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1. Introduction

Boundary value problems in soil mechanics are mal due to material non-linearity (always),
geometrical non-linearity (sometimes) and non-life@undary conditions for problems with soil-
structure-interaction (often). They can imply comptonstruction processes like penetration of
structures into subsoil causing propagation of wanesubsoil and actions on existing structures.
Soils are modelled as single-, two- or three-pmaaterials depending on the existence and
volume fractions of soil constituents like soil fieles, pore water and pore air. Corresponding
mechanical models range from classical continuurchaueics up to theories of mixtures like
Theory of Porous Media. Moreover boundary valuebfmms are commonly characterized by a
disadvantageous ratio of characteristic lengthth®Bubsoil section to smallest dimension of
structures, which makes three-dimensional mod#feraomplex. Sophisticated computer
simulations in soil mechanics need FE-formulatifumdinite deformations, contact algorithms for
finite relative motions and parallelization algbrits. Abaqus offers a wide range of built-in
features for soil mechanics purposes and can lem@sd using several user subroutines.

2. Abaqus built-in features for soil mechanics purposes

A listing of Abaqus built-in features to solve balamy value problems in soil mechanics reads
without demand on completeness:

2008 Abaqus Users’ Conference 1



«  Severafinite elements with displacement, pore water pressure, temperand
concentration degrees of freedom can be used ¢oetiize the soil body for one-, two- and
three-dimensional stress-deformation, seepage ttaesfer and diffusion problems.

e  Congtitutive modelsfor soils: Mohr Coulomb plasticity (linear elastic, perfgcgllastic
model with Mohr-Coulomb yield condition and non-@asated flow rule), extended
Drucker Prager plasticity models (linear or noreéin elastic, perfectly plastic or isotropic
hardening with alternative extended Drucker-Pratigdd conditions), modified Drucker-
Prager/cap model (linear or non-linear elasticur@tric hardening using cap surface,
extended Drucker-Prager yield condition), clay fitity (non-linear elastic, volumetric
hardening model based on modified Cam Clay moddll}hese models are conservative
and do not contain modern concepts of soil modglike for example double hardening
models, bounding surface plasticity or hypoplastici

e Time-depending linearly distributed Dirichlet anéiNnanrboundary conditions can be
defined for all active d.o.f.

e Linearly distributednitial values of effective stressasy,, void ratioe,, pore pressurg, or
degree of saturatio®, can be defined within element and node groups.

e Solution procedures: geostatic stress-displacement analysis for dayitilin iteration for
initial states, static stress-displacement anabsisdynamic stress-displacement analysis
based on implicit and explicit time integration &mils modelled as single-phase material,
coupled consolidation analysis for soils modelledveo-phase materials (fully saturated
soils), steady-state and transient thermal analgsisimulation of heat transfers in soils
due to heat conduction and convection, steady atatdransient diffusion analysis for
simulation of mass transport in soils.

e Load history: Typical actions like nodal forces, distributeddes or prescribed
displacements can be defined. Excavation andffgbd can be modelled by (de)activating
corresponding finite elements in the model.

e Solution algorithms: Different algorithms to solve linear and non-kneystems of
equations are implemented. Soil-structure intesagbiroblems can be solved applying
different contact algorithms. ALE smoothing techrédhelps to stabilize the solution of
finite strain problems.

3. Abaqus extensions for soil mechanics purposes

For special purposes like new field equationstdirlements, constitutive or contact models as
well as coupling with external programs Abaqus lbarextended via user subroutines.

3.1 Field equations and finite elements

Regularization methods: Abaqus is based on classical continuum mechalmac®rtain cases like
soil mechanical problems with large deformationd sinear zone propagation the restrictions of
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this theory are tried to overcome with so-callegltarization methods like Cosserat Continuum,
Gradient Methods or Non-local Theories. Cosseratti@oum elements have additional rotational
degrees of freedom. Implementations of correspgntin-dimensional elements in combination
with hypoplastic constitutive models for soils wstewn for example by Huang and Bauer
(2001), Nubel (2002), Maier (2003) and Slominski@2). Abaqus implementations for
elastoplastic models can be found for example saksh (2004) and Arslan (2006). A comparison
of Cosserat Continuum, Gradient Method and Nontdbaory elements implemented in Abaqus
was published by Maier (2003).

Multi-phase dynamic analysis: The Abaqus built-in procedures do not cover muligeh
dynamics, i.e. dynamic consolidation analysis fiusated or unsaturated soils is not possible.
Nevertheless such procedures can be realized Hgnmepting user elements with corresponding
degrees of freedom. In Holler (2006) an impleménedf such a user element based on the
Theory of Porous Media is shown for ANSYS. An impimtation of his approach in Abaqus is
under work at our institute.

3.2 Solution procedures

Fully undrained analysis: Abaqus offers a fully coupled soil consolidatiaralysis. For certain
reasons the fully undrained case is regardedhieewhole FE domain is assumed to be undrained.
This can be modelled in Abaqus/Standard in two wéh)sa consolidation analysis with high
loading velocity ensuring that the whole soil baslyundrained, (2) a total stress analysis for
example with the Mohr Coulomb Plasticity formulatddo in total stresses. Note that method (2)
requires soil parameters for undrained conditionsia a fall-back on a material model being well
known for poor prediction of deformations. In Abaffexplicit corresponding field equations and
material models can be implemented via user suineawtUEL andVUNAT.

Slope stability analysis: Besides stress-deformation analysis FEM can bkeaiio calculate the
stability of slopes. This can be done for exampth tihe Shear Reduction Method (SRM):
beginning with an equilibrium state the shear patens of soil are reduced step-by-step reaching
a limit state. This is typically realized by redugithe shear parametef@andc of the Mohr
Coulomb plasticity model. The factor of safét$ of the slope is than calculated using Fellenius'
rule: FS= tan@.dtan ey = CredCext (red = reduced parameters, ext = existing paraspt&
corresponding solution procedure in Abaqus ismptemented. Nevertheless SRM can be
carried out for example by defining temperatureethefent shear parameters, an initial
temperature field. The SRM analysis is carriedlyuthanging the temperature in a load step
corresponding to a reduction of shear parameters.

3.3 User defined constitutive models for soils

With user subroutinedvAT andVUVAT user defined constitutive models can be implentente
They include the update of effective stresgehe apostrophe denoting effective stresses is
omitted here for simplicity)

i+l

6.7 0.+ [N(0é,..)dt= 0, + At h(5, 0,1 8...)
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with a certain integration scheme approximatingititegral f is a tensorial function representing
the constitutive behaviour). In Abaqus/Standardtdéimgent operatd® = dAa/dAe has to be
calculated additionally. This can be done constdtethe chosen integration scheme to reach
guadratic convergence of Newton’s Method or it barapproximated for example by numerical
differentiation.

Elastoplastic material models for soils should at least contain volumetric andiat®ric
hardening hypotheses in order to reach realistidatiiog of soils (so-called double hardening
models). Linear elastic, perfectly plastic matendels show many shortcomings, at least for
prediction of deformations. The implementation laistoplastic models in FE-codes is presented
in numerous publications dealing with computatiguiakticity. The implementation of
elastoplastic models in Abaqus is shown by DunmkRsetrinic (2005). Corresponding user
subroutines for elastic and elastoplastic modetsbeafound under

www. eng. ox. ac. uk/ sol i dmech/ books/ i cp. User subroutines to implement certain
elastoplastic models for soils can be found fomgxa atwwy. soi | nodel s. i nf o.

Hypoplastic material models: Hypoplasticity is a completely different approactdas an
extension of hypoelasticity: the Jaumann stressotefinere denoted by a dot for simplicity) is
formulated depending on rate of deformation tewlsand current state variables, e.g. effective
stressegrand void ratiore:

6=h(s,de...)

The tensorial functioh is nonlinear with respect th Many hypoplastic models are decomposed
in a linear (hypoelastic) and a non-linear parfiodlews:

6=h(s,d,e)= L(5,6):d+ N(s,6)[|d]|

Existing hypoplastic models are able to descrilaéde range of phenomena of mechanical
behaviour of non-cohesive and cohesive soils (Guglel®96; Niemunis and Herle, 1997;
Niemunis, 2003). Applying the concept of intergrianistrains (Niemunis and Herle, 1997) they
can be used to model cyclic and dynamic problerhe.4-order tensot. and 2%order tensoN
are functions of state variables, typically effeetstresses; void ratioe, intergranular straind
and overconsolidation ratio OCR. Hypoplastic modefzesents a set of-brder ordinary
differential equations. It's solution requires peéided initial conditions, here initial stresams
and initial void ratioey. Implementing hypoplastic models in Abaqus iseatmasy: in

UMAT/ VUMAT initial conditions for all state variables mustriead at the beginning of analysis, the
constitutive equation(s) must be integrated andahgent operator must be formulated. The
following simple integration scheme can be usedefioee:

6., =0+ 4t[(1- (s, ,d)+ oh(a;,,d)]
For exampled = 1 yields the well-known implicit Euler scheme:

6.1 =0, + AM[L(0,,) :d+ N(an,)1d]l]
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This represents a set of non-linear algebraic émpsmtvith the unknown stresses;. It can be
solved by linearization using (1) a predictor-eator method, e.g. an explicit Euler step as
predictor

o’ =06, +dth(c,,d) - 6, =0, +4th(s’,d)
(2) Newton’s Method to solve the non-linear equatio
r(6,,,)=6,,,—0,+ 4th(es,,,d)=0
(3) Approximating the functioh with truncated Taylor series:

h.,. =h +@:A6:Li+a—L:AG+Ni+a—N:A6
do do do

Method (3) reads in index notation:

i+ i i aL i aN
st =0 +[LijkI + aa”k' AamnjAgkl +[Nij +(%‘”Aamn} IAE AE

mn mn

SubstitutingAom, = Acj;Omdj, we get

i aI-i'kl i aNi-
Ao, :[Lijkl +#AU” dmdjnJAgk, +(Nij + 601 Ag; dmdjn}/AsmAgm

mn mn

Now Agj can be extracted on the left side and the tangerator can be build exactly, if the
derivationsdL/0ganddN/0g can be formulated analytically. User subroutitoesnplement
certain hypoplastic models for cohesive and noresie soils can be found for example at
www. soi | model s. i nf o andww. ui bk. ac. at/ geot echni k/ r es/ khypo. ht M . Examples
based on hypoplasticity are shown in Sectionsai4L4.

3.4 User defined contact models

Abaqus offers user subroutinglSNTER andVUI NTER to define normal and tangential behaviour
of contacts as well &Rl C andVFRI Cto implement friction models. Implementations for
hypoplastic contact models based on user subroegirewere shown by Gutjahr (2003) and
Arnold (2004).

3.5 User defined boundary and initial conditions

Non-uniform boundary conditions of all d.o.f. camdefined via user subroutibeSP. They can
depend on time, coordinates and element numberliNear distributed initial values of state
variables can be defined via user subroutied NI for effective stresseg, with VO DRI for

void ratioey and withUPOREP for pore water pressutg. If further state variables are introduced
within user subroutineVAT, the corresponding initial values can be defiwitl user subroutine
SDVI NI . All these user subroutines allow the definitidrimitial values depending on coordinates,
element number for element variables and coordirete node number for nodal variables.
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3.6 Special modelling techniques

Simulation of penetration processes: One of the open questions of most geotechnicall@na

is the simulation of the construction process wiiiah cause relevant changes of state variables of
soil, loading of already installed structures arnwisae propagation in subsoil. The simulation of
processes like excavation and filling is standardli FE-codes. Processes like boring, drilling,
vibro-driving, quasi-static penetration and so ®nan-standard but can be simulated in Abaqus
under certain conditions. For example the penetnaif piles or other steel structures under quasi-
static, harmonic or impact actions can be simulatdg a kind of stripping technique: the
structure can penetrate into subsoil where a zipsrincluded into the subsoil before. During
penetration this zipper opens and allows to sireula¢ penetration without destroying the finite
elements. For axisymmetric problems this can beethed with an interface between the soil body
and a rigid line on the rotation axis. This teclmiqvas applied firstly in the 90's and were
extended at our institute to three-dimensional jemols and structures with open cross-section to
study the penetration of structures with arbitrengss-sections into subsoil (Henke and Grabe,
2006). An example is presented in Section 4.3.

3.7 Coupling Abaqus with external programs

FEM-BEM coupling: Limitations of infinite elements to model far fisldf the solution domain
are well-known. To overcome this shortcomings Alzagan be coupled with Boundary Element
Method, see for example Morra and Chatelain (20ld6pen (2005) showed the coupling of
Abaqus with a self-written BEM-code. He programnaagser element enabling the iterative
coupling of a FEM sub-domain discretised by Abaajnd a BEM sub-domain discretised by a
self-programmed time domain BEM program. The usbrautinesJEL andUEXTERNAL DB were
used therefore. The user element can be regardedwgserelement which includes all nodes of
the interface between FEM and BEM sub-domainsnbutternal nodes at all. InsidEL the
coupling forces along the interface correspondinthé displacements of the coupled nodes
computed by Abaqus are calculated. They are harmdiggiiven boundary conditions for the BEM
sub-domain. The BEM program is started ingiele to calculate the interface forces for the given
interface displacements. The BEM sub-domain couteib forces to the FEM sub-domain, but
neither stiffness nor mass or damping contributidiser subroutin®EXTERNALDB is used to
pass information to the BEM program.

Optimized design by coupling Abaqus and MATLAB: One main task in engineering design is
the determination of a system which fulfils bestesal requirements. Normally the blueprint
process is conditioned by existing state of theamstructions and engineering experience.
Wholistic approaches are missing which causesatinain-optimal solution is chosen. In order to
optimise geotechnical constructions we apply a togpf Abaqus and MATLAB. MATLAB is

a high-level technical computation language anerattive environment for numerical
computation. In this language a non-linear muljiechive optimization algorithm based on
evolutionary algorithms is coded and used for thgnzization of standard laboratory test and
several geotechnical design purposes such aspilewiall design (Kinzler and Grabe, 2006),
spread or pile foundations (Kinzler, Kénig and Gxa®007) so far. Abaqus is used to calculate the
mechanical response of the respective system, vidichanged automatically from the
optimization algorithm. This result is viewed innemon with others such as cost effectiveness or
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construction time and evaluated concerning theirobjective optimization purposes. The
methodic change of Abaqus input parameters alloeddcation of the pareto-optimal set in a
straight way. The case study in Section 4.4 showapplication.

4. Case studies

The following selected case studies are part df gnad running research projects carried out at our
institute. For all simulations hypoplastic condtita models for soils were applied.

4.1 Simulation of soil compaction by vibratory rollers with Abaqus/Explicit

The compaction of soils by vibratory rollers aswhadn Figure 1 was studied using two- and
three-dimensional Abaqus models, see Kelm (20043 fitetailed description.

soil

Figure 1. Soil compaction by vibratory roller.

The simulations were carried out for dry non-cobesoils so that soil could be modelled as a
single-phase-material in uncoupled analyses. Th&astic soil behaviour is modelled using
hypoplastic constitutive models as mentioned iniSa@.3. In Figure 2 a three-dimensional
Abaqus model with 222600 elements is shown . Thealsection is discretised using continuum
elements@D8R) with displacement d.o.f. only, the far field i®delled with infinite elements
(CIN3D8). The vibratory roller is simulated as a rigidfage linked with a point mass. The
horizontal velocity and the vertical harmonic eatiin of the roller is predefined. The dynamic
stress-displacement analyses were carried outAaigmus/Explicit.

In Figure 3 the calculated distribution of voidioa of soil is shown after a single vehicle
crossing. The vibratory roller leaves a zone of bgamized and compacted soil with a certain
depth depending on the machine parameters anal istitite variables of soil. The Abaqus
simulations helped us to optimise the compactiahtamogenisation of non-cohesive soils. More
details can be found in Kelm (2004).
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vibratory roller
(rigid surface)

finite elements

infinite elements

Figure 2. Abaqus model for simulation of soil compaction by vibratory roller.

compacted soil

Figure 3. Calculated distribution of void ratio e after one vehicle crossing.

4.2 Simulation of the deformation behaviour of a quay wall construction with
Abaqus/Standard

A class-A-prediction of the deformation of a quagiieonstruction at Hamburg harbour, see
Figure 4, was calculated using a three-dimensidbabjus model (Mardfeldt, 2005). The
construction consists of a concrete plate, combéfeet pile wall, concrete piles and steel
anchors. The 3D-Abaqus model shown in Figure Sutghes a three-dimensional section of the
subsoil and the superstructure for a section of@ the quay wall. Using this model uncoupled
(fully drained) analyses were carried out. The boily, structures and soil-structure-interaction
was modelled as follow€3D8R continuum elements (soil, concrete block, vertazaicrete
piles),S4 shell elements (inclined concrete piles, frictles, combined sheet pile wall), overall
129 contact pairs between structure and soil sesfathe corresponding Abaqus model consists
of 111341 elements and 369735 d.o.f.
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Figure 4. Quay wall construction of Container Terminal Altenwerder, Hamburg.

concrete block

steel piles

concrete piles

i
combined
sheet pile wall

concrete piles

Figure 5. Abaqus model for deformation analysis of a quay wall construction.

The material behaviour of structures was modellgl @lastoplastic, the soil behaviour was
modelled using hypoplastic constitutive models Wwhiere implemented via user subroutine
UMAT as shown in Section 3.3. The highly non-linearabiger of the Abagus model made the use
of parallel computers necessary. 20 GByte of RAMeweecessary for optimal Abaqus
performance therefore. The whole Abaqus/Standarjo®.took about 7 days of wall clock time
on a SMP architecure using 8 processors (the ugagere than 8 processors was not efficient
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enough with this Abaqus version for this boundaalue problem). The simulations allowed a
deeper insight in the complex deformation behavafisuch a quay wall construction and helped
us to develop a design concept of steel anchorsdétails see Mardfeldt (2005).

4.3 Simulation of pile driving into subsoil with Abaqus/Standard and
Abaqus/Explicit

A rigid pile is vibro-driven into subsoil as shownFigure 6. Two- and three-dimensional Abaqus
models are used to simulate the penetration prottessvave propagation in subsoil as well as the
influence on existing piles in subsoil (Henke amali2, 2006; Henke and Hiigel, 2007).

l tatic load
isolatorl:l l static loa
vibrator @ \.‘ I dynamic load
pile

R, RRK RN, RRRK

It

1t shaft resistance Q,,
\% Vv

soil T tip resistance Q,

Figure 6. Vibro-driving of piles into subsaoil.

To simulate the penetration of closed and opemdglis into homogeneous (layered) subsaoll
axisymmetric Abaqus models are used. To simula@e#énetration of cylinders in inhomogeneous
subsoils, of structures with open cross-sectiomsadistructures in the neighbourhood of existing
structures three-dimensional Abaqus models are @ee of them is shown in Figure 7. Near and
far field of subsoil are modelled with continuurerlents €3D8R) and infinite elements( N3D8)
respectively. The pile is discretized using a rigjisiface. In Figure 7b a special technique to
permit the penetration of the pile into the sosl®wn: along the axis of penetration a rigid tube
of 1.0 mm radius is modelled. At the beginningta inalysis this tube is in frictionless contact
with the surrounding soil. During pile penetratitwe pile slides over the tube and the soil
separates from the tube so that contact betwegpethetrating pile and the surrounding soil can
be established. The main problem with such simutatis appearing mesh distortion caused by
pile penetration, especially for wall friction aagllarger thap/3 of the soil. In axisymmetric
models adaptive meshing based on ALE helps to owsgahis problem. In three-dimensional
models adaptive meshing does not work so thatribiglggm could be solved using a very fine
mesh in the neighbourhood of the piles only. Cqoesling simulations have to run on parallel
computers. Figure 8 shows determined speedup fagédExplicit 6.5 and 6.6 jobs running on
two different SMP architectures. In these calcalaione second of vibratory pile driving is
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modelled in a three-dimensional soil continuum ¢stimgy of 69401 finite elements, 78179 nodes
and altogether 234543 d.o.f.’s, see Figure 7a. Atroptimal efficiency could be reached with
Abaqus 6.6 with up to 16 processors using the doteael decomposition algorithm. The results
concerning the changes in the state variableseo$throunding soil can be found in Henke and
Grabe (2006). This publication also discusses fileets of driving a pile in the center of an
existing pile group.

a) b)

pile (rigid surface)

tume with r=1mm
(rigid surface)  ~

continuum elements

infinite elements

Figure 7. Abaqus model for simulation of pile driving into subsaoil.

4.4 Optimization of a quay wall construction using Abaqus/Standard and MATLAB

A quay wall with a rather simple combined sheet pilill is regarded as shown in Figure 9. The
design of such sheet pile wall constructions isutirpurpose optimization process. Clearly
defined requirements on the construction are fadgtda plurality of possible varieties of static
systems.

Highly reduced, the construction process is compasehe determination of anchor- and sheet-
pile-profile as well as choice of the anchor ination a and the grade of restraint provided by the
soil. The objectives are the tonnage of steel wiiaklated to the total construction costs and the
horizontal deformation of the sheet pile head parameter for the serviceability of the
construction. As a first step in the analysis theventional verifications for a chosen set of
parameters are enforced. The tonnage results Ilgifemn the stress analysis in the ultimate limit
state.
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Figure 8. Measured speedup for Abaqus jobs running on SMP architectures.
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Figure 9. Quay wall construction to be optimized.

For a more realistic survey of the soil-structuneiaction and the deformation behaviour the
horizontal deformation of the pile head is calcedaby Abaqus. Therefore a parameterized, easy
modifying model is generated. The model is sepdriat® regions which are determined by di-
mensions chosen by the optimization algorithm. guter mesh, controlled by a user specified
global element size, is generated, see Figure A€ ifftermediate steps of the construction process
are modelled as well. All values depend on fractiohthe constructive height of the quay wall. In
addition to the dimensions the profiles are valige&hoosing different material parameters for the
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anchor stiffnesk and the moment of inertiaas well as the cross-section afeaf the sheet pile
wall. To allow a smart performance of the optimiaat it is necessary to generate a mesh yielding
moderate wall clock times. Former calculationsdati that a number of approximately 600
simulations (whera is the number of objectives) seems to be sufficiBy analyzing automati-
cally a multiplicity of various systems an effeigptimization of the construction is the result of
the analysis.

v 2(h+1) ¢ 2(h+t) v
anchor spring (k) sheet pile beam (Z, 4)
Y —
i ‘
h excavations

active region

passive region

h+t

AAAAAAAAAAAAAAAAAAA

VVVVVVVVVVVYVY

AAAAAAAAAAAARMAAAAAAAAAAAAMAAAAAAAALAAAAALAAALAAAL

Figure 10. Abaqus model for calculation of the horizontal deformation of the sheet
pile head

5 Summary

It could be shown that Abaqus built-in features abdqus extensions based on user subroutines
and coupling with external programs can be appbesblve a wide range of boundary value
problems in the field of soil mechanics. This offeesearchers a tool to examine some of the open
problems in geomechanics like the influence of tmetion processes for geotechnical
constructions, the optimization of geotechnicalstarctions regarding deformations or the
optimization of construction processes like perineof structures into the subsaoil. It should not
be concealed that the presented simulations hanis Itaused by modelling features and
hardware resources. The need of future requirensentsbaqus features can be summarized as
follows: implementation of built-in sophisticatedrestitutive models for soils, improved

numerical stability for large deformation probleeng. with modern ALE concepts and finally
enhanced efficiency in parallel computations asaaly shown in the last Abaqus revisions.
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