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1 INTRODUCTION

Soon it has been realized that the application of linear elastic frac-
ture mechanics to concrete must be considered to be a rough approxima-
tion of reality. With the aim to overcome this difficulty more complex
concepts have been developed. Hillerborg and his co-workers developed
the fictitious crack model [1978,1983] and Bazant_ and Oh used the same
basic idea and developed the blunt crack model [1983]. Both concepts
are primarely aimed for application in computerized structural analy-
sis.

In the meantime a RILEM recommendation on the determination of frac-
ture energy has been published [1985]. Fracture energy needs to be
known in both just mentioned concepts. Later it turned out that frac-
ture energy is necessary but not sufficient for the application of
either concept. It has been shown that the tensile strain softening
diagram has a major influence on the way of failure of concrete
[Sadouki 1987, Roelfstra & Wittmann 1986, Rots 1986].

It is very difficult to determine strain softening directly. There-
fore a module called "SOFTFIT" has been developed [Roelfstra 1986].
With this program an optimal bilinear stress-crack width relation can
be obtained with which the observed load-displacement diagram is
correctly described. The program can be used to analyze experimental
results obtained with notched beams, slabs, wedge splitting cubes, CT-
specimens, and ring-specimens. The principle of the program and its
application to notched beams has been published earlier [Wittmann &
al. 1987].

In analyzing specimens of different geometry and differing size a
geometry effect has been observed. It is the aim of this contribution
to show that it is possible to simulate the fracture process zone
numerically and to explain in this way the significance of the fracture
process zone for the size effect.

2. FRACTURE ENERGY AND STRAIN SOFTENING OF CONCRETE AS
DETERMINED BY MEANS OF CT-SPECIMEN

In an earlier paper we have described experiments and the numerical
rocedure to determine fracture energy and strain softening of concrete
Wittmann & al. 1987]. Experiments were carried out on notched concrete

beams under three point bending according to a recent RILEM-recommenda-

tion [1985].
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This recommendation is based on the fictitious crack concept as
developed by Hillerborg and his co-workers [1978,1983]. In the meantime
similar tests have been carried out to determine fracture energy and
strain softening by means of a wedge splitting test [Wittmann & al.
1987, BrOhwiler & al. 1987]. In this contribution another test series
will be briefly described with which fracture energy and strain softe-
ning have been determined using CT-specimens.

Three different sizes of test specimens have been prepared :

- Small specimen (S)

— Medium size specimen (M)

- Large specimen (L)

The 1length of the fractured ligament was ag = 150 mm, ay = 300 mm,
and ap, = 600 mm respectively.

Mean curves for three different specimen sizes are shown in Fig. 6 by
a solid line with dots. Modules "FRACTURE I" and "SOFTFIT" have been
modified as to allow the evaluation of experiments with CT-specimens.
In Fig. 2 the strain softening obtained in this way is plotted. At the
same time all parameters are indicated in the Table in Fig. 2. In the
last line of the table fracture energy G is given. The calculated
load-crack opening displacement-diagrams using the fitted parameter are
in addition shown by a simple solid line in Fig. 1. Good agreement
between experimental data and theoretical predictions can be observed.

From the Table in Fig. 2 it can be seen that fracture energy increas-
es with the length of the ligament up to 30 cm, then Gp seems to
remain constant. It will be tried to explain this experimentally ob-
served effect with an appropriate numerical model.
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Figure 1 Measured load-crack opening displacement-curves
(solid lines with dots) for three specimen sizes
and corresponding calculated curves (solid lines).
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Figure 2 Strain softening as determined from experimental data
shown in Fig. 1. The exact values obtained are indicated
in the Table.

3. SOME CONSIDERATIONS CONCERNING THE SIZE OF
THE FRACTURE PROCESS ZONE AND THE GEOMETRY EFFECT

The fictitious crack model is based on the idea that the material ahead
of a crack tip is gradually damaged until a crack can propagate. After
the tensile strength is reached in elements ahead of the crack tip the
fictitious crack opens, but stress transfer is still possible until a
critical width (ws in Fig. 2) is reached. At this stage real crack
growth is taking place. In its original version the fictitious crack
model is based on the assumption that all fracture energy Gp is con-
sumed in the fracture process zone of the fictitious crack. This tacit-
ly implies that all other parts of a loaded specimen behave ideally
elastic. This is not totally true of course. In a loaded specimen there
may be parts which are stressed high enough so that some damage is
occuring in the structure of the material. This damage energy Gg is
not directly linked with the formation of a macroscopic crack and cer-
tainly it will depend on the size and the geometry of a specimen. The
size of the fracture process zone has been observed experimentally by
Cedolin [1987] and Cedolin & al. [1983,1987].

This effect becomes most obvious in a direct tension test. In several
areas localized fracture process zones can develop before one fracture
process zone becomes dominant and propagates thus causing failure. It
is evident that the heterogeneity of the composite structure of con-
crete has a major influence on the development of localized fracture
process zones and as a consequence on the damage energy Gp which is
not directly linked with crack formation.

Without having here the possibility of going into further details on
this point we can conclude that in a real specimen the total fracture
energy has to be subdivided in a part which is really consumed for
crack formation Gg and a part which is consumed by damage occuring in
highly stressed zones of a specimen Gp. The £first componant Gp
should be a real material parameter which is independent on size and
geometry of a given specimen, while the second component Gp depends
on the stress gradient and thus on size and geometry of a specimen.
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4. BASIC CONCEPT OF THE NUMERICAL MODEL
OF DAMAGE ENERGY AND FRACTURE ENERGY

In a first step energy consumption other than the part used for the
widening of the crack width has to be introduced. This is done in as-
suming a nonlinear stress strain diagram. This is shown in Fig. 3. The
area under the polygon in the left part of Fig. 3 is supposed to be the
damage energy Gp. All parts in a specimen which are loaded higher
than the data point in the bilinear stress strain diagram (f.e. o =
3.0 N/mm“ in Fig. 3) are progressively damaged independent on the fact
if a crack is created or not. A similar approach has been suggested by
Nallathambi & Karihalou [1986] and Cedolin & al. [1987]. Only in those
zones where the tensile strength is reached (f.e. ¢ = 4.0 N/mm2 in
Fig. 3) real fracture energy Gy is consumed to widen the fracture
process zone until final failure.

In the finite element program the heterogeneity of the composite
structure and the local variability of the material have to be taken
into consideration by introducing a statistical distribution of the
properties.
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Figure 3 The principles for division of the deformation properties
into o-e-diagram and o-w-diagram.

5. AN EXAMPLE

The above mentioned model will now be used to calculate the failure of
a CT-specimen. The finite element idealization of the element is shown
in Fig. 4.

Pour different stages of a CT-specimen under increasing load are
shown in Fig. 5. The left column indicates the deformation of the inner
part of the specimen. It also shows the progressing of the real crack
length. The second column shows the energy which is dissipated in the
elements ahead of the crack tip. Circles are drawn in the centre of
each element in which energy is dissipated. In the right column finally
the total crack length i.e. real plus fictitious crack length is shown.

It can be clearly seen that (a) energy is consumed in the fracture
process zone and (b) the fictitious crack.length ag increases consi-
derably before (c) a real crack starts to grow. The real crack length
is called a,. These processes are the major reasons why linear elas-
tic fracture mechanics is not appropriate to describe failure of con-
crete. It can also be seen that the shape of the fracture process zone
changes as the crack advances towards the upper bound.
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Figure 4 Finite element idealization of a CT-specimen
used in this analysis.

Calculations have been carried out for three different sizes and the
length of the ligament was chosen to be 150 mm, 450 mm, and 750 mm. The
obtained load displacement diagram for the three CT-specimens are shown
in Fig. 6a. In the same figure the length of the real crack (stress-
free crack) as function of the displacement of the loading point is in-
dicated. As can be seen, the real crack starts to run only after the
peak load has been reached. This has also been observed experimentally.

In Fig. 6b the cummulative fracture energy and damage energy as func-
tion of the length of the real crack are shown. In addition a straight
line which represents the fracture energy Gp as function. of the real
crack is drawn in this figure.

6. DISCUSSION OF RESULTS

In Fig. 6 it is shown that Gg*a, as well as Gpay + Gp are li-
nearly dependent of the length of the ligament (maximum real crack
length) . The fracture process zone is defined as the volume in which
the break point of the stress-strain diagram shown in Fig. 3 has been
exceeded. If these products are linear relation it means that the total
fracture energy is independent on the ligament length. In the Table
shown in Fig. 2 it is indicated, however, that fracture energy increa-
ses initially with ligament length and reaches finally a constant
value. This observation is further justified by measurements on differ-
ent types of specimens such as bending beams and wedge splitting cubes

Rokugo & al. 1987]. The numerical examples shown in Fig. 6 have all a
ligament length which is long enough that the total fracture process
zone can be developed.

If we consider Fig. 5 (a) to (d) we see that the fracture process
zone increases steadily before a real crack starts to propagate. Ob-
viously less energy is needed to split a specimen which is small enough
so that the total fracture process zone cannot develop fully. In modi-
fying the stress~strain diagram shown in Fig. 3 the simulated fracture
process zone can be adjusted to different types of concrete and other
composite materials.
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Figure 5 Four different stages of the numerically simulated
failure process of a CT-specimen.

The width of the fracture process zone is dependent on the geometry of
the specimen and the type of loading and thus on the stress distribu-
tion ahead of a crack. As an extreme case we can consider a direct
tension bar. In this case there exists no stress concentrations if we
consider the material to be homogeneous.
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Figure 6 (a) Calculated load-displacement diagrams and length of the
real cracks as function of the displacement of the loading
point of three CT-specimens with different size.

(b) Cummulative fracture and damage energies Gp and Gp
respectively as function of the length of the real crack of
three CT-specimens.

In principle the fracture process zone is then smeared out over the to-
tal volume. In a real material, however, and even more so in a compo-
site material, material properties vary considerably locally [Wittmann
& Roelfstra 1987]. As a consequence several independent fracture pro-
cess zones may develop, each consuming energy. Finally some of these
fracture process zones may grow and coalesce thus causing failure of
the element. This means in essence that the total fracture energy in a
direct tension bar depends both on the complex state of stress in the
composite material and on the local distribution of material proper-
ties.

In a specimen with an arbitrarely chosen geometry material properties
(modulus of elasticity, tensile strength, strain softening) may be ge-
nerated numerically in such a way that they vary statistically in
space. If the distribution functions are chosen in a realistic way the
size effect on fracture energy can be predicted. In a more complex
approach the structure of concrete can be simulated as is done by nume-
rical concrete [Sadouki 1987, Roelfstra & al. 1985, WwWittmann &
Roelfstra 1987]. The size effect is determined by the interaction of
the complex state of stress in a given specimen (taking the composite
structure of the material into consideration if necessary) and the
locally varying material properties.

7. CONCLUSIONS

- It is possible to determine fracture energy and tensile strain softe-
ning of concrete with a displacement controlled test on CT-specimens.
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- The experimentally observed behaviour can be reasonably simulated
numerically by means of the fictitious crack model after parameters
have been determined by a computer module called SOFTFIT.

- The experimental findings show a marked size effect. This is in
agreement with findings of other authors.

- A numerical model has been developed to distinguish between real
fracture energy used for crack formation and damage energy dissipated
in highly stressed zones.

- The numerical model explains the influence of the state of stress
and the local variability of a material on fracture energy and this
explains the size effect.

- The model can be further elaborated to take the heterogeneous
structure of concrete into consideration.
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