whether this is more realistic cannot directly be
said, it is dependent on the situation.

• By applying a Mohr Coulomb material instead of a linear material one can limit the
amount of compressive stress the soil can sustain which is more realistic.

It is noted that all calculations have been made in a drained manner, so no excess porewater
pressures are generated during loading. Whether this is more realistic cannot directly be said,
it is dependent on the situation.

4.2 Approach 1 Linear elastic medium
A linear elastic medium is added on both sides of the plate element, see Figure 4.1. In total
three different stiffness values have been evaluated representing roughly three different types
of soil (under a drained loading):

• E = 100 kPa, representing extremely soft cohesive soils.
• E = 1,000 kPa, representing normally consolidated soft cohesive soils
• E = 10,000 kPa, representing overconsolidated clays or loose sands.

Figure 4.1 Model set up with linear elastic medium on both sides of the plate (top of soil hidden to show plate
element)
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Figure 4.2 Results of analysis with linear elastic medium on both sides of plate

From the in Figure 4.2 presented results it is concluded that the influence of a soil
embedment with a stiffness of 100 kPa is minor and for 1000 kPa is small. For a stiffness of
10,000 kPa there is a significant influence.

Additional remark
In Figure 4.3 (and some of the other figures in this chapter) it may be noted that at the end of
some of the load-displacement curves a small amount of “softening” is observed, i.e. a lower
load capacity with ongoing deformations. This behaviour is the result of the use of the so-
called arc-length control in PLAXIS. Due to the arc-length control unloading is possible to
more accurately determine the failure load. The “softening” behaviour is therefore more a
numerical than a physical effect.

4.3 Approach 2 Linear elastic medium, one sided
Applying the elastic medium now only on one side, see Figure 4.3, prevents an unrealistic
effect of the elastic support (medium supports plate by compression and tension). By applying
a linear elastic medium on only one side one can simulate the effect of soil on both sides that
can only provide support by means of increase of compressive stress.
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Figure 4.3 Model set up with linear elastic soil on only one side of the plate (deformations on exaggerated scale)

Figure 4.4 Results of analysis with linear elastic medium on only one side of plate

From the in Figure 4.4 presented results it is concluded that the influence of a soil
embedment with E = 10,000 kPa has reduced compared to elastic soil on both sides.

4.4 Approach 3 Linear elastic medium, one sided, with interface (no tension)
In some cases it may be considered that the soil only connects to the plate on one side. In
this case one also should not allow for the tensile stresses in our soil. By applying an
interface with tension cut off one can do so. Additionally the interface allows for sliding
between soil and plate which is more realistic. The interface is modelled as a MC material
model with c = 1 kPa, f = 30° and Rinter = 0.67 and tension cut off is 1 kPa.
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In Figure 4.5 can be seen that only at the locations where the plate wants to move laterally
into the soil compressive stresses are generated, hence only at those locations the soil
provides support.

Figure 4.5 Model set up with linear elastic soil on only one side of the plate with interface (no tension)

Figure 4.6 Results of analysis with linear elastic medium on only one side of plate with interface (no tension)

From the in Figure 4.6 presented results it is concluded that the influence of a soil
embedment with E = 10,000 kPa and with interface without tension has reduced compared to
elastic soil on only one side.
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4.5 Approach 4 Mohr Coulomb soil, one sided, with interface (no tension)
In the previous run with elastic soil quite high compressive stresses in the elastic medium are
found. The elastic medium is infinitely strong, real soil of course is not. To investigate the
influence the elastic soil with E = 10,000 kPa is replaced with an elasto-plastic (MC) soil with
the same stiffness but now a cohesive strength of 50 kPa (phi is zero), see Figure 4.7.

Figure 4.7 Model set up with MC soil on only one side of the plate with interface (no tension) (deformations on
exaggerated scale)

Figure 4.8 Horizontal stresses with MC soil on only one side of the plate with interface (no tension)
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Figure 4.9 Plastic points in the soil with MC soil on only one side of the plate with interface (no tension)

Figure 4.10 Results of analysis with MC soil on only one side of the plate with interface (no tension)

As can be seen from Figure 4.8 and Figure 4.9 indeed the compressive stress on the soil is
reduced. This is caused by the fact that the soil is becoming plastic locally and thus less stiff,
giving less support to the plate. The additional effect in the in Figure 4.10 presented results of
an elasto-plastic soil however seems small compared to the result of the previous run with
linear elastic soil with E = 10,000 kPa stiffness.
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4.6 Comparison of all results for E = 10,000 kPa
It is interesting to further compare the results for all runs with a stiffness of E = 10,000 kPa,
see Figure 4.11, as for these cases the most significant effect was present.

Figure 4.11 Comparison of all results for a soil with stiffness E = 10,000 kPa

When comparing the results it becomes clear that the overall (strength and stiffness) behavior
of a plate embedded in soil is a function of at least:

• The stiffness of the soil.
• The strength of the soil.
• The initial horizontal stresses of the soil (the K0 state) on the sheet pile.
• Whether the soil is in contact with the plate on one or two sides.
• Whether the soil can slide along the plate (which in general it can).

The results of the analyses made here for a plate with a slenderness of 1.00 suggest the
following:

• Soils with a stiffness of 100 to 1000 kPa have minor positive influence on the peak
strength of a compressed plate element.

• Soils with a stiffness of 10,000 kPa have a more significant positive influence on the
peak strength. The gain in peak strength is 5% (= 0.82/0.78) for the approach with one
sided MC material, interface and a tension cut off.

• The approach with one sided MC material, interface and a tension cut off is expected to
be on the conservative side as for example the positive effect of initial horizontal soil
stresses is not included in this approach.

• The positive influence (suppressed softening) of soil support on post peak buckling
behavior has not yet been investigated.

• For plates with a higher slenderness (lower thickness with the same width) the relative
effect of the soil embedment will increase.
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5 Conclusions and recommendations

5.1 Conclusions

Verification
PLAXIS 3D has (at least some) possibilities to evaluate local buckling effects and the
influence of soil embedment.

In this report the case of the “ideally compressed internal plate element” with a slenderness of
1.00 is used for the verification of PLAXIS 3D. This situation has resemblance with the
compressed flange of a U-type sheet pile in bending. As such it is seems reasonable that
conclusions for the ideally compressed plate element are also relevant for sheet piles.

Quantification
The influence of the soil embedment is analysed in a simplified manner for a plate with a
slenderness of 1.00 in this preliminary phase. The results of these analyses suggest the
following:

• A large number of variables play a role (soil stiffness, plate stiffness, one/two sided
support, interface, soil stresses, soil strength, drained/undrained, etcetera).

• Soft NC soils as peat and soft clay have minor positive influence on peak buckling
strength of Class 4 profiles. The gain of soil support is less than 5%.

• Stiff clays and loose sands have a more significant positive influence on peak buckling
strength of Class 4 profiles as compared to NC peat and soft clay. The gain of soil
support is more than 5%.

• For plates with a slenderness larger than 1.00 the impact of the soil embedment will be
larger.

The positive influence (suppressed softening) of soil embedment on post peak buckling
behavior has not yet been investigated.

5.2 Recommendations
Further insight in the soil structure interaction for thin walled sheet piles is expected to be
useful for practical (deterministic) designs and assessments but also for the next generation
(probabilistic) assessment tools. Based on the positive results of this preliminary
investigation, further research on the effects of soil embedment on structural strength of thin
walled sheet piles is therefore recommended.
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Illustration
To further illustrate the potential of soil embedment on thin walled sheet piles use is made
of Figure 5.1. As mentioned in the conclusions the influence of soil support will increase
with increasing slenderness. This effect is sketched in Figure 5.1 with a yellow band on
top of the theoretical unsupported buckling capacity (red dashed line). The height of this
band is subject of further research.

Note that Figure 5.1 is the same figure as presented in appendix B. This figure shows the
capacity of an ideally compressed internal plate as function of the full plastic capacity
(dashed red line) without soil support. The Class definitions shown are slightly different
from those in Appendix B and are now based on those for a U-type sheet pile as
discussed in appendix C. Furthermore it can be noted that the (in this report) analysed,
situation for a plate with a slenderness of lp = 1.00 is close to the boundary between
Class 3 and 4.

Figure 5.1 Illustration of the idea how the positive effect of a soil embedment on the capacity of thin walled
Class 4 sheet piles could look like
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A  Tjepkema and Maljaars “Verschil in toetsmethoden
plooigevoelige elementen”

In PLAXIS 3D verification is made of the plate buckling based on the examples for internal
compressed elements as shown in the article by Tjepkema and Maljaars [1].

Abstract of article
Plate fields with a large width to thickness ratio, such as the web of a slender high beam may
be sensitive to local buckling. For a structural engineer it is important to be able to determine
the resistance of such plate fields. The Dutch TGB1990 series distinguishes two methods to
analyse such plate fields (i.e. Class 4 sections). Eurocode 3 [2] also distinguishes two
methods. Despite the same name two of these methods have different theoretical back
grounds. All four methods have been compared for a large range of I and T profiles. The
differences in resistance appear significant, especially for unsupported plate fields.

The article consecutively describes:
• Theory of a single plate field.
• The different methods of analysis.
• Comparison between different methods.
• Verification with FEM analysis.
• Conclusions.

In this report use is made of the description of the theory of a single plate field.

A FE model is set up in DIANA using the following parameters:

• An internal compressed plate field with length/width ratio of 7/1.
• Material behavior is elasto-plastic with a yield strength (fy) of 355 N/mm2.
• The boundaries of the plate are hinged supported.
• Three plates are analysed with slenderness ratios (lp) of 0.67, 1.0 and 1.75.
• Results are presented for load against deformation.

— Load is normalised sav / fy in which sav is the average normal stress in the plate.
— Deformation is normalized as maximum out of plane deformation (dw) against the

width of the plate (b).

Figure A.1 Principle sketch of the compressed internal plate element, taken from [1]
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In Figure A.2 and Figure A.3 the results of the different FE analyses are shown:
• Horizontal blue dotted lines are the (theoretical) elastic critical buckling loads
• Green dotted lines represent the post-buckling behavior of a plate with linear elastic

material behavior without initial imperfections. Note that this line goes upward can be
explained by the fact that after buckling the supported edges of the plate can sustain
more load than the middle of the plate.

• The dark blue dotted lines are valid for a plate with linear elastic material behavior with
initial imperfections. The applied initial imperfection, according to the 1st buckle shape
with an amplitude of dw;i / b = 0.002, is in accordance with table C2 from EN1993-1-5.
The influence of the imperfections shows as the difference between the green and blue
lines.

• The orange curves with bigger dots show the plastic capacity of the plates for different
values of the initial imperfection. In contrast to the other curves the orange curves are
the result of multiple calculations (each larger dot represents one calculation). In each
analysis the plate has elastic-plastic material behavior. The calculation however is
geometrically linear, so the effect of an increasing deformation is not taken into account
in the calculated stresses. The orange curve shows that with an increasing initial
deflection the capacity decreases, this is the effect of the increasing initial bending
moment in the plate.

• Finally the red continuous curves show the result of an elasto-plastic and geometrical
non-linear analysis including the effect of an initial imperfection. Such a type of analysis
is the best approximation of reality. It is clear that the red line is “confined” by the blue
and orange lines.

Figure A.2 Results of FE analysis for lp = 0.67

The buckling of a plate is comparable to the buckling of a column. An important difference
however is that the plate will show a positive post-buckling behavior, meaning that (for very
slender plates) the resistance will be larger than the critical elastic load. Also see Figure A.4
below.
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Figure A.3 Results of FE analysis for lp = 1.00 (left) and for lp = 1.75 (right)

Figure A.4 Instability curve for a compressed internal plate (left) and theory from EN1993-1-5 [3] (right)

In Figure A.4 the following symbols are used:
• r = reduction factor on the plastic capacity due to plate buckling
• lp = slenderness of a plate

In Figure A.4 the bigger red dots are the maximum plastic resistances as found from the FE
analyses shown in Figure A.2 and Figure A.3. The calculated plastic resistances (i.e. r)
correspond very well with the instability curve found with the analytical cross-section
reduction method as described in EN1993-1-5 [3].
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B  Slenderness versus Class definition

The article by Tjepkema and Maljaars [1] discusses the case of a purely compressed internal
element. The article also talks about the slenderness of an element and does not specifically
indicate what type of Class the analyzed plate falls into. In this appendix the connection is
made between the slenderness of an element and the Class type as defined in the Eurocode
3 [3] for purely compressed internal elements.

Table B.1 Relation between Class type and slenderness of an internal compressed element

The ratio of c/t/eps as used for the different classes for internal compressed parts (i.e. 33, 38,
42) is taken from Figure C.1 in Appendix C. The other formulas used in the table above have
been explained below.

Figure B.1 Formula for calculation of the slenderness, taken from [3]

c 300 mm For internal compression elements
t 8.8 mm class t c/t/eps l_p
fy 355 N/mm2
eps 0.813617 - 1 11.2 33 0.58
k_sigma 4 - 2 9.7 38 0.67

3 8.8 42 0.74
l_p 0.74 - 4 < 8.8 > 42 > 0.74
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Figure B.2 Definition for eta and buckling factor k_sigma, taken from [3]

In the figure below the “instability curve” as discussed in Appendix A is again shown. In the
figure also now it is indicated in which Class a certain slenderness falls. The article by
Tjepkema and Maljaars [1] discusses slenderness’s of 0.67, 1.00 and 1.75. As can be seen in
the figure the slenderness of 1.00 and 1.75 are Class 4 profiles.

Figure B.3 Slenderness and Class definition for a compressed internal element
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C  Class definition for compressed internal plate versus sheet
pile profile

In this report the internal compressed plate is analysed. In this appendix it argued that the
internal compressed plate is a good first approximation of the compressed flange of a sheet
pile. Especially for an U-profile, where the interlocks are placed in the web of the profile
(instead of in the flange as for the Z profiles.

Figure C.1 Class definitions of compressed internal parts based on the maximum width to thickness ratios
according to EN 1993-1-1:2005 [2]
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Figure C.2 Class definition of Z- and U sheet piles according to EN 1993-5:2007 [4]

In Figure C.1 and Figure C.2 use is made of a formula that states that the ratio between width
and thickness of a compressed part has to be smaller than a certain value to be considered a
certain Class type. The larger this value the larger the width over thickness ratio may be to
still be considered a certain Class type. In the table below the values belonging to class 2 and
3 are shown for a compressed internal element and a U sheet pile. It is concluded that the
analysis of a compressed internal element may be considered a reasonable first estimate of a
U type sheet pile.

Class Compressed internal
element

U sheet pile

2 38 37
3 42 49
Table C.1 Maximum allowable width over thickness ratios
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D  PLAXIS elasto-plastic plate properties

When working with the elasto-plastic plate elements in PLAXIS a set of input properties has
to be chosen corresponding to the loading situation. A choice has to be made by the user for
the yield stress sigma_y and the plastic section modulus Wp. PLAXIS mentions in the manual
[5] that two extreme choices can be made, depending on whether the plate is primarily
subjected to bending moments of normal forces. Also see Figure D.1 below.

For the case of a rectangular cross section (as is the case for a compressed plate element)
PLAXIS indicates that the capacity becomes:

• For a plate primarily subjected to bending moments:
– Mp = sigma_y * Wplastic
– Np;eq = (sigma_y/sqrt(3)) * d

• For a plate primarily subjected to normal forces:
– Mp;eq = sigma_y * sqrt(3) * Wplastic
– Np = sigma_y * d

In effect this means that the plate elements implemented in PLAXIS cannot predict the real
strength of the plate for all possible combinations of M and N with one parameter set. The
user has to make a choice for the situation at hand.

The above correction is not further elaborated in the PLAXIS manual but is most likely related
to the distance of the stress points to the plate centre line, this distance is sqrt(3)*d / 6. In
effect this means that the stress point lies at a distance ratio relative to the outer fibre of:
sqrt(3)*d / 6 to d/2 or written differently a distance ratio of 1/sqrt(3) to 1.

Figure D.1 M – N plane for an elasto-plastic plate element in PLAXIS [5]
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For the situation analysed in this report (slenderness of 1.00) it is clear that normal forces
play a significant role. To get a feeling for the impact of both normal forces and bending
moments two situations have been analysed:

• Using Wp and the yield stress
• Using Wp and the yield stress * sqrt(3)

It is concluded that the results of the article by Tjepkema and Maljaars [1] are somewhere in
between for this case. Apparently there is an influence of both normal forces and bending
moments for this situation. In an iterative way a value for the PLAXIS yield stress has been
found that gives a reasonable fit on the results of the article by Tjepkema and Maljaars [1].
The PLAXIS yield stress value found is 1.15 * sigma_y = 408 N/mm2. Also see the figure
below.

Note that when the influence of the soil embedment is included in the calculation the effect of
the bending moment will become less and as such the PLAXIS yield stress to be used can be
increased. This effect is however not included in this report.

Figure D.2 Influence of PLAXIS input parameter yield stress (fy or sigma_y)


