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IN MATERIAL MODELING OF QUASIBRITTLE MATERIAL

Marco Petrangeli !, Josko Ozbolt?, Roman Okelo ® and Rolf Eligehausen *

ABSTRACT: A material model coupling together the microplane approach with a damage
transformation of the strain tensor field in cracked continuum will be presented. The
issue has been divided in two parts. In the present report, the local material behaviour is
analysed, in the second one the nonlocal concepts will be discussed with the application of
the material model to the analysis of structures.

Starting with a review of the standard microplane model, a triaxial numerical test has
been carried out to understand the reasons for the poor performance of this model in
postpeak tensile behaviour. When the microplane model parameters are chosen so as
to fit the experimental data in triaxial compression tests, the resulting tensile behaviour
Is unsatisfactory. The same happens the other way round. No successfull compromise
could be found. For this reason, a solution was investigated where a separate modeling
of the tensile failure and the crack opening is used together with the basic features of the
microplane model. Theory and verification of the new model is presented together with a
detailed comparison between the results of the two models.

INTRODUCTION

Numerical simulation of nonlinear fracture behaviour can be performed in many
different ways. We witness today a strong development of micromodels where the
fracture mechanism is decomposed into its basic components. With surging computer
performance these approaches seem very promising and probably will set the standards
for tomorrow’s research.

Also the neural networks will be exploited giving us a completely new approach to
the material modeling. Neural computing should hopefully overcome the main problem
of all the existing models todate, where material behaviour must be predefined in close
form expression, whether on global level as in the macromodels or at subcomponent

level as in the microplane model and in all the micromodels in general.
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At the moment the drawback of most of these approaches is that they cannot be
used in standard discrete solution techniques. Here instead, we are only interested in
the material models that can be used to model constitutive behaviour in finite element
analysis without the need of special technique like remeshing or discrete interface mo-
deling. A smeared contitutive model for quasibrittle materials that can be used in the
finite element analysis is today very much needed.

As a matter of fact, there are plenty of models that have been claimed to be suc-
cessfull in achieving the task or at least part of it. If anything, the microplane model
has proved to have some advantages with respect to both smeared crack models and
plasticity based macromodels. This advantage is due to the fact that microplane is a
model that comes from the integration of simple behaviours on planes of various orien-
tations. This means that the material model in macroplane is treated as a structural
element itself, with boundary conditions, kinematic and equilibrium equations and con-
stitutive relations. This approach can improve the problems found using the smeared
crack approach Petrangeli and Ozbolt 1992 gti]] retaining simplicity in the input needed

for the basic microplanes stress-strain relations.

The idea of integrating simpler behaviour on planes to obtain a three dimensional
model has now been around for more than half a century. The model has been used
with both kinematic and static constraint.

Static constraint was implemented at the beginning when the model was used for
steel and general plastic behaviour. Starting in 1938 with G.I.Taylor and following with
Batdorf and Budinaski in 1949, under the name of "slip theory of plasticity” a very simi-
lar concept to today’s microplane was developed Taylor 1938, Batdorf and Budinaski 1949,
This model was integrating shear behaviour on different planes, this way the mecha-
nism of crystal plane dislocation could be modelled with accuracy and simplicity at
the same time.

In the later version by Bazant and Prat (1988) and Ozbolt and Bazant (1991), the
model relies on the kinematic constraint. When softening behaviour is involved, this
approach greatly simplify the computational task providing, together with a secant or
constant stiffness iteration method, a simple and stable solution strategy.

On the other hand, the kinematic constraint fails to describe realistically the strain
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field when strong localization takes place due to cracking. In this case, the continuous
projection of large tensile strain on all the different orientations (i.e. the microplanes)
Is inconsistent and produces unrealistic lateral strains (see Fig.1). This problem can
neither be solved by adjusting the microplanes parameters for the constitutive equations
now implemented in the model, nor with a new different set of them.

This last possibility has been pursued in the last few years with unsatisfactory results
by different authors, yet a systematic literature on this subject does not exist (see Carol
and Prat 1991; Carol, Bazant and Prat 1992).

KINEMATIC APPROACH - STANDARD MICROPLANE

Let’s now review the microplane model based on the kinematic approach before dis-
cussing the problems given by this approach when fracture process are to be modelled.
Using this approach, strain on microplanes are found by standard transformations of
the total strain tensor, the total strain on a microplane whose direction cosines are n,

1s:

€] = €k Nk (1)

Total strain on planes can then be decomposed in its normal and tangent component

according to the relations:

€T = € —€pn (2)

EN = N, €] = n;ngeg, (3)
EN, = Myn;ng €y (4)

er, = (6, — nin,)nie,i (5)
er = \Jerer, (6)

The normal component can be further split into a volumetric and a deviatoric part as
suggested by Bazant and Prat (1988). This was needed for different reasons that we

will not discuss here but can be found in the references.



ev = (en +ex +€em)/3 (7)

€D = EN — €y (8)

From strains, stresse are found using simple constitutive relations. For each microplane
we can write:

op = Cp(ep) ep (9)

or = Cr(er,ev) er (10)

The following expressions are used for the microplane secant moduli Cp and Cr:

for ep > 0:
Cp = C'?) e~len/arlP (11)
for ep < 0:
Cp = C?) e~ len/az|P? (12)
Cr = Cge—ltrlaslp3 (13)

where a; and a, are constants while as depends also on the volumetric strain via
the expression as = a3 — eqey. The previous expression is needed to model material

behaviour at high confining pressure, a3 and a4 are constants.

The volumetric stress strain relations of scalar type, have the following similar expres-

sions:
ov = Cv(ev) ev (14)
for ey 2 0:
Cy = (*E,e—lcm’ml”* (15)
for ey < 0:
o= (1)) "+ ] o



where a, b, p and q are also constants. The total stress vector is then found using an
energy equivalence between work done on macro level, by macro strains, and on micro

level, by microplane strain components.

%T oiibei; = '/I;(O‘N(EEN + orber)dS (17)
A fundamental requirement for this model is to keep the stress strain relations on
microplanes as simple as possible. Complexity of the material behaviour should be
achieved by integration over different directions and not with the local constitutive
laws. Otherwise the model ends up having the same problems of the macroscopic
ones, where the correlation between different orientations needs to be predefined in
the material tensor. As a matter of fact, microplane model as presented in the work
of BazZant and Prat (1988), succeeded in reproducing different fundamental features of

concrete behaviour using very simple stress strain laws on microplanes.

Few things need to be said on the kinematic approach, i.e. defining microplane strains
with Eq.(1). This aproach has many advantages, they basically fall into one of the

following categories:

® solving microplane strains from total ones fits with the standard displacement
solution used in most finite element codes and in the finite elements themselves.
From the solved nodal displacement, using the standard finite element shape
functions, deformations at Gauss points are found, and from these, with Eq.(1-8)
the microplanes ones. The algorithm is extremely time efficient and stable even

when the solution is in softening regime.

® by choosing a kinematic approach throughout the solution procedure, if the ma-
terial model is consistent, problems of mesh dependency do not arise. If the mesh
is fine enough, independently of its shape and orientation, the solution is unique.
By choosing always the stiffest approach we avoid following different local paths

when bifurcation points arise due to softening.

At the material level the kinematic approach is basically equivalent to a parallel as-

sumption of the microplane’s behaviour, which means that softening in one plane does
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not entrain unloading on any of the other ones. This means that the softening on
global stress-strain relation can be achieved only when all the microplanes involved are
on the softening branch as well (not to be taken literally).

When it comes to modeling the tensile behaviour this approach is clearly unrealistic.
Large tensile deformations which are due to crack opening, cannot be transformed
continuosly into strains on different microplanes according to the kinematic constraint.
When the crack develops, we still need to average the crack strain if we are to use a
smeared model, but the compatibility equations needs to be modified.

How the standard microplane model tried to cope with it? To mitigate the overstiff
response yielded by the kinematic constraint, very brittle stress strain relations on
microplanes are used. When in a certain direction the material goes in softening
regime, due to the kinematic constraint no unloading takes place on any of the other
directions. All the microplanes keep loading, and the only way to release the stored
energy is for all the strain components to go into softening. In the case of a static
constraint instead, this would be achieved, due to the equilibrium, by the unloading
taking place in all directions except for the softening one.

Though the static constraint is main responsible for the ill conditioned post peak
behavior at large tensile strains, there are also some other situations where the results
of the model are not fully consistent. We shall go through some of these in the next

paragraph.

KINEMATIC APPROACH - NUMERICAL VERIFICATION

Numerical tests have been performed on a single square finite element with one in-
tegration point. Unit element dimensions have been chosen so that deformations and
displacements coincide. The element uses the standard microplane version as described
by Bazant and Prat (19588). Material parameters have been set as follows: a; = 0.00007,
a; = 0.0017, a3 = 0.0017, a4y = 5.0, p; = 1.0, p, = p3 = 1.4, a = 0.005, b = 0.0435,
p = 0.75, ¢ = 2.0. Initial elastic Young’s modulous was set to 30000M Pa and Poisson’s

ratio to 0.18.

First example is uniaxial tension. In Fig.(1) the tensile stress is plotted as a function
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of the principal imposed displacement and of the lateral one. It can be seen that the
lateral strain is almost as big as the principal one for large strain values. The reasons
for this large dilatancy, where lateral strain tends to be equal to tensile one, are due to
shear and deviatoric components. Projection of the tensile strain on the inclined planes
produce a shear force that tends to square back the element thus enforcing dilatancy.
The problem is that while the tensile behaviour is in softening, the shear behaviour is
not. The shear parameters for microplane are calibrated to match compression tests,
for when the material is at peak resistance in tension loading, the shear behaviour is
still elastic and can grow much further.

Also the deviatoric component is responsible for the dilatancy. Since in the uniaxial
tensile test the volumetric strain is positive and tend to increase following the tensile
principal strain; deviatoric component in the lateral direction becomes negative (see
Eq.(8)) and tends to expand.

To balance the shear and deviatoric components only the volumetric resistance is
there, but it soon goes into softening as needed in the principal tensile direction to
match test data. This means that after the collapse of volumetric tensile resistance,
laterally the equilibrium can only be found between the deviatoric and the shear com-
ponents. To achieve this, the only possibility is for the deformations to be isotrophic
(uniform volumetric expansion), thus sending to zero the shear and the deviatoric

component.

The stiffness associated with this dilatancy is basically the compressive one, this means
that if the lateral expansion is constrained, forces in the range of the compressive
strength do arise as shown in Fig.2.

As a matter of curiosity, a strange bump can be spotted in the postpeak tensile
behaviour. This is due to the separate failure in the volumetric and deviatoric com-
ponents. When the element is free to expand, dilatancy at peak is already very strong
and the principal deviatoric component, as well as the shear one, are negligible and
decreasing. The material behaviour is thus driven only by the volumetric component.
Instead, when dilatancy is restrained, volumetric strain is approximately half of the
deviatoric one and they increase steadily following the principal imposed displacement.

Since they use the same stress strain ralations in tension, in this case they reach the
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peak resistance at different strain values.

When the analysis of larger structure is performed, due to this dilatancy the damage
tends to spread out, instead of localising in a fracture band. This can be seen in Fig.3
where the postpeak strain field of a specimen subjected to eccentric tension is plotted.
The observed spread of damage makes it very difficult to relate the material parameter
to the fracture energy. This means in turn, that we do not have a sound background

to implement a localization limiter related to a measured physical property.

This strong dilatancy was the first problem to be spotted in the material behaviour and
various attempts have been made to correct it. There must exist a solution where the
stress-strain relations on microplanes are modified and written not only as a function
of the corresponding strains on microplanes but also as a function of the global strain
tensor. Nevertheless to undertake such a study would be in contrast with the basic
assumption of the model itself. If complex tensorial correlations have to be found, this
should be done on macromodels, microplane and all the micromodels in general are
justified as long as their local behaviour is kept simple. This becomes essential when
extension to cyclic loading has to be introduced. With the microplane stress-strain law

being a function of total strain, this task may become almost impossible.

Although this dilatancy is quite a problem in itself, it is only one aspect of a more
general deficiency of the model to simulate failure in tension. The next test to be
performed was a triaxial tension test. In Fig.4 force displacement curves are plotted
for increasing values of lateral tension. The material shows a decreasing resistance and
a residual compressive force in the direction of the applied displacement.

The decreasing resistance is arguable, there is no evidence that a material under
tensile stress shows a decreased tensile resistance at ninety degrees, at least not to
this extent. Even if cracked, the material will still retain almost the original tensile
strength in the perpendicular direction. The residual forces are due again to the shear

components which go neither to zero nor in softening.

Fig.5 refers to the same triaxial test but with lateral compressive stresses. It can be
seen that there is no reduction of the tensile resistance, on the contrary, the tensile

strength is increased. Again, a residual tensile strength arise when confinement is



applied.

This problem of residual force becomes important every time we use the model
for the analysis of structures where the maximum load is reached only after localised
cracking has developed. If anything, this will become essential once we need to extend
this model to the reinforced concrete.

Since the finite element program used for the analysis does not accept the boudary
conditions to be changed during the analysis (i.e. a node cannot have two different
sets of assigned nodal displacements), the same test has also been performed imposing
lateral deformations (instead of lateral forces) and loading the element (applying forces
in the principal direction) up to failure. Fig.6 shows the tensile peak resistance (circles)
for different imposed lateral displacements. The corresponding lateral stress strain
relation has been plotted as well, to help with relating the lateral imposed displacement
with the equivalent lateral force as well as the tensile resistance to the level of damage
in the material. Both curves have been normalised to their respective uniaxial peak
value. It can be seen that the tensile resistance grows with lateral displacement and is

still high when laterally the behaviour is in softening.

None of this criticism applies to compressive behaviour, microplane modeling of com-
pression test is very satisfactory since for this kind of damage, the strain field is more
continuous and consistent with the model hypothesis i.e. the kinematic constraint.
Triaxial compression tests using microplane model have been shown on different occa-
sions and do not need to be repeated here.

The only weak point in the compressive behaviour of the material is again the lateral
dilatancy. Fig.7 shows Poisson’s ratio as a function of compressive strain in a plane
strain compression test. The corresponding normalised stress strain curve is plotted
to help relating the Poisson’s ratio to the material behaviour. It can be seen that
the Poisson’s ratio departs immediately from the elastic value. In real experiments
instead, it remains almost constant as long as the material behaves elastically. Later,
approaching the compressive strength, there is a deterioration of the lateral resistance
and a strong expansion. In the current model, the immediate departure from the elastic
value of the Poisson’s ratio is due to the failure of the lateral deviatoric component.

This component is in tension, (volumetric compression contributes in increasing the



deviatoric tensile strain, see Eq.(8)), and goes into the softening regime too early.
Lacking this contribution to the lateral stiffness, Poisson’s ratio of the material surges
even though the compressive force is still very small and the material is almost elastic.
Again, the deviatoric parameters for tensile behaviour are calibrated matching the
force displacement curves on direct tension tests and so fail to model correctly lateral
expansion in the compression one.

All the examples showed above tend to drive us to the same conclusion: the material
needs a different mechanism of damage and collapse in tension than in compression. If
the stress strain laws defined on the microplanes were symmetric (tension-compression),
we would not have most of the problems discussed above. Of course, we would get the
same resistance in tension and in compression which is wrong but strongly supports the
conclusion that a different mechanism of failure is needed for the cracking process. As a
matter of fact with the *Optimum Values of Material Parameters’ given in Bazant and
Pratt (1988) "Microplane Model for Brittle-Plastic Material I1. Verification” the model
yields the following tensile peak resistance: with the sets of parameter given in the
paper based on the van Mier test f, = 19.6M Pa, with the Balmer sets f; = 24.4M Pa
and for the Bazant et al. sets f, = 22.6 M Pa. Similar results are found for the other sets
of values reported in the same paper. The reason is, these parameters were calibrated

to fit triaxial compression test!

MIXED METHOD - THEORY

Let’s now focus on a simple uniaxial tensile test. When the crack starts to develop in the
material, similarly to what is done in smeared crack approach, Rots 1988, Feenstra 1991
we can divide the total elongation in a crack part and a continuos one. Only the second

component goes now into the microplane model and we can write:

A = AT 4 AP (18)

Dividing the elongation by the length of the specimen a ficticious (smeared) uniaxial

strain relation can be written in the form:
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Crof = Ecr+ emp (19)

When the microcrack coalesce into a macro crack €™ tends to zero and € to €', By
doing this we avoid the inconsistency of projecting the crack strain into microplanes
and having unrealistic shear and deviatoric forces arising. In this case the macroplane
mode] simply unloads and we find in lateral direction that, after contraction in the
elastic field, the deformation goes back to zero as shown in Fig.8.

This partition of the strain field is conceptually equivalent to put in series, as in the
smeared crack approach, a crack element with a continuous one. When this damage
mechanism is initiated we are basically switching to a static constraint since we are
assuming implicitly that the force in the cracked element are in equilibrium with those

coming from microplane (cf. Carol and Prat 1991).

The continuous part of the strain field, which now goes into the microplane model,
does not need to be found through a proper equilibrium equation, but can be expressed
directly as a function of total strain similarly to what is done in plasticity models. We

can simply write:

€™ = F() (20)

Obviously this is a step back to the macromodels since we are writing a function of
total macrostrains. Anyway this is not as bad as it may look because this function has
to model only the mode I crack opening, possibly may be this simpler than trying to
find a similar relation for the whole inelastic material behaviour. In our case, we are
simply writing a macroscopic relation for the macrocrack process, as a function of the
total macrostrain vector. All other forms of nonlinearity, all the shear damage and the
diffuse debonding responsible for the loss of cohesion in the material, is still modelled
by the microplane model. On the other hand, the microplane constitutive equations,
do not have to model anymore two completely different mechanism of failure. The lack
of symmetry in the stress strain relations can be reduced, since the strain partition will

account for the crack process. This mechanism is now responsible for the differences
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in tension and compression behaviour.

The following further steps can be made towards the explicitation of Eq.(20). First
thing to consider is that microplane stress-strain laws do model damage. We know that
when the behaviour is driven by compressive strains, the model is very efficient. This
means that we have to define a limit surface beyond which we start modifing the strain
field with the strain partition of Eq.(20). This surface, using a proper static constraint

could be defined as the one of zero traction thus:

g = O(e™) = 0 (21)

Solving for the i-th principal microplane strain component we have:

& = fi{e™r) (22)

Where ¢ is the intersection of the surface with the i-th principal strain axis. The
surface is obviously written in terms of macroplane strain, the total principal tensile
strain can be now completely different from any value admissible in real continuous
materials. Using principal strain and taking into account the limit surface of Eq.(22),

we can now rearrange Eq.(20), in the following expression:

€™ = F[(® — €)] + f(e™) (23)

The above equation may still look very complicated, but numerical investigation proved
a posteriori that the following major simplification can be made. Solving Eq.(23) for

the i-th component we can write the simplified relation in the form:

e = Fil(el” — €)] + fi(e™) = Ril(™ — )] + € (24)

Eq.(24) is stating the obvious physical phenomena of orthogonality of the crack mecha-
nism. A new crack opening at ninety degrees will be almost independent of previous

orthogonal cracking. This is a fundamental feature in the modeling of quasi brittle
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material at large strains. The microplane model, due to the imposed continuity of

strain field, could not account for this property.

The most delicate expression to determine is now Eq.(22), which we shall call it hence
forward the ’dilatancy’ function. This function defines the boundary between the two
damage mechanisms and is non orthogonal as the continuous part of the model itself.
Writing Eq.(22) for the i-th component, the following expression is proposed:

& = fi(™) (25)

where " = €]"" + ¢, is the lateral strain. In order to find a suitable expression for the
above function, we must try to set some boundary conditions and the corresponding
values we want €° to assume on it. These can be fixed as follows.

As stated before, we want to use the microplane approach to model compression
nonlinearities. On the other hand we need to introduce the strain modification, as
soon as there is cracking and mode-I opening, due to an applied tensile force. In other
words we need to know which part of the strain is due to dilatancy and which to tensile
stresses. In microplane model this lateral dilatancy due to an applied compressive
force can be substancially higher than elongation due to pure tension. Also, since the
microplane nonlinear constitutive equations are used in the model, dilatant behaviour
is non linear as well, thus making it difficult to write the dilatancy function in terms
of macrostrain. This is where an iterative procedure based on equilibrium could help
since in this case the tensile fracture mechanism could be monitored directly in terms
of stresses. With our approach, these advantages are partially balanced by the major
simplification gained on the computational side.

Let’s take an uniaxial compression test (see Fig. 9). For small strain, in quasi elastic
field, we want €;, with i the lateral principal strain direction, to be equal to the corre-
sponding elastic deformation (i.e. the microplane one). This means there is no damage
due to cracking. For large strains, asymptotically, we want the crack mechanism to
model the lateral deformations when volumetric goes into dilatancy. To satisfy these

two conditions the following expression can be chosen:
E: = (‘1 E:’np + Cz E:ﬂp(b(f_;ﬂp) (26)

In this expression Cy and C, are constants and ® is a continuos function which satisfies
the limits 0 < ® < 1. When strains tend to zero, ¢ tends to zero faster than the rest

and we can impose the first condition by writing:
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E=Ce? =" = ¢ (27)

With the help of Fig.(9) we find C, = —*. For large strain, assuming ® = 1, the

1
second condition says that the macroplane volumetric deformation goes to zero, that
is equivalent to saying that €. tends to —¢; *. Setting ® = 1 this second condition

can be written:

€ = Ciel” + C" = €7 = =" (28)

]

Substituting the values for C, and solving for C; we find: C; = ‘y'_zl". Finally the

function ®(¢]""), satisfing the above mentioned limits can be written as follows:

O(*) = 1 — exp [— (“ ) ] (29)

€c

The two constants e, and m play an important role and they are to be discussed later in
the paper. The above function, provides a reasonable accuracy along different triaxial
strain loading histories. A plot of the resulting curve, for a two dimensional (plain
strain) example is given in Fig.10. The figure shows that the choosen function can
fit exactly the lateral dilatancy of microplane (i.e. oy = 0). With small variation
in the shape of it, in the neighbourhood of the microplane dilatancy curve, the strain
partition can be initiated at different strains configurations thus modifing the resulting

resistence of the material in triaxial loding conditions.

tot _

The last expression to be defined is F,[(e €¢)]. Even if this is the main function
responsible for the total strain partition, the model is not as sensitive to this as to
the one defining the boundary between the two damage mechanisms. The function
F concerns mainly the softening behaviour of the material. Since we have not yet
discussed this problem and how to correlate the local fracture energy coming from the
resulting stress strain diagram to the nonlocal analysis, a proper investigation of this
function will be done in the second part of the report. As a first approximation the

following function has been used:
I:l = (6lot .= EC) W-,[(e“" . ff}] (30)

where U must satisfy the limits 1 > W > 0. This can be accomplished with an

exponential function of the kind:
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The two constant e; and n determine the stress strain relation of the material during
the cracking process, a discussion of their influence can be found in the second part of
the paper where the nonlocal concept is investigated. When eq is set to a large value we
do not have any modification to the strain field and the standard kinematic constraint

Is used.

Since the microplane strains are on both sides of Eq.(24) and the system is non-
orthogonal due to the dependence on lateral strain, solution can be found with an
iterative method. The Gauss-Seidel algorithm can provide in this case a very fast con-
vergence. It must be noted that the strain partition does not have a big influence on €°
since this is mainly dependent on compressive microplane strain that are not modified,
while the tensile ones, now never exceed the elastic range. This means that the matrix

of our iterative algorithm is almost constant and the convergence stable.

The model described above share some similarity with the smeared crack approach. Few
comments need to be spent on this subject since this smeared crack models are known
to be affected by the shear locking problem (see also Petrangeli and Ozbolt 1992). In

the smeared crack approach local compatibility is enforced with the following equation:

€tot = €4 + N:;:ecr (32)

This equation is saying that total strains must be equal to the elastic strains plus the
crack ones. Matrix N, is used to transform crack strains, defined in the crack plane
reference system, into the global direction.

There are mainly two different approaches in smeared crack models both relying on
Eq.(32). The first one uses one or more cracks of fixed direction, the second one uses
rotating cracks perpendicular to the principle tensile directions. The fixed approach
is affected by the well known problem of shear locking. A simple way to look at this
problem is using Mohr’s circles. A local crack plane strain vector, in two dimension,

will only have a normal and a tangent component, thus we can write:

=
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er=[€n €] (33)

Suppose we have now a unit crack strain tensor in global coordinates €, = [100],
projection of this tensor on a local crack plane can be expressed as a function of the
angle a between the principal direction of the tensor itself and the normal to the crack

plane:

e = [ cosacosa  sinacosa ]T (34)

Varying a the e.. components describe the Mohr’s circle corresponding to the €., tensor
field. Let us now transform the local crack strain tensor e, back into global components
using matrix N,; to keep it simple we can suppose the normal to the crack plane to

be parallel to the global x-direction. In this case matrix N, reads:

(35)

N":[l 0 0}

0 01

Performing the product NZe. we get the following global crack strain tensor as a

function of a:

€ = [ cosacosa 0 cosasina ] (36)

If we now plot the Mohr’s crack strain circle for different values of a we get the drawing
of Fig.11. Having started from a unit tensor (a = 0°), we can have now a completely
different strain configuration. The inconsistency is to define the crack strain tensor on
a single plane, this is possible only when the plane is normal to the principal strain
orientation. When the strain is not normal to the crack plane, we cannot define the
crack strain with only the normal and tangent component; we need, in two dimensions,
all the three components otherwise the pseudo tensorial entity defined this way is not
invariant as it should be. A more consistent representation of crack strain on fixed
planes of different orientations has been proposed recently by I.Carol and P.C.Prat in

a microplane-based multicrack model (see ref.).
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The above mentioned problem of transforming crack strain does not exist in the
coaxial rotating crack model. This model does not attempt to define shear on the crack
plane since it is always perpendicular to the principal direction. The crack element in
the coaxial rotating crack, simply plays the role of splitting the strain into a continuous
elastic part and a discontinuos one.

This is equivalent to that which has been tried in the model discussed in this paper.
The only difference is in the way the crack strain is found. The smeared crack model
uses a proper crack element with a specified stress strain relation and solves the system
via the equilibrium. In the proposed model the process is done implicitly as a function
of total strains. The approach used in the rotating smeared crack model is theoreti-
cally simpler but computationally more expensive fots 1988 Tpe implementation of a
proper static constraint in the rotating crack model is easier because in the model the
crack element is put in series with an elastic element. This obviously makes the internal
solution strategies simpler than in our case, where instead of the elastic element, the

nonlinear microplane model is used.

MIXED METHOD - NUMERICAL VERIFICATION

The addition of this static constraint to the model does not increase the total number
of parameters needed to define the material. This is possible thanks to a reduction and
simplification of the microplane ones. Before going through the numerical examples,
few comments need to be mentioned on these material parameters. Some of them now,
have a different meaning since the tensile damage mechanism has changed.

Shear behaviour is the same as in the standard microplane model. Instead deviatoric
stress strain law is simplified since compression and tension branches are now equal.
In this way the deviatoric component is treated like the shear one, as it should be.

Volumetric stress strain relation in compression has remained the same as in the
standard microplane model. This is a scalar function that was optimized to match
experimental result (see Eq.(14) and (16)). Volumetric in tension instead has changed.
The shape of this stress strain relation depends on how we want the principal tension

stresses to influence each other. Using a linear elastic relation they are perfectly inde-
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pendent and tensile resistance is not influenced by orthogonal tensile stresses. Choosing
an elasto-plastic one yield instead some dependency between the two and a reduction
in the peak load. The first hypothesis is reasonable and simple as well, and has been
implemented in the program used for the following tests.

Parameters for the damage part of the model are the ones needed for the two func-
tions ® and ¥. The function @ is not independent and neither the two parameters e,
and m. They must be chosen so as to fit the microplane compressive behaviour and
provide the boudary for the crack initiation (i.e. strain partitioning). The function
¥, as already said, defines the crack process in mode-I. The two parameters e; and n
need to be fixed according to the tensile peak load and the fracture energy. Fracture
energy will also be dependent on some characteristic length in the nonlocal analysis.
This topic will be discussed in the second report, where nonlocal concept and structu-
ral behaviour will be investigated. In the following test, where only the local material
behaviour is tested, no relation can be established between the fracture energy and the

material parameters.

The same tests shown for the microplane model have been carried out for this mixed
approach. Compression behaviour is very much the same as in the standard microplane

model and do not need to be repeated.

The simplest application of this new concept is in a uniaxial tension test. Fig.8 shows
the principal and lateral deformations plotted against the tensile force. The lateral
behaviour is now correct, the material unload and the microplane strains go back to
zero. In Fig.12 the lateral deformation is plotted as a function of the principal one.
The shape of the curve, due to the static constraint is similar to the principal tensile

stress strain relation (see Fig.§).

In a triaxial tensile test, Fig.13, the prinipal stress strain relation is now independent
of the applied lateral tension, even when the material is cracked, on a perpendicular
direction the same peak load can be reached (circles). In this triaxial tensile condition
the boundary surface between the two parts of the model is not used. All the damage
is modelled by the strain partition mechanism, and the model behaves like the rotating

smeared crack one.
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Results from the triaxial test with lateral confinement are shown in Fig.14 and Fig.15.
The model exhibits a decrease in tensile resistance due to the applied lateral confine-
ment, together with a deterioration in the corresponding stiffness.

As can be seen in Fig.14, the material at large tensile strains under lateral com-
pression force becomes unstable and in a displacement control analysis the negative
residuals (compression) arise. Physicallly this is equivalent to the behaviour of a gra-
nular material without cohesion. It must be noted that this phenomena occurs only in
the material point where cracking take place, and cannot be extrapolated to the struc-
tural level, where the crack is localised. Of course, would be more consistent when the
residual compression force in Fig.14 could be related to the lateral confinement via a
friction angle like in the granular material. Further investigations are needed in this
direction.

Most of the problems discussed in this numerical tests still need a more solid theo-
retical and experimental background. Only recently, the softening behaviour is finding
a sound theory to relay on de Borst 1991,1992 byt as well as for the experimental
research, a lot of work still has to be done.

For example, laboratory tests are needed to investigate the tensile behaviour in a
material that is simultaneously undergoing softening in compression on a orthogonal
direction (see Fig.(6) and (15)). Unfortunately, most of the experimental tests for the
material behaviour in softening are still spurios due to the mixture of structural and

local phenomenas measured by the instruments van Mier 1992, Berthaud 1991

Finally in Fig.16 the Poisson’s ratio in a plain strain compression test is plotted to-
gether with the corresponding normalised stress strain relation. Using a symmetric
(tension compression) constitutive law for the deviatoric component we have now a
more consistent Poisson’s ratio, with an initial elastic (i.e. constant) value followed
by a loss of lateral cohesion and a strong expansion when the material is around peak

load.
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CONCLUSION

There are several reasons why the smeared continuous models still look very at-
tractive in fracture mechanics computer analysis. The main one is the possibility of
using these models in the standard finite element analysis. A suitable model for this
task must be able to predict the behaviour of quasi brittle material for a wide range
of strain configurations. All the attempts done so far to define such a model have
run into trouble when discontinuous strain field and localised damage developed in the
material.

The softening behaviour and the corresponding numerical failure of the traditional
equations governing the analysis is only one of the problems we are facing in this kind
of models. As a matter of fact, today we know how to handle this problem, even if a
better correlation with physical property is needed.

Instead, where we are still struggling, is in the local material modeling. The disconti-
nuous mechanism of fracture has been a challenging obstacle for most of the continuous
models. A truly consistent transformation of the real cracked continuum in a smeared
crack model, is still needed.

The standard kinematic approach used in microplane model runs into severe pro-
blems when large tensile crack strains are to be modelled. On the other hand this
model succeeds in reproducing different fundamental features of quasi brittle material
as far as shear and compression behaviours are concerned.

The static constraint used in the smeared crack model provides instead a better
representation of the macrocrack mechanism. Still, the resulting model, fell short on
some of the other issues when compared with the microplane one (see Petrangeli and
Ozbolt 1992). Compressive and shear behaviour are poorly modeled with resulting
problems of shear locking and mesh sensitivity.

Since static and kinematic constraints, are basically the only two approaches to the
problem as far as the continuos smeared modeling is concerned; new models will have
to use either one of the two or a mixture of them. In the paper this last possibility has
been investigated. The results proved that a mixed formulation can overcome some of
the problems encountered with the previous models. Further research is now needed

to improve this approach, and eventually extend it to different crack mechanism.
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FIGURE CAPTIONS

1 Microplane model. Uniaxial tension test. Tension stress as a function of principal

and lateral strain.

2 Microplane model. Uniaxial strain test. Principal and lateral stress as a function

of uniaxial strain.

3 Microplane model. Excentric tension test. Effect of dilatancy on damage spread
in finite element analysis.
4 Microplane model. Triaxial tension test. Principal tensile stress strain curves

for different lateral tension.

5 Microplane model. Triaxial test. Principal tensile stress strain curves for

different confinement.

. 6 Microplane model. Triaxial test. Normalised tensile peak stresses for different

lateral strain.

. 7 Microplane model. Evolution of Poisson’s ratio in a plane strain compression

test.

. 8 Mixed model. Uniaxial tension test. Tension stress as a function of principal

and lateral strain.

. 9 Uniaxial compression test. Elastic deformation.

. 10 Plain strain compression test. Microplane dilatancy and dilatancy function.

. 11 Smeared crack approach. Mohr's circle rapresentation of crack strain transfor-

mations.

12 Mixed model. Uniaxial tension test. Lateral strain as a function of principal



tensile strain.

Fig. 13 Mixed model. Triaxial tension test. Principal tensile stress strain curves for

different lateral tension.

Fig. 14 Mixed model. Triaxial test. Principal tensile stress strain curves for different

confinement.

Fig. 15 Microplane model. Triaxial test. Normalised tensile peak stresses for different

lateral strain.

Fig. 16 Microplane model. Evolution of Poisson’s ratio in a plain strain compression

test.
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