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Abstract

It is well documented that the major part of the nonlinearity in concrete is attributed to the
development of microcracks and microvoids which tend to destroy the interface of bond between the
cement matrix and aggregate and/or destroy the material grains and thus affecting the elastic properties.

In the past two decades, the damage mechanics approach has emerged as a viable framework for
the description of the observed phenomenological behavior of concrete such as material stiffness
degradation, microcrack initiation and the strong directionality of DAMAGE.

It is the objective of this thesis to incorporate a continuum damage model into a three dimensional
finite element code (DAMAG3D) to predict the ultimate capacity and the overall response of structures
made up of britle materials. The model is verified through the well-known Brazilian test, uniaxial
compression test and plain concrete prism under strip loading. Numerical predictions are compared with
the experimental results and the results predicted by other models.
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Chapter 1
INTRODUCTION

1.1 BACKGROUND TO THE PROBLEM

All structures are three dimensional, but when it comes for the analysis
of these structures, the usual practice is to idealize them as two dimen-
sional structures with either plane stress or plane sfrain conditions
being assumed.For the analysis of structures which have compley‘c geo-
metries, varying material properties and/or subjected to intricate load-
ing together with non-linear behavior of material, numerical methods are
gaining popularity, and the approach to turn to. The finite element
method (FEM) is one of the numerical technique which is now firmly
accepted as a most powerful method for 'the solu.tion of a variety of
problems encountered in engineering.For linear analysis, the technique
is widely employed with confidence. Since iendency nowadays is to go
for ultimate design, therefore, ron-linear finite element analysis should
be applied keeping in mind the accessibilily of two major factors. First-
ly, considerable computing power is required, keeping in view the
increased numerical operations associated wilh non-linear problems. Sec-
ondly, the accuracy of any proposed solution technique must be prov-
en. Developments in the last decade or so have ensured that high-speed

digital computers fulfilling this need are now available, also the devel-
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opment of improved element characteristics and more cefficient non-linear
solution algorithms have ensured that non-linear finile element analysis
can be performed with confidence. With the rapid increase in PC's and
mainframe CPU and memory capacities, fully three-dimensional finite ele-
ment analysis is becoming possible, which is definitely more accurate

than the two dimensional analysis.

With the advancement of finite element technique and availability of
high speed computers, there has been.a demand for refined and sophis-
ticated models in order to trace the response of brittle materials in the
non-linear post-cracking and post-yield range, since they cannot be
treated as ductile materials due to their different behavior in tension
and compression,initiation and propagatioh of cracks elc. The behavior
of brittle materials under compressive and {ensile states of stress has
the following essential features:

1. The 'softening' of the specimen (i.e.,negative slope of the
stress-strain curve) in the post failure domain.

2. Positive dilatancy (volumetric strain ) in the later stages of the
compression test.

3. The gradual degradation of material strength characterized by
the change in the elastic properties ( mainly elastic modulus ) in
subsequent cycles of a repetitive loading program.

4, Different behavior in tension and compression.

5.  Stiffness degradation.
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None of these phenomena can be satisfactorvily interpreted within the
context of the classical theory of plasticity which was inilially intended
for ductile materials. Hence the need arises for a theory which can

interpret these phenomena.

In the past two decades, the damage mechanics approach has
emerged as viable framework for the description of distributed material
damage including material stiffness gradation, microcrack initiation,
damage-induced anisotropy. Damage mechanics has also been introduced
to describe the inelastic behayior of brittle materials such as concrete

and rock.

Keeping in mind all the above mentioned faclors, a three-dimensional
FEM coding is developed in which a continuum damage mechanics (CDM)

model based on bounding surface concept is incorporated.

1.2 SCOPE AND OBJECTIVES

The scope of this thesis is to incorporate a continuum damage model

which can predict the behavior and capture as many features as possi-

ble of brittle materials. The main objeclives of this work are :

1. Develop a generalized three-dimensional finite element program
for the analysis of any structure ( including curved bound-

aries), made of brittle materials and subjected 1o generalized

loading.
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2. Use the CDM model for briltle materials as proposed by Wimal
Suaris(1990) which is able to predict successfully {he essential
characteristics of brittle materials such as nonlinearity, stiffness
degradation, shear compaction dilatancy, different behavior in
tension and compression and the sirain softening behavior.

3. Verify the model by running il for three different fests, namely,
the Brazilian test, compression test of plain concrele cylinder,
and plain concrete prism under strip loading, and comparing its
predictions with results reported by Resende (1987), Suaris et
al. (1990) and Gonzalez et al (1991) for the same lests respec-
tively. .

4, Assessment of Suaris damage model based on comparisons of its.

predictions with those based on plasticity models.

1.3 LITERATURE REVIEW
Review of the literature indicates a limited or no work in the field of

three dimensional finite element analysis of brittle materials incorporat-

ing CDM model.

Krajcinovic and Fonseka (1981) proposed an analylical model gov-
erning the mechanical response of a perfectly brillle solid under isoth-
ermal conditions. This theory is rather similar to the plasticity theory.
This model restricts damage to a muititude of flat, plane penny-shaped
microdefects, and is also incapable of predicting fine details of propaga-

tion of particular crack and the stress field around ils tip.
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Siriwardne and Desai (1983) proposed compuiational procedures for
implementing some constitutive models and introcduced them in three-,
and two- dimensional ({inite element procedures.Variable moduli,
Drucker-Prager, critical stale and cap models are considered. The
three-dimensional finite element analysis involvecd 8- to 20-noded isopar-
ametric elements where as two-dimensional finile element involves 4- to
8-noded isoparametric elements. The above mentioned work considers

only advanced plasticity models with no considerations to CDM models.

Resende and Martin (1984) introduced a constitutlive model for the
mechanical behavior of materials such as rock and concrete. The pro-
posed model is based on the progressive fracturing theory for the shear
behavior wheréas the volumetric behavior:is formulated using hydrostat-
ic compression cap yield surfaces of plasticity fitled intoc a broadened
progressive frame work. General constitutive equations for three-
dimensional problems are presented to be implemenied in finite element
stress analysis. This model considers only compression behavior with no
statement about tensile conditions. The unloading behavior in shear
produces no permanent strains; in fact there should be some kind of

coupling between elastic and inelastic deformations.

Resende (1987} proposed a rate-independeni constitutive theory for
the behavior of concrete in the inelastic range. The inelasticity is pro-
vided by two basic damage mechanisms,namely,.shear damage and hyd-

rostatic tension damage. The proposed model was also implemented in
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two-dimensijonal finite element codes to solve a number of boundary val-
ue problems. This model require a number of malerial parameters {o be

defined and then need to be calibrated accordingly.

De Wolf and Kou (1987) used three- dimensional finite element
analysis to study the post cracking behavior of concrete treating it as
isotropic, homogeneous, linear elastic material. The discrete cracking
model was introduced since the directions and approximate locations of
the cracks were closely followed in the tests. The discrete cracking
model is good only if experimental cracking palierns are availz(b]e which;
in fact is a handicap. This work did not involve CIDM modelling of con-

crete none whatsoever.

Chow and Wang (1988) presented a finite clement formulation of an
isotropic theory of continuum mechanies for ductile fracture. The pro-

posed finite element analysis is only for ductile materials."

Khan and Yuan(1988) modelled the behavior of bimodular materials
(materials having different moduli in tension and compression) by using
three-dimensional finite element method. Iteration schemes for propor-
tionate and non-proportionate loading are proposed, and a computer
program performing elastic analysis and predicting brittle failure loads
with four different failure criteria is developed. In this work only the
elastic bimodular behavior is considered along with the classical failure
criterion (Coulomb, Drucker-Prager) to predict the C(ailure of brittle

materials,which are inadequate for predicling flailure of such materials



3.7

7
under non-proportionate loading. The above work did not consider CDM

modelling of concrete.

Mazars and Cabot (1989) rveviewed different models for concrele
based on continuum damage theory. Models reviewed are unilateral dam-
age model, scalar damage model, damage model with permanent strains
and induced anisotropy, damage model for high compressive loadings.
Each model has its own limitations,but can be implemented in finite ele-

ment codes.

Chou, Lee and Erdman (1990) formulated a finite clement model
ba'sed on Lee's theory which decomposes the deformation gradient into a
product of elastic and plastic parts instead of assuming that the strain
rate is the combinatioﬁ of the elastic and plastic strain rates. This work

neither considers concrete nor CDM modelling .

Gonzalez, Kotsovos and Pavlovic (1990) presented a three-
dimensional FE model for structural concrete which fully allows for {ri-
axial effects. The model consists of generalized stiress-strain relations
for concrete which is uncracked at the macroscopic level, and this is
valid upto a specified failure envelope; beyond this envelope instant
strain-softening is assumed both in teusion and compression. Smeared
modelling of cracking is used. Again no CDM madelling is involved in
this work. The results obtained from this work are not in correlation

with the experimental results.



3.7

8

Gonzalez, Kotsovos and Pavlovie (1991) proposed a three-
dimensional model, brittle in nature, permitting the validation of certain
general concepts regarding the failure of concrele in a structure.
20-noded serendipity and 27-noded Lagrangian eclements are used for
concrete modelling with smeared modelling of cracking. This model
assumes perfect bond with a view that aggregale interlock plays a neg-
ligible role in the load-carrying capacily of a member. The above work

did not consider CDM modelling of concrete.

Seraj, Kotsovos and Paviovic (1992) proposed a three-dimensional
finite element model for structural concrete, based on the brittle consti-
tutive relationships and applied it to the analysis of reinforced concrete
members. This work is an extension of {18} to high-strength concrete

mixes with special reference to T-beams.

Considering the limitations regarding the past work of researchers,
a generalized three-dimensional finite element code using CDM approach
is developed to study the non-linear behavior of concrete.The model
selected herein is as proposed by Wimal Suaris(1990), which is simple,
general and captures several features of brittle materials such as stiff-

ness degradation ,different behavior in tension and compression etc.
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1.4 ORGANIZATION OF THESIS
This thesis consists of six Chapters in which Chapler Two contains the
behavior of concrete and a review of some of the exisling CDDM constitu-

tive models for multiaxial behavior of concrete.

In Chapter Three, the finite element model is described. Standard

formulations for 20-noded serendipilty element are given.

In Chapter Four finite element program DAMAG3D for non-linear
analysis of brittle materials is describecd.. A detailed discussion of

important subroutines is presented.

Chapter Five consists of the verification and comparison of results
obtained by applying the model for Brazilian lesf, compression test of

plain concrete cylinder and plain concrete prism under strip loading.

Chapter Six presents conclusions, "suggestions and future scope of

the work.
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Chapter 11
MATERIAL MODELLING

2.1 INTRODUCTION

With the advancement of finite element itechnique and availability of high
speed computers , there has been a demand for refined and sophisticat-
e._d models in order to trace the response of concrele especially in the
non-linear post-cracking range. Although the use of finite element
method is highly promising , yet the task of modelling the material
behavior remains a great challenge. .Ever since this method was applied
to concrete structures , material modelling has become a very active
area of research. Research has been conducted to develop a versatile ,
simple , and realistic model able to capture as many features as possi-
ble. With the introduction of continuum damage mechanics it is becoming

possible capture several features of concrete if not all.

2.2 CONTINUUM DAMAGE MECHANICS

In the past two decades,the damage mechanics approach has cmerged as
a viable framework for the description of distributed material damage
including material stiffness degradation, microcrack initiation, growth
and coalescence of cracks as well as damage-induced anisotropy. Dam-

age mechanics has been applied to model creep damage ( Hult ,1974

- 10 -
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:Kachanov 1958, 1984, 1987; Krajcinovic , 1983; Leckice and Hayhurst |
1974; Lemaitre , 1984; Murakami , 1985 ) , creep-fatigue ( Lemailre ,
1979, 1984; Lemaitre and Chaboche , 1974; Lemaiire and Plumtree ,
1979) , elasticity coupled with damage ( Cordebois and Sidorof , 1982;
Ju et al., 1989; Kachanov , 1980 , 1987; Krajcinovic and Fonseka ,
1981; Ortiz , 1985; Wu ,1985 ) and ductile plastic damage ( Cordebois
and Sidorof , 1982; Dragon , 1985a; Dragon and Chihab , 1985b;
Lemaitre and Dufailly , 1977; Lemaitre ,1984, 1985, 1986; Simo and Ju
,1986 , 1987a ,1987b ). In addition damage mechanics has been intro-
duced to describe the inelastic behavior of brittle materials such as
concrete and rock ( Francois , 1984; Kachanov , 1972, 1982; Krajcino-

vic and Selvaraj , 1983; Mazars, 1982, 1984, 1986; Mazars and Lemaitre,

1984; Mazars and Legendre, 1984; Mazars and Pijaudier-Cabot, 1986;

Mazars and Borderie, 1987; Resende and Martin, 1981; Resende, 1987,

Simo and Ju, 1987a,b;Taher,S.E.-D.F., Baluch,M.H., AL-Gadhib,A .H.,
1994 )

Continuum damage mechanics is based on the t{hermodynamics of
irreversible processes, the internal state variable theory and relevant
physical considerations ( e.g.,micromechanical damage variable theo-
ry,kinetic law of damage growth, nonlocal damage characterization and
plasticity-damage coupling mechanism, etc. ). A scalar damage variable
is suitable for characterization of isotopic damage processes. Neverthe-
less, a tensor-valued damage variable ( fourth order ) is necessary in

order to account for anisotropic damage effects.
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It is important to clarify the term "damage" cmployed in the litera-
ture.The existence of microcracks and their prepagation which causes
stiffness degradation, dilatancy and other non-linear characteristics
leading ultimately to failure is termed as "DAMAGE". There are at least

three different levels of scale of "damage" in the material mechanical

responses:

1. micro-scale level
2. meso-scale level
3. macro-scale level

Consider a volume element at macroscale level as shown in Figure 1 ,in

which,

1. S = overall section area of volume elemenlt defined by the unit
normal vector 7

2. A tofal area of microcracks -and cavities

3. S = effective resisting area of microcracks and cavities.

The effective resisting area takes into account S§,, microstress con-

centrations in the vicinity of discontinuities and intcractions between

closed defects, and therefore

SsS—SD (2.1)

Physically, damage variable D, ( associated with normal A) can be
defined as

D=£:—§, or (2.2)
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Volume Element from a Damaged Body
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S = S(1—D") (2.3)

where,
1. D = corrected area of cracks and cavities per unit surface cut

by a plane perpendicular to 2

2. D, =0, corresponds to undamaged state.

3. D =1, corresponds to rupture of malerial element into two
parts.

4. 0 <D <1, corresponds to damaged state.

2.2.1 Isotropic Damage

In general, cracks and voids are oriented and thus D" is a function of

;l. This leads to an intrinsic variable of damage which can be a second
order or a fourth order tensor depending upon the hypothesis mode.In
isotropic damage( Lemaitre,1985), cracks and voids are equally -di:qtrib-
uted in all directions.Thus Dn does not depend upon ;\l and intrinsic

damage variable is scalar D.

The strain behavior of a damaged material is represented by consti-
tutive equations of the virgin material (withouf any damage) in the

potential of which the stress is simply replaced by the effective stress,

G, where,
(8
0 = —— (2.4)
(1-D)
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Therefore,{or uniaxial loading ¢ = ,, strains may be writien as:

(v
X

* (1-D)E,

~Vo,
g = ——— ( 2.5)
» " (1-D)E,
—vo,
R 2
* (1-D)E,

2.2.2 Orthotropic Damage
For orthotropic materials, stresses in terms of strains without damage

are expressed as follows:

o
N S O 4
x E > g g
x ¥y 2z
c o g
x ¥y Z
= —-v + -V .
ey xy E E zy E ( 2.6 )
y 4
o O‘y o,

8=—— t— —— \]  commawm=

4 \'-\’Z E .oyz E E
X Z

The quantities ExvEy'Ezv"xy"'xz"’yz need to be degraded as damage

progresses.

In orthotropic damage, cracks and.voids are distributed in all direc-

A
tions.Thus Dn depend upon M and intrvinsic damage variable is not a
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scalar D, but a vector & with the componentis myp,m9,03 acling along

the principal directions of damage.

Figure 2 shows the cracks or defects in a body oriented in three

principal directions. (i=1,2,3), is the area densily of cracks in

any plane perpendicular to axis X i

If the body is subjected to uniaxial tension, the cracks in the plane
perpendicular to the loading will open up while those in the other
directions will close.Based on this assumption, if there are three princi-

pal tensile stress directions at a point in an inilially isotropic body

characterized by a single modulus E", the modulus will be degraded

only by the damage component ();, in the plane perpendicular to the

principal stress direction i.e.,

E, = E (1-a0,)
E2 = E,,(l_“‘”z) ( 2.7)
E; = E (1-a0y)

where, a is a constant parameter.Since, there are no cross-effects v
will not be degraded.Note that the degraded moduli as given by equa-

tion (2.7) reflect damage induced anisotropy in an initially isotropic

material.
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If the body is subjected to uniaxial compression, the cracks in the
plane perpendicular to the loading will close, while in the other direc-

tions they will open up.Therefore, for the case of three principal com-

pressive stress directions E

o Will be cegraded by the damage in the

planes not perpendicular to the loading,i.e.,

E, = E (1-poy)(1-poy)
E, = E (1-po,)(1-Bwy) (2.8)

E, = E (1-po;)(1-Po,)
where, B is a constant parameter. Due to the cross-effects and lortu-

ous nature of cracks v is also degraded,i.ce.,

2T (Ca) (-0

(1-0,)(1-0,)

I

Vi (2.9)

"B T () (1-0y)

Note that degraded Poisson's ratio implies an increase in the Poisson's

ratio, reflecting an effective increase in the flexibility.
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23 BEHAVIOR OF CONCRETE

Concrete consists of cementitious wmatrix and aggregate parti-
cles.Wittmann ( 1983 ) outlined a classification scheme for structural
levels by which the processes in the concrete can be observed : 1.
micro-level ; 2. meso-level ; 3. macro-level. Most of the properties of
concrete have to be measured in the second level using the concept of
unit cell but the phenomenological aspects are observed in the macro-
level. The most prominent modes of the irreversible changes of the
micro-structure are :

1. slip on the preferred crystallographic planes

2. nucleation and growth of microcracks and microvoids

Slip is promoted by shear stresses available for moving and stack-
ing dislocations (line defectz) into preferential configuration. For
material slips through the crystalline lattice , the number of bonds
between particles remains practically unchanged ( Krajcinovic, 1984 ).
The plastic deformation is a phenomenological result of the slips on all
active slip systems in the solid.Concrete lacks the crystalline lattice
necessary for the sustained slip deformation. This phenomena are stud-
ied within the context of the theory of plasticity. Response dominated
by slip in shear planes will be perceived as ductile for concrete-if par-

tially or totally confined.

Ortiz ( 1984 ) pointed out that it is imporiant to note , however,

that both the cracking and plastic flow of concrete exhibit a variety of
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typical features that are not contained within the classical theories of
fracture mechanics and plasticity. It is well known thai when concrete
is subjected to uniaxial compression it develop cracks thal are parallel
to the axis of loading. In some cases, these cracks become so large to

be the direct cause of failure of the specimen.

Whereas plastic strain does not significantly reduce the elastic mod-
uli, micro-cracking causes both inelastic strain and a reduction of the
elastic moduli ( Bazant and Shieh,1980 ). Micro-cracking in the cleav-
age mode occurs in planes .perpendi{:ular to the direction in which the
direct tensile strain- exceeds some threshold value reflecting the cohe-
sive and/or adhesive strength of the solid locally.Since the microcrack-
ing involves progressive loss of bonds between adjacent particles (.
grains ) the elastic properties of the =solid are affected as
well . Microcracks are actually not randomly oriented but exhibit a preva-
lent orientation, thus giving rise to stress- induced anisotropy of
incremental elastic moduli ( Bazant and Shieh, 1980 ).Response charac-
terized by micro-cracking in cleavage mode is typically classified as

brittle as for a concrete specimen in unconfined uniaxial compression.

The extension of microcracks, for instance, is not only known to
play a decisive role in the inelasticity of concrete ( Ortiz, 1984 ), as it
results in t_he degradation of the elastic compliances ( 1su et al., 1963;
Gardener, 1969; Karsan and Jirsa, 1969; Mills and Zimmerman,

1970,1971; Linse, 1973; Palaniswamy and Shah, 1974; Wastiels, 1979 )
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but also interacts with the plasticity of the material ( Hueckel,
1975;1976.1977; Dafalias, 1977a,b,1978 ). Such an effect is known as

elastoplastic coupling.

The cracking of materials results from creation, propagation and
coalescence of micro-cracks.For materials characterized by ductile

behavior, Chaboche( 1987 ) considered four different levels of crack-

ing:

1. crack nucleation;

2. micro-crack initiation;
3. macro-crack initiation;
4, breaking up.

On the other hand , one must distinguish two other types of struc-
tural materials ( Bazant et al., 1991 )

1. those failing at the initiation of the macroscopic crack growth
(i.e., the structure just before failure contains only macroscopic
cracks or other flaws, as in typical types of many ceramics and
fatigue-embrittled metal structures); and

2. those failing only after large stable microscopic crack growth

( which is the case of reinforced concrete structures).

These considerations give rise to the briltle damage. Damage is gen-

erally termed brittle when it occurs by decohesion without any sensible

plastic strain at the mesoscale.
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For concrete, the heterogeneity of its microstructure associated with
great porosity of the binding material and wilth the presence of granu-
lates , is an essential factor of the phenomenoclogical aspect of the
behavior. From experimental observations and from micromechanical mod-
els which were proposed by several authors the following can be
described for concrete :
1. a state of initial degradation ( defecls of compactness , micro-
cracks in the paste created by dilatation and shrinkage );
2. a propagation of the microcracks arouncd the biggest grains
under load ;
3. a dependence of the microporous stru.cture of the cement paste

on the hydrostatic pressure.

A salient aspect of the material behavior of concrete that can be
deduced is the process of damage undergone by its elastic properties as
a consequence of microcrack growth'.It. has been shown through crack
surveys that crack textures quickly become highly anisotropic. This

endows the elasticity of concrete with a strong induced anisotropy

( Ortiz, 1984 ).
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24 REVIEW OF SOME EXISTING DAMAGE MODELS OF
CONCRETE

In this section before reviewing some of the exisling models a brief

description of theoretical preliminaries is discussel.

2.4.1 Theoretical Preliminaries
At constant temperature, concrete may be described by the elastic

strain tensor £° ,the damage variable D, and the scalar effective plastic

strain ©°. which may be defined as

) . .
7 = j%w”:dﬂdt ( 2.10 )
0

in which ¢’ is the rate of plastic ‘strain tenser oblained through the
partitioning of total strain rate & into elastic and plastic strains , such

that, ¢ = ¢¢ + ¢?. The symbol : indicates the tensorial product con-

tracted on two indices.

The mathematical definition of damage does not need to be precised

at this point. Each equilibrium state is distinguished by the value of a
scalar thermodynamic pofential, strain energy Function W = Py, in
which y, is the strain energy per unit mass,and p is the mass density
of the material. The quantity py is a function of ©© D , . A common

choice for l|l that satisfies the first principle of thermodynamics is the
specific energy of a quadratic form as proposed by Lemaitre and Cha-

boche (1978). Following Kachanov and Lemaitre's interpretation it is
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assumed that only the elastic properties of the matervial are affected by

damage. Therefore , py¥ can be expressed as
py(ef, D, &) = py’(c®, D) + py’ (&) ( 2.11)
in which y° is a function of damage and elastic strains , and Wy’ is a

function of the effective plastic strain. The stress iensor o, the effec-

tive stress, G and the damage energy release rate ) are defined from

the specific energy as follows :

opy®

oct

Q
il

.
1

P
__a.l’_‘l’_; ( 2.12)
o’

al
It

e

y - - 9ov
oD

The permanent strains and damage are irreversible processes Ieadiné to
the conversion of mechanical energy into heat and surface creation.
According to the Clausius Duhem inequality, the rale of energy dissi-
pated ¢ must remain positive :

p = o:6—py’—pyl20 (2.13)
In this expression the rate of energy dissipated due fo damage ¢, can

be distinguished from that due to plasticity fb,,:

('pd = G:i;c—p\ilc; (pp = O':ilc—p\ilp; ( 2.14)
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A sufficient condition to satisfy the Clausius Duhem inequality can be
©420 , and(i)pzo. Since the introduction of plasticily in the models is

very similar to classical developments ( Ladeveze 1983 ) the attention is

focused on the introduction of damage into the elastic constitutive laws,

The potential py® is adopted for the elastic energy :
where py°©= %/\(D):se:!:c

( 2.15)
.'\(D) is a fourth-order symmétric tensor, function of damage D, inter-

preted as the secant stiffness matrix. Taking the incremental form of

Eq.(2.15) and substituting into Eqgs.(2.12) and (2.14) gives

c = AD):e%; Y= —?—85—:8‘:1:' (2.16)
by = —(%-Ma(%:e‘:c")bzo (2.17)

The damage energy release rate Y is a quadratic form positive definite

since —— <0 i.e. the stiffness decreases with increasing damage. The

sufficient condition to satisfy the Clausius Duhem inequality is D=0

The damage growth satisfying the above condition will be governed by a
loading surface of equation f(c,./\,K 0) =0, in which K » is the initial

threshold of damage. Uniqueness of this function with regard to the

stress-state is insured by choosing f as a function of strains, not
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stresses (two strain tensors may be associated with the same stress

tensor ).To respect the loading condition, damage evolution equation is

defined as
I)=Oiff<oorf=0andf=o (2.18)
D=F(c)iff=0andf20 (2.19)
F(c) is a positive function of strains which is experimentally deter-

mined.

In the following sections some of the exislting models are now

reviewed.

242 Scalar Damage Model ( Mazars )

In Mazars' scalar damage model (1984), the material is supposed to
behave elastically and to remain isotropic. Based on Eq.(2.15) elastic

energy may be expressed as follows:
e _ LA (1=D).c%c0
py- = 2A0(1 D):¢%:¢

in which, Ao is the initial stiffness matrix of the material and D is the

damage. ( 2.20)
The stress 0 and the damage energy release rate Y arc then directly

calculated from Eqs. (2.12) and (2.17) in the following form :

o = A (1-D):¢; ' ( 2.21)
Y = -;—Ao:&:e:ce; ( 2.22)

The dissipation rate is obtained from Eq. (2.14):
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¢ =YD ( 2.23)
The damage scalar theoretically ranges from 0 for the virgin material to
1 which represents the failure (zero stress) under homogeneous strain
condition.The loading surface used is inspired from the St. Venant cri-

terion of maximum principal strain, and may be expressed as
Je,AK ) = e-K(D) (2.24)

where £ is the equivalent strain, defined as :

3 2
E=‘/};(<ai>+; - (2.25)
x + > Ld .
(<x> . = ..l_.l_i_ﬁ, e; are the principal slrams) (2.26)

The hardening-softening parameter K(D) takes the largesi value of the

equivalent strain € ever reached by the material at the considered point
to retain the pl'-e\;ious loaciing history, and is initially equal to K o+ The
response in tension or compression is described by the following laws
coupling two types of damage, namely, D' and Dc which correspond to

damage measured in uniaxial tension and uniaxial compression respec-

tively. The total damage D is expressed as the weighted sum of

Dt and Dc such that
D = “tDt + ach;and ( 2.27)

D = F(&)ana D_= F (7) (2.28)

1
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where, a,andq, are the weighled functions depending on the strain

state.

The stress tensor O is decomposed inlo positive and negative parts,
such that 0, and 0_ are the tensors which contain only the positive
and negative principal stress, respectively, and t,,t,. the strain tensors

defined as :

= A Lg .o = AL
et—/\ .0+,sc—/\ 10 _ (2.29)

It can be noted that in uniaxial tension a, = 1, anda,=0, D = Dr and

vice versa in compression.

24.3 Unilateral Damage Model ( Ladevezé¢ ; Mazars )

In the unilateral model Ladeveze(1983) and Mazars(1985}), instead of
using average set in Eq.(2.21) which defines the kinematics of damage
, proposed that, it may be useful to distinguish damage due to tension

from that due to compression. Since damage cannot diminish (Clausius
Duhem inequality) two independent scalars, damage Dtand Dc, are
used.Depending on the sign of stress, the apparent damage will be

either Dt for positive stresses or Dc for negative stresses. If the loads

are complex, damage may be a combination of D, and D(,, The stress

tensor is decomposed into positive and negative parts. The material is

assumed to remain elastic and consequently the complementary potential

function Q° may be expressed as:
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Q¢ = Q%,) + Q%0 _)

T{ Faopy o)l M}

1 .
-2—{5( D)[(l \)(U :0_)- "(" )]} ( 2.30)

where fFoc = Oxr and annd v, are the initial modulus of elasticity and

Poisson's ratio respectively. Tension and compression are distinguished
by the sign of stress. The corresponding constiluiive laws may be

[ 4
obtained from ¢ =

as follows:

o
e 1
gf = ———[(14+v )0, -v <tro, >1I| +
———[(1+v )o_ —v,<tro_> 1] - ( 2.31)

( D)

where [ is the identity tensor. In the Clausius Duhem inequality two

damage energy release rates related to each damage scalar appear:

q= YtD‘ + Ych; ( 2.32)

e ¢
Y__ag Y=—-§9— ( 2.33)
! oD, ¢ oD _

A sufficient condition to satisfy Eq.(2.7) is that the two rates of dam-
age Dtand Dc remain positive. The damage Joading surface is expressed

in term of the energy release rate as :
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feAK)

fc(a,/\,Ko)

Il

Y,—K'(D') ( 2.34)

Y;Kc(D() ( 2.35)

K,and KC are the hardening-softening parameters similar to K(D) in

Eq.(2.18). The evolution of laws of each damage scalars are the fol-

lowing functions of the energy release rates,
Dt = Ft(Yt) and Dc = FC(YC). For this model the damage produced by

tension has no effect on the response in compression and vice versa.
The two damage parameters grow independently, each one describing
the corresponding secant stiffness of the material subjected to uniaxial

loading of positive or negative sign.

2.44 Damage Model with Permanent Strains and Induced Anisotropy
(Collumbet)

Collumbet(1985), proposed the following thermodynamic poten-
tial,from which a formulation including the effect of induced anisotropy

can be derived :
1
py = -i-[AD:ae]:(ce + o) (2.36 )

Permanent strains £ appear in this potential and A p is the stiffness
matrix of an orthotropic material. Its dependence on damage is defined

as Apl:c = A7 L:[Lp:0] in which A, is the initial stiffness matrix of

the material, the damage variable called LI) Is a fourth-order symmetric
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tensor. Since the material is orthotropic, there are in general nine dam-
age variables. Collumbet restricted the identification {o the axisymmetric
case where four variables are needed Eq.(2.37). The damage loading
surface is identical to the one used previously in the one scalar damage

model Eq.(2.24)

b I 1y 1 o
L g = 112 ll 123 0'2 ( 2.37)
lZ3 123 13 73

The constitutive laws are derived from the potential Eq.(2.36) :
e=Aplio + ¢ . (2.38)

This model may not be applied to stress states where the hydrostatic

pressure is high.

24.5 Constitutive Model for Concrete in Cyclic Compression (Chen)

In this work by Chen (1984), an overall assessment of the damage is

based on the evaluation of the plastic volumetric strain £/ and the plas-

tic octahedral shear strain 'yg The coupling of these two effects is

achieved through a shear compaction-dilatancy faclor. The damage accu-

mulation is proposed to be evaluated by the use of a damage parame-
ter,K, which is related to yg The realistic modelling of Jdamage accumu-

lation under complex stress paths is achieved by defining K in an

incremental form as
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dyl
K = ( 2.39)
F(I,,0)
andK={ . ( 2.40 )
loading history

The failure criterion used in this model is represented by a failure sur-
face defined in stress space. This failure surface, called a bounding
surface, as shown in Figure 3 , encloses all possible slress points

and shrinks in size as damage accumulates.The bounding surface is a

function of stress invariants and damage parameter.in this model the

bounding surface,F; is proposed to be a function of 6; ( or stress

invariants ) and Kmax = the maximum value of K ever experienced by

the material :

F(o,.j.,Kmax) =0 ( 2.41)
1/6
1.85(v/ J,+0.378.J,)(12 + 11cos30) /8
Flo..K__ )=
y~ max I,+0.3
B SO
max+39
( 2.42)
where,
11 = the first stress invariant s
"2 = second deviatoric stress invariant.
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Figure 3:
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() = angle between projection of the position vector of principal stress

and that of any semiaxis on deviatoric plane ( angle of similarity ).

The present formulation adopts that the distance between the siress
point and the bounding surface is measured along the S, direction. By
this definition, the octahedral stress-strain behavior can be character-
ized. Since the bounding surface on the deviatoric plane is l1 depen-
dent , a normalized measure D is introduced for this purpose:

.D - 2.43
. R , ( )

in which r is the distance from the projection of curren! stress point on

the deviatoric plane to the hydrostatic axis; and R is the distance of
the bounding surface from the hydroaxis along the S,-,- direction. Thus,

when D = 1,the material is assumed to have failed.

Strain increment dz‘” is decomposed into its deviatoric and volumetric

components :

de,,
de,.j = deij+a.. ; (k=1,2,3) (2.44)

y 3
The deviatoric strain increment can be further decomposed into elastic

and plastic components, de; and deZ

de.. = de..+de. ( 2.45 )
i g
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The elastic deviatorie strain increment 5::-',- can be relaled o the stress

increment following Hooke's Law

de = 2-dS ( 2.46 )

i ij
in which I = the generalized elastic shear modulus; and dSy = the

deviatoric stress increment.The plastic strain increment (Iez is assumed

to be independent of any volumetric change, and the projection of deZ

on the deviatoric plane is assumed directly along the projection of the

position vector of the stress point.In other words, d(’Z is proportional

to S,:’- *This proportionality yields

( 2.47)
T .
ij [/
and assuming incremental linearity one can write’
Yo
& = — ( 2.48 )

in which the generalized plastic shear modulus 7" , depends on the his-

tory of the stress and strain.

The portion of dekk caused by dl , dckk,o is calculated as
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dr,

kk,0 SK'

de ( 2.49)

in which tangent bulk modulus X. is assumed to be a function of I; The
remaining portion of d‘;kk , dckk, 4» is directly associated with the plastic
octahedral shear strain increment, dy{,’ , by the linear relationship

dskk’d = de{)’ ( 2.50 )

in which shear compaction-éilatancy factor p is also a function of the

stress and strain , and
ey, = epg o + dogy g (251

Combining Eqs.(2.38-2.45) and by expressing

ato doltm
dto = mdﬂ'k”’ = Skm_3-[_0_-’(k”"=1’2’3) (2.52)

the following relationship between dc,-,- and dﬁ,-j is oblained:

. S..
de.. = g 4 1 v+ 6..-[5— S

do +
if T i3 km  km
H  sH. L%

1 1
5. - do,,; (k,m=1,2,3) 2.53
,J( ok 3He) Lk ( ( )
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2.4.6 Damage Model for Cyclic Loading of Concrete (Suaris)
Suaris (1990), in his model, derived the damage growih, using a con-
cept formally similar to the bounding surface hypothesis used in plastic-
ity.In this method, a limit fracture surface ( which defines the onset of
damage), a loading surface and a bhounding surface are defined. Dam-
age growth would occur only when the loading surface is outside of the
limit fracture surface. The bounding surface is obtained by applying a
mapping rule to the loading surface.The damage growth rate is defined
as a function of the distance between a point on the loading surface

and the corresponding image point on the bounding surface.

The elastic complementary free-energy function (A)- is a function of

the stress tenéor Ojjs temperature t, and current damage state. If the
damage can be represented by three components , ®;, along the princi-
pal tensile stress directions,then the function, A , can be expressed as

A= A(cij,t,m'.) ( 2.54)
The constitutive relations and the generalized thermodynamic force con-
jugates (RJ) of the damage components, derived subject to thermody-
namic restrictions, are given by

aA ]
&5 = p-af‘i}-(cij,t,mi) ‘ ( 2.55)

_ oA
J 'a(o,.
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The entropy production rate (the Clausius Duhem inequality) can be

written as
Py = —cy.oy + pA>0 ( 2.57)
oA .
Expanding and substituting L R Uy and assuming that the process

ij
is isothermal, Eq.(2.57) can be reduced to the form

= Rj(bj>o (2.58 )

The loading function (/) is defined in terms of the thermodynamic-
force conjugate as

1

R
S= (RR) —T=0 ( 2.59)

where R ¢ is a constant with a value of 0.63 and b is the mapping

parameter , which varies from infinity fo 1 with the growth of the load-

ing function,

A bounding surface F is defined as

1
= (-I-(-,ﬁi)2 -R =0 ( 2.60 )

where Ri = an image point on F = 0 associated with a given point

R,-on f = 0, defined tlirough a noninvertible confinuous mapping rule as
= bR'. (2.61)

Bounding, loading and limit fracture surfaces are shown in Figure 4
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Figure 4:

BOUNDING SURFALE

LOADING SURFALE

LIMIT FRACTURE SURFACE

Illustration of Bounding, Loading and Limit Fracture
Surfaces
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The damage-growth rate is determined from the loading function by

using an associated flow rule as

( 2.62)

where L = a Joading index selected so that T..(2.58) is salisfied.The

loading index L is defined by

cl|l of

=-il- —I—?—Rj ( 2.63)
on;

where

c=1 iff=0and /A R.>o0
oR. | /

c=90 otherwise (2.64)

The damage modulus H is expressed as a function of the distance

between the loading and the bounding surface, given by

H = .__2§._. ( 2.65)
<3. —d8>
m

where D =2.65 is a constant; and < > are Macaulay brackets that set

the quantity within to zero if the value is negalive.

The normalized distance & between the loading and bounding surfac-

es is given by
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1 1
(ﬁiﬁi)z _(R.'Ri)z 1
& = - = 1—7)- ( 2.66 )
(RR)*

and is shown in Figure 5.

The stress tensor is decomposed into its positive and negative eigenva-

lues given by

+ -

o =[c] + [o] : . ( 2.67)
The complementary free-energy function is then intiroduced in terms of
the positive and negative eigenvalues as

pA = %(U+C'0+ +67Cyo7) ( 2.68 )

where C, and C” are the compliance matrices for. tensile and compres-

sive stresses.

The decomposition of the elastic potential into tensile and compres-
sive portions enables the modelling of the different crack mechanisms in
tension and compression.The compliance matrices for tension and com-

pression are derived using the concept of orthotropic damage as dis-

cussed in sec.2.2.2.The compliance matrix for lensile siresses C, is

defined as

1 -V —\
1 -\
_ 1 1—-ao ———
C, 5 ( Y 1) (1-00,) 1 ( 2.69)
0 —_y -y (1""“(!)3)
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BOUNDING SURFACE

LOADING SURFACE

LIMIT FRACTURE
SURFACE

Figure 5: Definition of Normalized Distance in Deviatoric Plane
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where Eo = the modulus of elasticity; and v = the Poisson's ratio of the

uncracked concrete, and y,0y,m3 = the componenis of damage in the

three principal tensile stress directions respectively.

The compliance matrix C 1 for compression is defined as

B 1 v v
(1-Boy)(1-Bug)  (1-w)(1-0,)  (1-0;)(1-05)
1| - v 1 N v
C" = _E— (1 "‘(01)(1 —(1)2) (1 - B(v)])(] - B('):;) (1 — (.)2)(1 —(03)
o v _ v 1
| (me)(-0g)  (1-0)(1-0g) (1-Poy)1-Poy) |

( 2.70 )

where O)i(l. =1,2,3) are the accumulated damage values in planes perpen-

dicular to axes x,(i=1 ,2,3) respectively. «andfl are the constant

parameters of the model, which are selected by calibrating the model to

results obtained by for uniaxial tensile and compressive tests.

This model can be viewed as a generalization of the effective stress
concept previously used for concrete. The proposed compliance relations
are however valid only when the axes of principal stress and strain
coincide and do not rotate.A larger 6 x 6 compliance matrix ( with all
nonzero elements) should be introduced to relale six independent com-
ponents of stress to the six oriented strain components, if the model is

to exhibit these features i.e., the axes of principal stress and strain

do not coincide and do rotate.
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2.4.6.1 Physical interpretation of Re

The damage process gives rise to initiation of a macrocrack for a criti-

1

2
cal value of (R,-R,-) , which is a characteristic for each material.

1

This characteristic value , (R,R i)Z =R corresponds to a crilical

cl
value of damage variable D = Dcr’ which can be determined experimen-

tally from uniaxial tension case for.rupture .conditions.

Lemaitre {46}, has expressed R ¢ in-terms of rupture stress, Op, and

critical damage variable, D

or for the isotropic damage as follows:

2
o
R = R

= — ( 2.71)
° 2Ea-D )

Similar expression for R ¢ can de derived from the Suaris damage model

for uniaxial tension case, which is as follows:
The thermodynamic force conjugates R x May be obtained by expressing

Eq.(2.56) as follows:

oC, o

1.+ Yy + -
= - , —=0. + O, ¥ . .
Be= 3t dw, d 0 e, i ) (2.72)

For uniaxial tension case, there will be onl‘\} one component of R r Le.,
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Rl' At failure, Rl = Rc and 0, = f" Substituting in Eq.(2.72)
yields the following expression :
22
ft a
Rc = — (2.73 )
2E (1-a)
o

Expressing f;’ in terms of uniaxial compressive strength, _/;,, yields the
following relationship
A2
(0.1f)" a

= —_— (2.74)
‘ on(1—mm)2

The above expression shows that,there exists a relationship between R c

and uniaxial compressive strength, /;,’, which should be determined
experimentally for different sirengths of concrete.The relationship
R e = Rc( fc') should be in the form of an expression thalt can be used

to determine the critical strain energy release rate for different

strengths of concrete.

2.4.7 Damage Model for Concrete using Bounding Surface Concept
(Voyiadjis and Taher)

Voyiadjis and Taher (1993) in their model, also use the concept of
bounding surface as the failure criterion.The damage bounding surface
,F, which is the innermost locus of stress points, is proposed to be a

function of the states O {or stress invariants) and the damage parame-
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ter , D:

F(c,.j,D) =0 ( 2.75 )
The mathematical function chosen for the damage bounding surface is as
follows:

F(o,.j,D) = an+-xx/.—Iz+bll—-g(D) =0 ( 2.76 )

where a b, and A are constants as given by Ottosen (1977) in his work

on elasto-plastic constitutive modelling of concrete.it may be noted that

form of F does not explicitly involve strain energy release rates R ; s

in the Suaris model {69}. g(D) = a functlion of damage accumulation .
According to the nonuniform hardening rule (Han and Chen 1985) each
loading surface can be characterized by a shape factor , K , and

expressed in the form:
foy. D) = ady+\KVT,+ Kbl ~K'g(D) =0 .~ (2.77)

where the damage parameter, D , takes the values 0<0<0.7. The ini-

tial fracture surface is expressed in the form :

o+D

f(5;,D) = al,\KJVT, + K'bl, - K'——=" =0 (2.18)

where D" = the accumulated damage (D) at Lhe beginning of any

cycle.
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Instead of averaging D'and Dc as proposed by Mazars(1986), a dif-
ferent loading surface is defined for each varviable.A damage due to
tension D, will grow independentily (rom the compression damage DC.

From the loading surface in (2.77) ,the compressive and tensile loading

damage surfaces may be expressed as:

2 =
f, = al, +1 KT, + Kbl ~K’g (D)=0 (279 )
fc = aJ26+ch\/72—c+K2bllc—Kzgc(l-)')=o ( 2.80)

where Dt and’Dc = the damage due to tension and compression respec-

tively. (Dh,th,D&)and(ch,ch,D3c) = principal values of damage
tensor in tension and compression, respectively. The stress tensor is

decomposed into positive(tension) ot and negalive(compression) ()_'_
parts , such that:

+

6=0" +0 andlro = tro’

+ tro~ (2.81)
where G, and 6~ are built with the positive and negative eigenvalues

which appear only in the positive and negative principal stresses

respectively.

The damage growth rate may be expressed as

(D.) .= 1% Y

Y1 h 60'.]. do,

6.l =1.c _ (2.82)
n

Differentiating (2.70 and 2.71) with respect to Ojj»
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d
_l -_—
90, AS; + By ( 2.83 )
where
A= a+2K— (2.84)
! ! 2\/72

B, = 2w [1+ III]JTI;I+ aabK]1+ Ill]lll— aw K1+ lll]g(f)) +bK’

( 2.85)
Substituting equations (2.83) to (2.85) into (2.81), the damage growth

rate can be written as :

. 142 : 2. . . :
Diil - Z-[Alsijsmhomn+ Blsijgri"’+AlBl(8ifg mn” mn +S.'I'G""’)]
{

(2.86)

where S,, = the deviatoric stress and 5,.} = the Kronecker delta. The

damage modulus h is derived using the concept of the bounding sur-

face, in which it may be given as :
h = h(s,D) (2.87)

where 8 = the distance between the stress point on the loading surface

and the corresponding point on the bounding surface measured along

the deviatoric stress direction.

The constitutive relationships are the same as that given by Suaris

(1990).
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In the models reviewed herein, only two models i.e.,(Suaris (1990)
and Voyiadjis and Taher (1993)),consider the three dimensionality.It is
interesting to note that, almost all models claim that they can be incor-
porated in the finile element method, but the models are presented in a
stress controlled form i.e., the constitutive relationships are given for
strains in terms of stresses,which is not conducive for application in a
stiffness based finite element method, since, in this approach strains
are used to calculate stresses. Therefore, in order o use any of these
models, the constitutive relationships need {o be f{irst inverted and

\ expressed explicitly for implementation in finite element codes.”

2.5 WHY SUARIS DAMAGE MODEL
Of the existing models, the model proposed by Wimal Suaris (1990) is

selectad to be incorporated in a [inite element code for following reasons

1. Generality of the model, as it takes into account three dimen-
sions.

2. Simplicity

3. Fewer parameters to calibrate the model

4, It captures certain essential features of briltle maierials includ-

ing stiffness degradation and stress induced anisolvopy.



237

50
2.5.1 Inversion of Constitutive Relations

Inversion of constitutive relationships involves the inversion of C matri-
ces which leads to lengthy expressions for D matrices. The task
becomes even more complicated when constifutive relalionships are

expressed in incremental form.

Strain tensor is decomposed into its positive and negative eigenva-

lues as :

4 -
e =[e] +[¢] ( 2.88)
The strain-energy function is introduced in terms of posilive and neg-

ative eigenvalues as
1.+ + - -\ -
p¥ = S D" +e7Dpe”) : (2.89)
The [D] ‘for tensile and compressive strains are delermined as

-1 -1
C and [C respectively. Detailed expressions for D matrices
1 I

can be seen in Appendix C.
Constitutive relationship is expressed as

t,o. ( 2.90)

Expanding (2.90), 0 may be expressed as:

I, n_
.. =AL),£.. + . .
o; =Dy + Dye; ( 2.91)

Incremental form of ¢ can be written as
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onlg+ n, | N
do,.j = (Dijdcii + D.-jd"ij) + (dl)ijc!.,. ' dl){.,. e ( 2.92)

25.2 Equations for the Evolution of Damage
The equations used in the model cannot be implemented readily in the

finite element code,therefore, they need to he expressed explicitly. In

incremental form R x may be expressed as

1 ad. ad. (7d.’

+ Yy g + + y_+ - y -
= - , ——=fog. -+ . ———C, )T, d()'.+
de 2 (0' ow dUJ do', om Y 7 do, J
k . k k
|
o e )
do. . + o, —| —= |ldon +
z amk J ! a(o, dmk °F
1
o’—a ¥ o 7) ( 2.94)
i do,| Ao, Pj -

The damage growth rate is determined from the loading function as

¢=L_af_ ( 2.95)
eR,

-~

g
In Eq.(2.95), [;%—:l may be expressec as,

i

of 1 _% ‘R,
x| TRR | R (2:98)
{ ]

and the loading index, L , is expressed as,
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1
L - —-————1—(R1dR1 + R,dR, + R.dR,) ( 2.97)
2
H(RR)

The limit fracture surface which defines the initiation of damage is
defined as

J, = 0.08 + 0.0015%
where,

o = ((o'.o:a),.n : : ( 2.98 )
and, ®;, = the component of accumulated damage ((n,-) at the beginning

of any cycle.
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Chapter 1
FINITE ELEMENT MODEL

3.1  INTRODUCTION

A computer code 'DAMAG3D' has been developed for three dimensional
structures made up of brittle materials using the iwenty noded isopar-
ametric hexahedral element.Three degrees of freedom are specified at
each nodal point, corresponding to three displacecments at that
node.Stresses, strains and change in the characteristics of material are
monitor'ed at Gauss integration points in each element. Any Gauss point
may remain elastic or undergoes damage or fail. Normal integration

scheme is employed using normal 3 x 3 x 3 integration rule.

In this chapter the governing equilibrium equations are derived by
using minimization of the total potential energy, and the finite element

discretization is presented for 20- noded isoparametric hexahedral ele-

ment.

3.2 FINITE ELEMENT FORMULATION

The govern?ng equilibrium equations are derived by minimizing the total

potential energy of the system.
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3.2.1 Total Potential Energy of the System

If the structural system is subjected to a set of body forces {7)} and
boundary tractions {i} over the volume and =surface of the domain

Q and I" , respectively, then the total potential energy can be written

as
T = %jn{a}T{a}dn—jg{ia}T{b}dsz—jr{i:}T{i}dr (3.1)

where {;l} is the global displacement vector.

The displacement function { ;l} and the strain field {£} may be

expressed in terms of the interpolation function N and its derivative B

such that :
{u} = [N] {d) (3.2)
(&) = [B] {d} o ' (3.3)

where [N] and [B] are row vectors, and

{a)

is the global displacement vector.

Equation 3.1 can now be expressed as

n = 2i(@)"[B) @yde- f{d@) "IN Blde - §{@) V) {T}drc 3.4 )
Further, u;;on using

o} = [D] () | (3.5)
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( [D] being elastic or damaged) into ( 3.4 ) and minimizing total poten-

tial energy with respect to nodal displacements,

dn
d{d)

one obtains

{B]"IDYBY@}da - [N {b}de- [N {i}dr = o (3.7)

Equation 3.7 can now be recast into the following form

(Kidy = {} - (3.8)

where :

(K] - {[B]' (D] [Blde (39

is the global stiffness matrix {ZI} is the global displacement vector

=0 : (3.6)

and

{]}. = j[N]T {b} da + j[N]T{i} dr ( 3.10)

is the global load vector

3.2.2 Element Stiffness Matrix

In order to determine the global stiffness matrix and the global load
vector of the system , the contribution from each eclement needs to be

determined. Expression 3.4 for the {otal potential energy can be writ-

ten as the sum of the contributions from each element n¢ such that

n e :
n= Y= " (3.11)
e=1
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Minimization of the total potential energy with respect to global dis-

placements implies minimization of potential energy of every element with

respect to its own displacement vector { ?I"} therefore equation (3.6)
can be written for individual elements as:
dr’
—— == )
d{d}

and consequently the element stiffness matrix may be wrilten as:

( 3.12)

K] = (B (D] [B] dot (3.13)

with elément load vector
{f} = j[Nc]T {bc} do’ + j[N"]T{?} dr¢ ( 3.14)

where [M ] and [Bc ] are the element shape function matrix and element

strain matrix respeciively, described in the next section of this chap-

ter.The [Dc] is the element constitutive matrix.

It remains here to say that both [K" ] and { f } should be expressed

with respect to the global frame and consequently all the matrices and

vectors used in evaluation of [Kc ] and {f } need also to be with
respect to the giobal frame. If one, however, decides to use different
system then the appropriate transformation is necessary. For example,
it is more convenient to use natural coordinate system to perform the
integration and therefore one need to apply proper transformation from

one system to another as will be described in the next sections.



37

57

3.2.3 Finite Element Discretization

3.23.1 Element Geometry

In the isoparametric formulation the coordinates of a point within the

element (.\‘,y,z) are obtained by applying the element shape functions

to the nodal coordinates. For defining the elemen! geometry a natural
coordinate system (i,n,@) is used, as shown in Figure 6.

Thus at any point (T;,T],C) within an element the x, y and 7 coordinates

may be obtained from the expressions

xen0) = 3 NEnox,
J(E,L) = .ilhf(é,n,?;)y:, (3.15)
W) = ¥ MmOz,

i=1

The shape functions must satisfy the conditions

Y NEn =1 (3.16)

and
. _ f1iti=j
N:(E..n,(:) {0 it ik} (3.17)
where (i,j = 1,....... 20)
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20- Noded Isoparametric Element

Figure 6:

1-€3



3.2.3.2 Displacement Field

The displacement field {ll} = [l!.l',“’] al any poinl in the structure in

direction x, y and z respectively, is defined by the three degrees of

freedom at each nodal point corresponding to its three displacements at

the node.
u
(] k
_ n vy
=3 NJ " (3.18)
W k=1 W

The contribution to the global displacements from a given node k is

u N 0 ¢ n
_ 1
v | = 8 Iszk LA | ( 3.19)
W
Wi
or
u =N, 3, : ( 3.20)

For the complete element , the displacement field is

..l!.e = ,ilﬂk(é,n.é)ik (3.21)
=

where n is the number of nodes in the element.

13-7
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3.2.4 20- Node Hexahedral Elcment

The shape functions for the 20-node rectangular hexahedral shown in

Figure 7 . are given by Hinton and Owen {19} as follows:

for corner nodes

N:(Q»H»C) = %(1'*'&,‘&)(1"—‘1,“)(14(;()(:;& + 'l,-ﬂ')(ﬁ,-i" 2)’ i=1,2,3,4,56,7,8

at mid side nodes

Ni(&n.0) = %(1—?22)(1+n,-n)(1+2;,x:), i=9,11,17,19
- NiEn0 = %(l—nz)(H&,Jé)(Hﬁ,.c), i=10,12,18,20 (3.22)

N:(Q,n,l;) = %(I—QZ)(H&,&.)(l-fnin). i=13,11,15,16

it shouid be noted that :

1. The shape functions contain a complete polynomial of order two
plus the terms £2n,t%,n%,n%,¢%, 120 nt £%ng n22t, Pn.

2. The shape functions satisfy the conditions listed above.

3. The element is C(0) continuous.
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Figure 7:

Arrangement of Nodes in 20-Noded llexahedral
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3.2.4.1 Strain Displacement Relationship

Using small deformation theory , the six sirains are expressed as:

C
ox
»
€, ] ay
8}7 -911’—
€ 0z
= z =
{e} Yy w, v (3.23)
¥xz ay ox
| Vyz | on + w
6z 0x
v ow
— e —
| 62 dy |

Substituting equation (3.18) in equation (3.23) 'gives the strain-

displacement relationship for an element e as follows:
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- N
n ——L 0
k=1 0x
n aNk
0 omrac—
k=1 0
e
€y 0 0
£
&=y 1=
Yy n (?Nk n 6Nk
sz Z oy i ox
_sz__‘ k=1 0) =1 0X
oN
I
] __k 0
k=1 0Z
oN
n
0 § i
B k=1 0%

0

n

k=1

n

k=1

N
¢ Nl(

07

"k

l’k

'
L k

Contribution from a node to the element strain matrix B[ is

63

(3.24)
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AR
0x
N,
o — o
ay
N,
0 0o —
BJ %
] = 3.25 )
BE=1an an, ‘
Lt L 9
ay. ox
oN oN.
——— 0 ———
0z ox
oN. aN,
0 N | ]
i 0z oy |

eN; AN aN;
s and —, in
ok aon g

the strain matrix may be obtained by using the chain rule of partial

The Cartesian shape function derivatives

differentiation :
aN: _ GN: ax+aN: ay+aN:iz_

dg ox & gy 05 9z &

aN: aN:ax+aN:ay+ai—a— ( 3.26)
M- sx M gp In pr Om '
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' r
aN? _ aN: ox N aN? ay N ‘7/\; oz

& axr W ap T 4z
In matrix form:
- e [N |
N _ -l &
L ox oy 9z I o
ok ERE |
oV, | | ex v 2 || 2N s
5_‘1. on On gn ay .
ox 0y 0%
o, | | = a | oM
| % ] | 0z
. .1 [~ N
| o N,
Ok ox
oN:
.ﬁ = [ — (3.28)
on ay
aN'f aN:
| a6 7 _

where [Jc ] is the Jacobian matrix given by

[ox oy 92
oF ot ot
_|ox ay oz
71 - an on an
| ox Wy %%
E3a

( 3.29)
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aN;  aN; olN;

The cartesian derivatives ) and , are now calculated
-

ox oy 0T

as:

oN; _aN:

ox ot

o’ e —

i |- [J:] 1 aNf ( 3.30 )

ay on

oN; oN,

\ B az i L ac -

The discretized elemental volume is given in the isoparametric formula-

tion as
dV = dx.dy.dz = aetJ didndt (3.31)

A typical submatrix of [Kc ] linking nodes i and j may be expressed as

[K°)) = 1B°)" [D°] §B"] do* = [ffiB’)'ID1 [B) aet/dedndt
( 3.32)

or,

& ST IDYNBNW W W et
[K”,.J.] = i§1j= 1kgl[B 1'(D°] [B’_i] WWW det]

(3.33)
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325 CONSISTENT NODAL FORCES DUE TO DISTRIBUTED
SURFACE LOADING

Consistent nodal forces due to distributed surface loading are calculated

following Brebbia and Connors {3}. Consider the { = -1 face shown in
Figure 8.

The consistent nodal forces over the face are defined in {erms of two-

dimensional interpolation functions,
-3
N.(&n) = N(E,n, +1), (3.34)
as well as the pressure intensities acting over the face.

e
Let { , be a vector,containing the pressure intensities for the

C = +1 face.
3 -
N'. = N,.(E_,,n) ( 3.35)
-~ %t
t = o(x,p)t ( 3.36 )

where, (p(x ,y) is the variation of loading over the surface.
The consistent nodal force matrix can now be expressed as

f - [Inig(Nf)T(p(x,J’)dS]t* (3.37)

The differential surface area @S can be expressed in terms of

d: and dn. By definition,
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Surface Loaded with Distributed Loading
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or o or
.—;X—

dS = dtdy = X

= Gddn ( 3.38)
L= +1

Expanding the vector cross product in eq.(3.38) leads to

1
2
G-+ )

where,

_rx_pa
817 o T n % iy

_(xa_xoz o0 )
827V T g |

ox oy ox dy :
= —_— 3.41
I N e (3409

All these terms are the part of the Jacobian.

Substituting eq.(3.38) in eq.(3.37), the consistent nodal force vec-

tor can be expressed as

e [ T g
f = Infg(N,-) olx(€,n,0.p(E 0], ., G didn ( 3.42)



Chapter 1V
FINITE ELEMENT IMPLEMENTATION

41 INTRODUCTION

This chapter presents a detailed discussion regarding the implementation
of the material model and the finite element model discussed in Chapters
2 and 3 respectively. Program 'DAMAG3D' is‘wrilten in FORTRAN code
in a modular form consisting of various subroutines called from the mas-
ter and from within themselves. This program is written along the same
format as outlined by.Prof. Owen and Hinton at the University College
of Swansea in their books on finite element modelling {19,20}. In the
following sections , the description of the functions of the various sub-

routines are presented.

42 PROGRAM DAMAG3D PARAMETERS
(a) Type of element
- 20-node isoparametric parallelopoid

(b) Solution Algorithm

Initial stiffness method

Tangential stiffness calculation at each iteration

Tangential stiffness calculation at first

iteration of first increment

Tangential stiffness calculation at second iteration

..70_

23-7
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of each increment
(c) Integration scheme
- Normal integration
(d) Load cases
- Gravity Loading ( Body Forces )
- Concentrated Loading
- Uniformly Distributed Loading
{e)Output of Converged / Unconverged results at different
interval of increments
- Displacements Only
- Displacements and reactions
- Displacements ,reactions, stresses , strains and damage
(f) Boundary conditions can be precisely defined using thrée
degrees of freedom per node
{g) Convergence criteria
- Residual force norm
(h) Maximum number of iterations and tolerance for
convergence
(i) Material model

- Continuum damage model as proposed by Suaris (1990)

71
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4.3 FLOW OF OPERATIONS

Figure 9 illustrates the flow of operations for {he nonlinear incremental-

iterative procedure schematically.

44 METHODOLOGY

The main features of the nonlinear incremental-ilerative solution are

presented as follows :

Before entering the increment loop all the arrays of stresses,
strains, displacements, reactions, damage, are initialized to zero in

subroutine INITAL.

At the beginning of the /* load increment , the displacements

-1 -
{d}r and the stresses {0)"~1 are known, as well as the unbalanced

nodal forces {\[r}'_l resulting from the previous load increment. At the
beginning of the next increment, the incremental nodal forces are equal

to the unbalanced nodal forces and may be written as
r r—1 r
v = (v} + {df} (4.1)
where {d/}r is the r* load increment.
The iterative process is performed with the following steps for a
generic iteration, i:

1. - The stiffness matrix [K] is updated or unchanged depending on

the solution algorithm adopted. This algorithm is directed from

the subroutine NONAL.
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START

DIMEN
¥
| CHECK 1
INPUT GAUSSQ
< CHECK 2
|1
LOAD 3D SFR3
Y JACOB
INITAL 3
A Y
INCLOD
o
NONAL
] <€| MOD3D
STIF3D | DMATRX
< SFR3
< JACOB 3
o3 BMAT 3D
DBE

FRONT

Y MOD 3D

NO

DMATRX

€T SFR3

€+ JACOB 3

BMAT 3D

RESIDU LINEAR

4 EIGEN

DAMAG (IDCMAT

<1 DMATRX

1 TRANSF

Figure 9:

Flow of Operations

Check
For Conv.
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The incremental displacements {/.\d}’ are covaluated using the

equilibrium equations
{ad} = -[K] oy (4.2)
where {\|l}'_1 are the nodal forces resulting from the previous
iteration. The total displacement vector {d}' is then updated,
(dy = (&Y 1+ {ad) (4.3)

The incremental strains {ds}' and the total strains {c}i are eval-

uated
{dc}i = [B] {Ad}i (4.4)

(e} = [B] {d}i ' (4.5)

where [B] is the strain matrix at a Gauss point

The incremental stress {llo}' and the total stress {G}i are calcu-

lated ,
{ds} = [D] {d} (4.6)
o = (o)1 + {ds)' (4.7)

where [D] is the updated constitutive matrix at each iteration.

The stresses are corrected according to the material constitutive

equations.
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45 DESCRIPTION OF SUBROUTINES
A detailed discussion now follows of the funciion of major subroutines

contained in computer program DAMAG3D.

45.1 Dynamic Dimensioning

For any given problem the maximum dimensions are first calculated by
program DIMEN and required storage is specified in the top of the pro-
gram.The maximum dimensions are passed to all subroulines as argu-
ments. This approach has the advantage that the maximum dimensions
can be updated in a very simple and straightforward manner. This
helps in saving a considerable amount of core space and results in the .

optimum use of core storage with minimal chance of errors related to

dimensions.

45.2 Input and Qutput Module

The subroutine DATA first reads the various parameters defining -vari-
ous options, element connectivity, nodal coordinates, boundaryl condi-
tions, material properties and applied loading conditions. It also reads
Gauss point locations and their weights through subroutine GAUSSQ.
After reading all the data it calls two diagnoslic subroutines CHECKI1
and CHECK2 for verification of the data already read for any possible
errors before going for expensive runs.If the error is diagnosed then

the rest of_ the data is echoed by subroutine. ECHO and the program

terminates.
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Subroutine LOAD3D reads first the control parameters to identify
the types of loading applied. Then it calculates the consistent nodal

forces due to each type of the given loading.

Subroutine OUTPUT displays the output selectively depending upon
the options given as control parameters in subroutine INCLOD. In
INCLOD ,the load factors, values of tolerance for convergence and max-
imum number of iterations required for convergence for each increment

are provided.

45.3 Stiffness and Solution Module

In subroutine; STIF3D ,fhe [P] matrix is calculated for each Gauss point
depending upon the state of material as elastic or damaged, using sub-
routines MOD3D and DMATRX :t'espectively.Shape functions and their
derivatives are calculated using subroutine SFR3.These are used in cal-
cula.ting the Jacobian matrix and the Cartesian derivatives of the shape
functions in subroutine JACOB3. In subroutine BMAT3D, |B| is calculat-

ed. Using |B] and [D] matrices the element stiffness matrix [K7] is evalu-

ated by performing numerical integration .

In FRONT , equations of equilibrium are then assembled and vari-
ables are eliminated at the same time using the fronial technique intro-
duced by Irons{26}.In this technique, as soon as the coefficients of an
equation are completely assembled from the contributions of all relevant
elements ,the corresponding. variable can be- climinaled. A detailed

description of this technique is cutlined in {20}.
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46 SUBROUTINE RESIDU
This subroutine is the mosl important component of .the nonlinear
iterative-incremental computational algorithm. During the application of
an increment of load to the structure, a particular Gauss point of an
element may undergo damage whilst olhers may remain elastic.At the
end of every iteration ,stresses, strains and damage at each Gauss
point are stored in different arrays. At the subsequent iteration ,all
the previous information is passed to the subroutine STIF3D to update
the stiffness matrix as the material degrades. Eventually in this sub-
routine equivalent nodal forces are evaluated corresponding to the cor-
rected stress field. The difference of applied nodal loads and these
equivalent nodal loads gives the residual forces which are reduced in
successive iterations to a tolerab]e' value to meet the desired degree of
convergence which is achieved 'in subroutine CONVER. The corrected
stress field is calculated by using the updated [D] for th<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>