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Preface by the Editor

The design of foundations and geotechnical structures and the prediction of their de-
formation and mechanical response based on numerical simulations require detailed
knowledge of the local state of the soil as well as sufficiently realistic models for the
nonlinear soil behavior. This is particularly true for sand whose behavior depends
among others on the stress state, density state, and loading history. The local state
is a result of loading history, hence the construction processes of structural elements
must generally be taken into account. Common numerical models in geotechnical engi-
neering, however, consider the construction process as a simplified staged construction
by assuming an initial state of the soil and taking the structural elements as wished-
in-place. The research work reported here is a step towards more realistic modeling.

The present work submitted by Daniel Aubram is concerned with the penetration
into sand as a typical geotechnical process and its numerical simulation by using the
finite element method (FEM). Apart from the highly nonlinear mechanical behavior of
sand and the presence of non-stationary material interfaces this challenging problem is
characterized by large local material deformations for which the classical Lagrangian
and Eulerian approaches are inapplicable. In this work a new arbitrary Lagrangian-
Eulerian (ALE) method is developed and implemented in which the material and mesh
deformations are uncoupled. Its unique features are an advanced hypoplastic rate
constitutive equation for sand and an efficient and robust optimization-based algorithm
to ensure a quality FE mesh during the entire calculation. The method is validated by
results from the literature and specifically conducted experimental model tests.

This thesis addresses a wide range of topics of continuum mechanics, soil mechanics,
and computational mechanics. Daniel Aubram has acquired advanced knowledge of all
these fields during his comprehensive research work. Finally, he achieved both unusual
depth and coherence of his thesis by means of a modern mathematical language and
consistent notation. Most of the background needed is in the main text or can be found
in the noteworthy appendix. Beyond that, Daniel Aubram has set up the necessary
computer code and supervised the experimental program.

Parts of this research work have been carried out under the financial support from the
German Research Foundation (DFG) through grants SA 310/21-1 and SA 310/21-2
which is gratefully acknowledged.

Stavros A. Savidis
Berlin, December 2013
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Abstract

The penetration into sand is one of the most challenging problems in soil mechanics
and its numerical simulation, particularly by the widely-used finite element method
(FEM), still poses a great challenge. In order to overcome the problems associated with
the classical Lagrangian and Eulerian formulations of FEM, an arbitrary Lagrangian-
Eulerian (ALE) method particularly suitable for plane and axisymmetric penetration
into sand is developed in this thesis based upon the theoretical foundations.

The developed ALE method applies an operator-split which breaks up solution of the
governing equations over a time step into a Lagrangian step, a mesh regularization
step, and a transport step. The operator-split makes implementation into existing La-
grangian FE codes possible, which is shown using the example of ANSYS. A unique
feature of the ALE method is its combination with an advanced hypoplastic rate consti-
tutive equation for sand which enables realistic prediction of stress and density changes
within the soil even at large deformations. In addition, an optimization-based algo-
rithm for mesh regularization is developed in order to smooth out the non-convexly
distorted mesh regions that occur below a penetrator. The ALE method is verified and
validated by benchmarks, basic initial boundary value problems, and by specifically
conducted penetration tests in chambers filled with sand.

Keywords: arbitrary Lagrangian-Eulerian; large deformations; finite element method;
penetration; pile; sand; soil mechanics; continuum mechanics; computational mechan-
ics; geotechnical engineering
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Zusammenfassung

Die Penetration in Sand zählt zu den kompliziertesten Problemstellungen in der Bo-
denmechanik, und ihre numerische Simulation insbesondere mit der weit verbreiteten
Finite Elemente Methode (FEM) stellt bis heute eine große Herausforderung dar. Um
die Probleme im Zusammenhang mit den klassischen Lagrange und Euler Formulierun-
gen der FEM zu überwinden, wird in der vorliegenden Arbeit eine allgemeine Lagrange-
Euler (engl.: arbitrary Lagrangian-Eulerian, kurz: ALE) Methode aus den theoretischen
Grundlagen heraus speziell für die ebene und axialsymmetrische Penetration in Sand
entwickelt.

Die entwickelte ALE Methode basiert auf einer Operator-Spaltung, welche die Lö-
sung der maßgeblichen Gleichungen über ein Zeitinkrement aufteilt in einen Lagrange
Schritt, einen Schritt der Netzregularisierung und einen Transportschritt. Die Operator-
Spaltung gestattet die Implementierung in bestehende Lagrange FE Programmsysteme,
was am Beispiel von ANSYS erläutert wird. Ein Alleinstellungsmerkmal der ALE Me-
thode ist ihre Kombination mit einem hochentwickelten hypoplastischen Materialmo-
dell für Sand, das wirklichkeitsnahe Prognosen der Spannungs- und Dichteänderungen
im Boden auch bei großen Verformungen ermöglicht. Ein optimierungsbasierter Algo-
rithmus zur Netzregularisierung wird darüber hinaus entwickelt, um die unterhalb ei-
nes Eindringkörpers auftretenden nicht-konvex verzerrten Netzregionen zu glätten. Die
ALE Methode wird anhand von Benchmarks, grundlegenden Anfangsrandwertproble-
men und eigens durchgeführten Eindringversuchen in sandbefüllten Versuchskammern
verifiziert und validiert.

Schlagworte: Arbitrary Lagrangian-Eulerian; große Verformungen; Finite Elemente
Methode; Penetration; Pfahl; Sand; Bodenmechanik; Kontinuumsmechanik; Numeri-
sche Mechanik; Geotechnik
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