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PREFACE

To make further advances in computational mechanics, fruitful discussion is required
between researchers and practising engineers. It is intended that the present DIANA
conference on Computational Mechanics will be of special interest to those involved in
new developments in computational mechanics, as well as those who are interested in the
wide field of its applications.

The foilowing domains are the object of presentations and discussions:
» (hyper)-¢elasticity, (visco-)plasticity and cracking;
« (enriched) damaging continua models;
» material experiments versus computational models;
« stochastic approaches;
« fluid-structure interaction;
- element technology;
- geometrical nonlinearity and structural instability;
- nonlinear dynamics;
solution procedures.

Typical fields of application are: (reinforced) concrete structures, steel-concrete
structures, forming processes, biomechanics, soil mechanics, road mechanics, ceramics,
and composite materials. Besides this volume contains several invited papers of a review
nature. With a few exceptions the papers show calculation results which are achieved
with the DIANA™ Finite Element System.

The arrangement of this volume is indicated by the contents. Basically we follow the line
from research on material level via research on element level to research on structural
level. Tt is emphasized however that nowadays many research projects in the field of
computational mechanics are not limited to one of these levels. We observe a growing
interaction between the research on the above levels. Areas like identification and
optimalization exemplify this type of research for the coming years. Consequently the
subdivision of this volume should be seen in the same broad perspective.

As co-organizers of the conference we wish to express our cordial thanks to the chairman
and keynote speakers for accepting our invitations. We also thank our colleagues who
have kindly accepted the invitations to present their work at this first international DIANA
Conference and to prepare their papers for inclusion in these proceedings. Financial
support from the sponsors is gratefully acknowledged. We hope that the readers of the
"First International DIANA Conference on Computational Mechanics” will find a state-of-
the-science in various areas in computational mechanics, its theory and its applications.

Ger Kusters and Max Hendriks
Delft, June 1994

™: DIANA is a registered trademark of TNO.

ix



CONFERENCE CHAIRMAN
Prof. Johan Blaauwendraad
Delft University of Technology
The Netherlands

KEY-NOTE SPEAKERS
Prof. R. de Borst

Delft University of Technology
The Netherlands

Prof. D.H. van Campen
Eindhoven University of Technology
The Netherlands

Prof. I. Holand
SINTEF Structures and Concrete
Norway

Prof. A.R. Ingraffea
Cornell University
USA

Prof. C. Meyer
Columbia University
USA

Dr. A. Mutoh
Shimizu Corporation
Japan

Prof. H.W. Reinhardt
University of Stuttgart
Germany

ORGANIZING COMMITTEE
Willem J.E. van Spanje
DIANA Analysis bv

Ger ML A. Kusters
DIANA Foundation

Hans Jongedijk
DIANA Users Association

Max A.N. Hendriks
TNO Building and Construction Research

CO-SPONSORS
ING 23 BANK

<IN I

femsys

[ﬁ/” HEWLETT

PACKARD

A,
!;'.I.Q

ONTWIKKELINGSVERENIGING

FOUNOATION

DEANA

I

S~ Ministy of Transport,
Public Works and

Water Managament

il
T

e
TU Delft




CONTENTS

PIEfACE tiveviiireriiieriiiis sriersatesraresinstesaseossatassn s e asasssaeebateee s s bataean sameresaaesssntes s nneert sesseannsesteesetanes ix
INVITED PAPERS

Some Future Directions in Computational Failure Mechanics

R. de Borst, J. Carmeliet, J. Pamin, L.J. SILYS ......ooooveeeeeicieeieiriireccr et eeeeresensan s nsee 1

Recent Developments in Nonlinear Dynamics of Mechanical Systems
D.H.van Campen, A. de Kraker, E.L.B. van de Vorst, J.A.W. van der Spek ..........cuuevereees. 13

The Loss of the Sleipner Condeep Platform
L HOIAR ..ottt ettt sttt ettt et a e st as et et s te e ere e 25

Nonlinear Analysis of Reinforced Concrete Members under High Temperature
AL Mutoh, N. YAMAZAKL ..........cooceivirioisiiiisieeeecectie s cnesen st sees s et se s 45

Concrete Mechanics Aspects as Background for Structural Modeling
HW. ReinRardt, J. OZDOIE ........oooeeeeeeeeieeereeeeeeeeee e eeeee s veeeeeeeenetanaasssseeeessarssnstesaresenses 57

A Topological Approach to Modeling Arbitrary Crack Propagation in 3D
P.A. Wawrzynek, B.J. Carter, A.R. Ingraffea, D.O. POIYORAY ..........ccoeveverereeiviveeceneveenrininnn. 69

MATERIAL MODELING
The Estimation of Material Parameters of a Fluid-Solid Mixture
O.M.G.C. op den Camp, J.G.A. van Houten, C.W.J. Oomens, F.E. Veldpaus,
J D JANSSEI, J.J. KOKoeoeeereeeeeeeeeeeeeeee e eeee e eee e et s e ee s een s restasseeenaseene s et e va s 85

On Stochastic Descriptions for Damage Evolution in Quasi-Brittle Materials
JoCArMElien...........coucunioinniineinienne et sbaa st e ss st sttt s an st eneenene 93

The Delft Egg Model, a Constitutive Model for Clay
S.J.M. van Eekelen, P. van den Berg............o.woweeooeeeceeeeeroesveseeeeesoeseoeseeesesssesscesesesseeen 103

On Structural Analysis of Road Pavements
T GATIURG...coooe ettt et st e ee e entin 117

Viscous Regularization of Strain-Localisation for Damaging Materials
M.G.D. Geers, W.A.M. Brekelmans, R. de BOTSt....o.ouveevroeeoeeoeeeeseeoeess s oeereeeeesssessenen 127

A Finite Element Formulation of Muscle Contraction
A-W.J. Gielen, P.H.M. Bovendeerd, J.D. JARSSEMN ..........oooo.ooeereeeeeeeeseesseseeeseeoseeseseesreenens. 139



vi

Size Effect Predictions by Fracture Models for a Refractory Ceramic
M.A.J. van Gils, LJ.M.G. Dortmans, G. de With) W.A.M. Brekelmans, J.H.P. de Vree ..149

Porous Media Mechanics
J.M. Huyghe, G.B. Houben, J.D. Janssen, J. Varkan, H. SRijders...........cccooovwvemnvirineannes 159

A Scalar Damage Model Applied to Concrete
M. Polanco-LOFial, S.1. SBTENSEN ...........oceeeeeeeeeeeeieeeeeeeeieeeeseee s smteessasassessnaneassanvensnee s enanes 171

The Modelling of Finite Deformation Elasticity and Plasticity
J.C.J. SChellekens, H. PATISCH. ... ieeieiin e seeeties s essseesaessats et essasssas st s s stesanssresamaessans 181

Dynamic Failure in Reinforced Concrete Structures
LoJ. SIEYS oottt et et et e s sa e e en s e s 193

FE-Simulation of the Wedge-Splitting Test on High Strength Concrete (HSC)
R. Zettlel, J.D. WOITET ....couueeeiineeiine st csrst st emse et sess st em e et e s st 205

FINITE ELEMENT TECHNOLOGY
Application and Experimental Verification of DIANA for Acousto-Elastic Problems

W.M. Beltman, P.J.M. van der Hoogt, R M.E.J. Spiering, H. Tijdeman.................ccc.o..... 215
Numerical Simulation of Forming Processes, Using an Arbitrary Lagrangian Eulerian
Finite Element Method

A.H. van den Boogaard, J. HUGHIRK............eeoeveeieicereeeiistee e 225

Consistent Formulation of a Triangular Finite Rotation Shell Element
J. BOOIj, F v KeUlen. ..........cccccccoomimiiiininainciniinieses e sve e vesaeste st ans st et aebee st s s seanesseneene 235

Three-Dimensional Elastoplastic Calculations Utilising Different Element Types
Finite Element Reliability Methods Using DIANA
M.A. Gutiérrez, J. Carmeliet, R. d@ BOTISt......o..oooccviiciieieeiiciveeceeisiessensnessaseneessieessssssreean 255

A DIANA-Element for the Dynamic Analysis of Laminate Plates
F.P. Grooteman, J. Locht, P.J.M. van der Hoogt, R M.E.J. Spiering, H. Tijdeman......... 265

Reliable Recovery of Stress Resultants
T. Kvamsdal, K.M. Mathisen

Mode-Reduction Applied to Initial Post-Buckling Behaviour
G.M.A. Schreppers, C.M. MenKken............oovniveveeeeoeneieeininiinesense st siass e saesssstesseesssens 287



vii

SOLUTION PROCEDURES
Clustering of Elements in EBE-Preconditioners
M.B. VAN GUZEMN .ottt ettt et e et ee et eeeteene s eneeneensvtaeerenens 297

Algorithms for the Parallel Direct Solution of Sparse Linear Systems
PoNGUIL ..ottt ettt et ettt et e e n e e 307

ENGINEERING COMPUTATIONS

Design and Analysis of a Prestressed Concrete Box Girder
A. de Boer, N. Kaptijn, M. NAGKIGEDOTEN ..............cooeoeeeeeeeereeeeeeesseseeeeeeere e er e e 321

Punching Shear of Reinforced Concrete Plates
T. Dyngeland, K. V. Hoiseth, E. OPREIM..............ccooovmeecereereorsoessiesssssisesiesssssisesasssssssess s 329

Extreme Bending of Concrete Coated Offshore Pipelines
G ERGL ...ttt r sttt et e es e 339

Analyses of Shear-Wall Panels with a Composite Plasticity Model
P.H Feenstra, R. de Borst, J.G. ROLS .......coomeeoeeeeeeeeeeeseeeeverereevssssrsesssesss s st e eeeseeos 349

Assessment of a Strategy for the Detailed Analysis of Masonry Structures
P.B. Lourenco, J.G. Rots, J. Blaauwendraad ...............coeeeeoeeeeeeeeeeeeseeeeeeeeeoeoeeeeeeeeeeo 359

FE Analysis in Road Pavement Design in the Netherlands
W VAR SCRELL, E. VOS... et eeeeeeeesesee e s s e ee et e 371

Study of Steel Bar Corrosion by Experimental and Analytical Simulation
P, Siwiec, P. SIrO€VEN, A.T. MOCTKO.....ooo.ooeoveeeeeeeseeeeeeeeeeeeseeeseoeeeeeeeeeeees e eeeoeeeeeeeeeee oo 383

3D Nonlinear Analysis of Composite Slabs
M. VELKOVIC .........oovoeeveiecttriereee s ses s ssssss s s esen s ses nasss e 395



SOME FUTURE DIRECTIONS IN
COMPUTATIONAL FAILURE MECHANICS

R. DE BORST!, J. CARMELIET?, J. PAMIN and L.J. SLUYS
Delft University of Technology, Faculty of Civil Engineering,
P.O. Box 5048, 2600 GA Delft, The Netherlands

Abstract. Continuum approaches are reviewed which can properly model localised deforma-
tions that act as a precursor to final fracture in quasi-brittle materials. Next, one such
higher-order damaging continuum model is combined with a stochastic approach to describe
the heterogeneity in quasi-brittle materials.

Keywords: Softening, localisation, finite element analysis, random fields

1. Introduection

Failure in quasi-brittle and frictional materials involves localisation of defor-
mation, i.e., we observe that at incipient failure small zones of highly
strained material develop abruptly while the remainder of the body experi-
ences virtually no additional straining. Examples are cracks in concrete,
shear bands in soils and rock faults. Experiments show that these localisa-
tion phenomenona are accompanied by a sharp decrease of the load-carrying
capacity. This phenomenon is commonly named strain softening and leads to
ill-posed boundary value problems in standard continuum theories, since in
quasi-static problems ellipticity of the governing set of differential equations
is lost and in dynamic problems hyperbolicity is lost. In numerical simula-
tions this leads to an extreme mesh sensitivity in terms of fineness and direc-
tion of the grid lines. To remedy this improper behaviour the standard contin-
uum model must be enriched by adding higher-order terms, either spatially
or in the time domain. These techniques are commonly referred to as regular-
isation methods. In this contribution we shall scrutinise the possibilities of
using enriched continuum theories (non-local and gradient theories) to reme-
dy this deficiency of the standard continuum. For dynamic problems the pos-
sibility of adding viscosity to the constitutive model will also be investigated.
Finite element analyses are presented to illustrate some of the approaches.

1. Also at Eindhoven University of Technology, Faculty of Mechanical Engineering

2. On leave from Catholic University of Leuven, Department of Civil Engineering

1

GMA. Kusters and M AN. Hendriks (eds.), DIANA Computational Mechanics '94, 1-12.
© 1994 Kluwer Academic Publishers. Printed in the Netherlands.
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Another important property of these materials is the inherent heterogeneity
at a relatively large scale. This heterogeneity may imply that the exact fail-
ure mode can be highly dependent upon the precise flaw distribution. To
model this inhomogeneity stochastic material properties must be assumed in
numerical simulations. However, the use of a stochastic approach does not re-
solve the above mentioned issue of the change of character of the governing
differential equations during progressive damage. A simulation technique
that describes the true failure process properly within the framework of con-
tinuum mechanics must incorporate both a regularisation of the standard
continuum during progressive damage and a stochastic strength distribution.
This statement will be substantiated in this contribution. To do so we will
present finite element analyses of direct tension tests with a local damage
model and with a nonlocal damage model. In both cases deterministic as well
as stochastic calculations using a Monte Carlo technique will be presented for
two different levels of discretisation. The randomness in the damage process
will be introduced by considering the initial damage as a univariate homoge-
neous random field, describing the continuous spatial distribution and the
autocorrelation.

2. Cracking, damage and localisation of deformation

The essential deficiency of the standard continuum model can be demonstrat-
ed simply by the example of a simple bar loaded in uniaxial tension [1]. Let
the bar be divided into m elements. Now suppose that one element has a ten-
sile strength that is marginally below that of the other m~1 elements. Upon
reaching the tensile strength of this element failure will occur. In the other,
neighbouring elements the tensile strength is not exceeded and they will un-
load elastically. The result in terms of the displacement of the end of the bar
is fully dominated by the discretisation, and convergence to a ‘true’ post-peak
failure curve does not seem to occur. In fact, it does occur, as the failure
mechanism in a standard continuum is a line crack with zero thickness. The
finite element solution of our continuum rate boundary value problem simply
tries to capture this line crack, which results in localisation in one element,
irrespective of the width of this element. The result on the load-average
strain curve is obvious: for an infinite number of elements (m — oo) the post-
peak curve doubles back on the original loading curve. Numerous numerical
examples for all sorts of materials exist which further illustrate the above ar-
gument. From a physical point of view the above behaviour is unacceptable
and when we adhere to continuum descriptions one must enrich the continu-
um by adding higher-order terms, either in space or in time, which can ac-
commodate narrow zones of highly localised deformations.

2.1 The fracture-energy ‘trick’

As an intermediate solution between using the standard continuum model
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Fig. 2. Displacements of concrete specimen (¢ = 0.50- 107 s).

and adding higher-order terms a number of authors [2-4] have proposed to re-
gard the area under the softening curve as a material parameter, namely the
fracture energy G

Gf=J-0'du=J‘o£(s)ds. N

Assuming a constant softening modulus # and adopting a constant strain dis-
tribution over the band, we now obtain that

ulL 1 - 2G¢ @

& E LY’

which shows that the solution in the post-peak regime is now only dependent
upon the Young’s modulus E, the fracture energy Gy, the tensile strength f,
and the length of the bar L. When we prescribe the fracture energy G, as an
additional material parameter the global load-displacement response can be-
come insensitive to the discretisation. However, locally nothing has altered
and localisation still takes place in one row of elements. This is logical, since
the loss of ellipticity occurs at a local level, even though the energy that is
dissipated remains constant by adapting the softening modulus to the ele-
ment size. For numerical simulations this implies for instance that severe
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convergence problems are usually encountered if the mesh is refined or if in
addition to matrix failure interface debonding between matrix and fibres is
modelled by inserting interface elements in the numerical model. Also, the
frequently reported observation still holds that the localisation zones are bi-
ased by the discretisation and tend to propagate along the mesh lines. This
can be nicely demonstrated with the example of impact loading a concrete
specimen in a Split-Hopkinson device, Figure 1 [5]. The results for the de-
formed specimen at failure are shown in Figure 2 for three different discreti-
sations in the region between the notches. We observe a clear spurious locali-
sation pattern with the localisation concentrated in a single band of elements
which generally follows the mesh lines and occasionally jumps from one row
to the next and back without any physical motivation.



292 Rate-dependent continuum models

From a physical point of view the introduction of rate dependence is perhaps
the most natural way to regularise ill-posed initial value problems which
arise because of the introduction of damage or frictional effects. Here we
adopt a simple, linear rate-dependent smeared crack model as developed by
Sluys [5]. In it the major principal stress degrades according to

: dJ
a=ﬁ+hg‘+m—a€7, (3)

with &' the inelastic strain, 4 the softening modulus and m a rate-sensitivity
parameter.

Using the rate-dependent smeared crack model as defined in eq. (3) the
experiment of a concrete specimen under impact loading in a Split-Hopkinson
bar (cf. Figures 1 and 2) has been reanalysed. The incremental displacement
patterns are shown in Figure 3. The most striking difference with the dis-
placement pattern of Figure 2 is that localisation now does not proceed along
the element lines and is no longer confined to the rows of elements between
the notches. This is even more obvious when the strains in the vertical direc-
tion are plotted (e,,) as has been done in Figure 4. We observe a clear branch-
ing of the cracks.

2.3 Non-standard continuum models

The deficiency of the standard continuum model with regard to properly de-
scribing strain localisation can also be overcome by introducing higher-order
terms in the continuum description, which are thought to reflect the mi-
crostructural changes that take place at a level below the continuum level.
Examples of such changes are void formation in metals and crack bridging
phenomena in the context of concretes [6]. Essentially, one then departs from
the concept of a ‘simple’ solid which has been the starting point for virtually
all modern developments in continuum mechanics. A number of suggestions
have been put forward for non-standard continuum descriptions that are ca-
pable of properly incorporating failure zones. These include the non-local
models [7,8], the use of the Cosserat continuum [9-11] and the gradient mod-
els [11-16].

Non-local models can either be introduced in a plasticity-based formal-
ism or in a damage-based format. The latter approach has gained most popu-
larity. In fact, it has been shown in [17] that non-local plasticity models are
extremely difficult to implement properly. Non-local damage theory follows
standard elasticity-based damage mechanics in that it introduces an internal
variable, the damage parameter @, which accounts for degradation of the
elastic stiffness matrix D:

o=(1-w)D% (4)

In this isotropic elasticity-based damage theory the damage variable @ grows
from zero to one (complete loss of integrity). Damage growth is possible if the



6

damage loading function
f(E,k)=E—x. 5

vanishes. In particular, the damage loading function f and the rate of dam-
age growth & have to satisfy the discrete Kuhn-Tucker conditions

f£0 , 20 , fo=0. (6)

In (5) € is the equivalent strain, which can be a function of the strain invari-
ants, the principal strains as in Mazars {18,19]:

™
Il
Mw

(< g >)? N
i=1

it

with g the principal strains, and < ¢; >=¢; if £, >0 and < £, >= 0 otherwise, or
the local energy release due to damage. The parameter x starts at a damage
threshold level x, and is updated by the requirement that during damage

growth f=0. Damage growth occurs according to an evolution law F(&) such
that

w=F(£). ®)

The salient departure from the local damage theory occurs when the local
damage parameter @ in the above identities is replaced by an averaged or
non-local value @, such that

1
a0 = - j ox+DYDAV |, V,= j g(r)dv ©)
8y \4

with ¢ the separation vector between the points x and x+ 7, and g an attenu-
ating weighting function, e.g., the error function

g(z)=exp(~Iz1%/21%) (10)

in which the non-local parameter / has the role of an internal length scale.

Non-local damage theory suffers from the drawback that the issue of ad-
ditional boundary conditions for this higher-order continuum is still not com-
pletely settled, thus rendering the theory incomplete. Also, they seem less
amenable to an efficient implementation, thus making large-scale computa-
tions less feasible. It is for these reasons that gradient models, in which the
higher-order gradients of internal parameters are considered instead of aver-
aging one or more internal parameters, are here considered as a serious alter-
native for non-local approaches.

Below we shall restrict ourselves to a brief discussion and an example of
a gradient-enhanced Rankine flow plasticity theory [20-22]. The essential fea-
ture of gradient plasticity theory is that the yield function f not only depends
upon the stress o and an equivalent inelastic strain measure ', but that
there is also a dependence upon gradients of ', e.g., the Laplacian:

f=flo.y' , Vy). an
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If we denote by o, the major principal stress and by & the instantaneous ten-
sile strength, then

f=0y=6(y' V). (12)

When it is further assumed that the dependence upon the gradient term is
linear - the simplest possible case - then eq. (12) reduces to

f=0,-6(y)-cVy' . (13)

In the example calculations that will be presented below ¢ has been taken
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proportional to the rate of softening: #=1°95/0y'. The material parameter !
has the dimension of length and represents the gradient influence. For /=0
the standard Rankine flow theory is recovered.

The gradient-dependent Rankine plasticity model has been applied to
mixed-mode crack propagation in a Singls-Edge Notched plain concrete beam
(Tosipescu geometry). The experimental resuls are from Schlangen [23]. The
loading configuration including some aspects of the numerical discretisation
is shown in Figure 5. The loading plates have been included in the discretisa-
tion and have also been modelled with reduced integrated eight-noded
quadrilaterals, but with a higher stiffness. Details of the employed mixed fi-
nite element formulation are given in [21,22].

The material data for the concrete, determined as the average experimen-
tal values are: Young’s modulus E = 35 GPa, Poisson’s ratio v = 0.2, the ten-
sile strenth f, = 3.0 MPa and fracture energy G; = 0.1 N/mm. For this value of
the fracture energy two different length scales [ have been considered, name-
ly I = 3 mm and subsequently ! = 2 mm. The differences with respect to the
width of the fracture process zone are shown in the contour plets of the equiv-
alent fracture strain of Figure 6. Provided that the fracture energy is kept
constant a variation of the internal length parameter / does, however, not af-
fect the load-CMSD diagrams shown in Figure 7, neither does the discretisa-
tion influence the results for this level of mesh refinement. Since the comput-
ed load-CMSD diagram is too brittle compared with the experiment another
analysis with a higher value of the fracture energy (0.2 N/mm) has also been
conducted, Figure 7.

3. Stochastic methods and damage evolution

A fundamental question regarding application of random flelds to localisation
phenomena is whether a statistical deseription of the standard continuum re-
solves the ill-posedness that arises after the onset of localisation. This ques-
tion becomes imperative especially if we consider that the description of a
heterogenous continuum by correlated random variables introduces a length
parameter in the form of the correlation length 8 analogous to the introduc-
tion of an internal length scale / in non-standard continua. The correlation
length ¢ is a measure for the rate of fluctuations of the random field and may
significantly influence the damage process and global response of the struc-
ture. The example of a tensile specimen with random initial damage is well
suited to study this fundamental issue. We assume that the initial damage
threshold is randomly distributed over the solid and can be represented by a
non-Gaussian correlated random field. For the non-Gaussian field a three-
parameter Weibull distribution function is assumed:

F(Ko)= Au(Ko—Kg"Y™ expl~ A(Ko— Kg™)"1 (i4)

with A, u the Weibull-parameters and K" the lower bound of the initial dam-
age threshold. The material parameters are taken from Carmeliet [24] and



