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ABSTRACT

In the past decades many numerical models for concrete fracture have been developed.
Important is that the model parameters can be determined in a simple and well defined
manner. Because of the structural effects in fracture experiments, viz. the influence of
specimen size, boundary conditions and loading sequence, 2 direct determination of
macroscopic fracture parameters seems impossible. In the paper an alternative method of
deriving fracture parameters is described. The use of micromechanical models seems a
promissing tool. In such models the material structure is schematized directly. For concrete
usually a two-phase material is modelled. The fracture law is very simple and realistic fracture
response can be simulated. Because a small number of single valued fracture parameters
suffices in the micromechanics models, tuning the model to experimental data is relatively
easy. Important is that crack shapes and fracture mechanisms are simulated with a high degree
of accuracy.
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INTRODUCTION

Fracture of Concrete is a highly non-linear phenomenon. The stress-strain curve measured for
example in tension shows an ascending branch, a peak at which the tensile strength of the
material is defined, and a descending branch or softening branch. The post-peak behaviour
can only be measured if a stiff servo-controlled testing machine is available. Experiments
have shown that beyond peak localization of deformations occurs. This implies that a
definition of strain becomes invalid in the post-peak regime. Hillerborg and co-workers'””®
were the first to appreciate this distinct post-peak behaviour of concrete in tension. They
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propased a macrascopic fracture model for the material, viz., the Fictitious Crack Model,
which is based on siresses and deformations rather than on stresses and sirains, see Figure 1.
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Fig. 1. Parameters far the Fictitious Crack Model, Hillerbarg et al. ™™™
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Mare recently it was shown that Facture in compression is a localized phenomenon ell,
see Van Mier™ In principle this means that a similar reasoning might be followed for
modelling fracture of cancrete in compression. Hillerborg™ worked out the jdea for
campressive fracture and found favourable resulls for the rotational capacity of reinforced
concrete beams. Decisive in such snalysis is however that the input parameters can be
measured to a high degree of aceurscy,

The measurement of the model parameters may cause some problems. For determining the
parameters needed in the Fictitious Crack Model, Hillerborg propased to derive them from
a stable displacement controlled uniaxial tension test. However, two stability criteria should
be fulfilled before the measurement result can be regarded as a property af the material. In
lensicn this seems (o some extent possible, although uncertainties remain. In compression Lhe
same reasoning may lead to considerable problems. In this paper, the validity of parameters
proposed in macroscopic models is dehated,

A promissing tool that may be used to overcome some of the experimental problems is the
use of (numerical) micromechanics models. In such models, the concrese is modelled as 2
twao-phase malecial (particles of material 1 are embedded in a matrix of material 2). Fracturing
of the material can be modelled in a very simple and straightforward manner, and boundary
condition effects and size effects become an integral par of the medelization, see for example
Vonk et al."™, and Schlangen & Van Mier™, The question remains however how the model
parameters should be determined. An improvement to the macroscopic models seems thal the
fracture parameters are single valued, and do not depend anymore on the loading history. It
scems that the models, if properly tuned, may serve as 2 tool 1o derive the parameters for a
macroscopic fracture model, Important in deniving the parameters far the micromechanical

maodels is thal the fracture mechanisms and crack patierns can be simulated 1o 2 high degree
af accuracy.

MACROSCOPIC FRACTURE MODELS

As mentioned, Hillerborg and coworkers were the first to derive a non-linear MaCrOSCOpic
fracture model for concrete. The model is sketched in Figure 1. Hillerbarg recommended to
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measure the relevanl parameters in a stable displacement l:unls't_:vllﬁli uniaxial tensile I::tm'ﬂ;:
result should be separated in a pre-peak stress-strain curve, which is normally :ss;:nn >
linear with stiffness E, up lo the tensile strength . Beyond pesk a sm;saf-::.r:l ; p: t'ug;
diagram is defined. The mast impaortant parameter is th.v: 5]::;3 aof the diagram, which may
example be fitled using the following equation (Hordijk ™)

Off, = { 1+ (&, wiw)’ } * exp(-c*wiwy) - wiw * (1 +¢) ® exp (<)) (1)

i tensile swength of the material, w, is the maximum -:ra.:.-k apening when no
:fefii tl:a:ll;;a:r:nnymﬂr:!(at the end of the tail of the h:i'lsilﬂ softening duagra.r:d};dartl._:rc;
and ¢, are two cmpirical constants. In summary, the fu]]ﬂw!ug parameters are m:_l et
full deseription of the tensile fracture relationship: the Young's maodulus E, ﬂie_tr. nsi -:“d o
£, the shape of the descending branch (eq. (1)), the maximum crack upo.;._mng w,mer ;
e'mpirical eonstants ¢, and ¢, From the post-peak diagram of Fig'm:.l. the ncmr;hc vEnu;
can be derived following G; = fodw. This is assumed to be a material property.

i crele composilions. )
ﬂ-fa;ﬂ! E::;ﬂ mjg:r:“;ﬁ pmpﬂ&r.dp?or describing the tensile sl.rms—defcrrma{nun
hing,tyam of concrete. Another good example is the mi::mJ:lan: model, developed by B::';:;
& Prat'™ and Ozbolt & Bazan1™. In this model 13 empirical matenial constants n:de o e
in arder ta describe the tensile stress-strain behaviour of concrele. Na lest mei.h::-d lsnesc ok
for determining these parameters, and in view of the abundance of parameters it is no surpn
that the tensile stress-strain behaviour is described w a high degree of accuracy.

Up till now there seem to be no problems. However, the correctness uf Ih:. ahu:cf:::l:E
procedures relies on the accuracy with which the tensile nr:m—d:foqnﬂlm _mgil"at i
measured. |t should be mentioned that the same is true for compression, but in tha

siluation is much more complicated because friction plays an important role.
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Fig. 2. Stress-crack opening diagrams for specimens of different size, Hordijk™".

Far the measurement of Ihe stress-deformation diagram, especially the pcm-!::u F?:: ufnlie
curve, twa stability criteria must be fulfilled before the response curve appm:n'lmlid Ed oo
behaviour of the material. First of all a slable sﬂvn-mm.mll.cd. test set-up is 0 I; & e
secondly a small specimen should be used in order to avaid, as ,_,.ﬂlmh l{pﬂsﬂb:lﬁ. E:I;f; |
uniform cracking of the specimen, see ¥an Mier™" and Hordijk™ . Experiments hav



that non-uniformities in the region just beyond peak can be relatively large, depending on the
rotational stiffness of the testing machine and the dimensions of the specimen. In Figure 2
some experimental results obtained by Hordijk'*" are shown. Concrete prisms of different
length and constant cross-sectional area (50 x 60 mm) were tested in uniaxial tension. The
specimen length was 250, 125 and 50 mm for specimens A, B and C respectively. In addition
to these tests, a long prism with reduced cross-section was tested as well (type D, 250 x 40
x 50 mm). In the specimens two 5 mm deep notches were sawn at half height, thereby
reducing the effective cross-sectional area to 50 x 50 mm (for types A, B and C) and 40 x
40 mm for type D. A stable softening curve was measured by using the average deformation
measured near the notched area over a measurement length of 35 mm as a control parameter.
During a test, the loading platen were kept parallel to each other. Notably is the discontinuous
shape of the post-peak curve for tests A, B and D. When the specimen length is reduced to
50 mm (type C), this ’bumpy’ behaviour seems to disappear, but now a much larger curvature
around the peak is obtained. The response of tests A, B and D can be explained from the fact
that not the entire cross-section will fracture at the same moment, but rather the growth of
a macroscopic crack through the specimens cross-section will start from one of the notches,
even when the specimens are tested between non-rotating end-platens. Increasing the width
of the specimen, while maintaining the same length, has a significant effect on the measured
post-peak response as well, Van Mier*®™. The reason for this typical post-peak behaviour is
that the specimen is loaded more and more eccentric when the crack zone traverses the
specimen. Consequently a closing bending moment will act on the crack zone because the
specimens ends are forced to remain parallel, see Van Mier'®". This bending moment tends
to arrest the propagating crack-zone. Note that the distinct pre-peak behaviour of test C in
Fig. 2 cannot be explained with the Fictitious Crack Model. In this model pre-peak behaviour
is assumed linear-elastic, see Fig. 1.

Clearly, the shape and size of the specimen affect the shape of the descending branch, and
it does not seem straightforward to use the stress-deformation curve as a material property.
The same holds for the tensile strength of the material. This parameter is highly sensitive to

eccentricities in the test set-up (Zhou'®), non-uniform drying (Hordijk'™') and specimen
geometry (Van Mier'®").

Currently, efforts are made to extend the models for curvilinear crack growth due to combined
tensile and shear loading (Hassanzadch‘m). However, recent tests have shown that as soon
_as the stress-state changes from uniaxial to biaxial, path dependent behaviour is obtained, see
Van Mier et al."®". This last point indicates strongly that an unrestricted use of the so-called
macroscopic fracture properties that are derived directly from experiments is not allowed.

MICROMECHANICAL MODELLING OF FRACTURE

Numerical micromechanics may prove to be a helpful tool in understanding the fracture
process of concrete in detail. The findings from such simulations might be used in the
development of macroscopic fracture models. Following this procedure, the specimen is
regarded as a structure: the material structure is modelled in detail and the boundary
conditions in the experiment are taken into account. In this way the objections against fitting
of macroscopic measurement results as described above is circumvented. The method seems
however only useful if the parameters needed at the micro-level are more simple than those

TR

3 ’ ; . e
at the macro-level. It should be mentioned that numerical mncromccham_cs t:asff:;;c?s e
interesting only after the development of powerful comPutcrs. The cgmputanona e

general tremendous because the specimen is modelled in great detail.

i i t few years. Two different types of
| different models have been proposed in the past .
Sr::::?s c;nebe distinguished: (1) models based on finite _clcmem m&t:xods, :lnd 152; Lalttllcle
models. Examples of the first category are Roelfstra’®®®, Willam et al.™™, a:cz{ v :3”’ Ba.ia n;
Models in the second category were for example developed by Schorn an ,

et al.1 and Schlangen & Van Mier'™".

Ingredients for all the models are a particle generator forf sit:nutlati:lg :h;otrvyvo;;:ags:nz:tl:;u;:
i dels of the first cate

f the concrete, and a simple fracture law. The mo! e | .

(\)1scd for simulating tensile and compressive fracture, the lattice models are suited only for

simulations of tensile fracture.

In the model developed by Vonk, the particle structure isﬁderived fror:_ a r;g:l;re xgar;t; n:f
i i trix with different properties.
hexagonal aggregate particles embedded in a mal : s T mine. the
id i i d in a random manner. Interface elements d
e e dlsmm’ defined in the matrix and at the
ctivity between the finite elements. Imerface_s are | g
;2:?1;8:)' byetween aggregate particles and matrix. SlmPle .mt?rfacc elem?ms w?re c‘i:\;::zfem :
with two degrees of freedom. Fracturing of the composite 1S simulated using a snm:)a e
law for the interface elements. In Figure 3 a gencratec; nl::s: agg tlh:n f,ra:::::x:n e le
i i odified Mohr-Coulo ;
interfaces are shown. The fracture law is a m ) ey
i i i ile strength and a linear softening faw. St
fracturing of the interface is governed by the tensile. : B g
i i 1so a linear softening law. The tensi
fracture is governed by the cohesion c and a ' e eformation
i rittl = frening a larger maximum shding mat
is extremely brittle, w. = 20 um, for shear so e
iz. i ters for the Mohr-Coulomb cri s
is selected, viz. in the order of 1 mm. Next to the .parame ; terior
:hc elastic moduli for the aggregate and the matrix elements must be specified, tt;cnzgss::nos;
ratio, and the initial stiffness of the interface elements. In total 14 parameters I::roductior; o
whic'h the parameters related to the linear softening are the most deba‘tabl;. L e
softening at the micro-level leads to the same p'roblcms as mentioned be
macroscopic models: the law cannot be determined in an experiment.
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Fig. 3. Generated material structure and model parameters, after Vonk et al.”".

i te can
It seems that when the amount of detail in the generated p:mcl.e stnllctm;e Ionf ;lal;c:t)‘rllscl: :s o
i i i Itogether at the micro-level.
be increased, that softening can be omitted a . e s ot
d as it turned out more simple,
eason for the development of a more refined, an _ .
;or concrete fracture? Schlangen & Van Mier'®.. In this model a particle structure of the
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concrete is overlaid by a Irisegular network of purely brittle breaking beam elements,
Different lensile strength and stiffness values have to be specified for beam elements that are
situated inside an AgEregate particle, in the matrix, or at the transitian between particle and
matrix as shown in Fig. 4. The fracture law for the beam elements is very simple. When the
MAaximum siress in a beam is exceeded the heam is simply remaved from the mesh and a new
linear elastic analysis is performed. The stress in the beam is calculated following

o =8 {FA+a " (ML IM)_W} Lo

where F is the normal force in the beam, M, and M, are the bending moments in the nodes
i and j of the beam, A is the cross-section of the beam and W = bh¥%6, The factor a is
introduced for selecting a failure mode where bending plays either 3 major or minor role. 8
is a scaling factor for the global maximuem failure oad, [n summary, the parameters for the
lattice model are the Young's moduli E,. By and E,, for the aggregaie, bond and matrix
beams, the failure swrengths o, Oy and oy, for the respective beams, the cross-section of the
beams b * h, and the factors @ and B. The cross-sectional area of a beam element is
determined from a linear-elastic analysis of the un-cracked lattice. The stiffness of the lattice
should comespand to the stiffness of a concrete element of the same size. Thas, the number
of parameters is relatively small. Only 8 parameters are needed, and most important of all,
they are single valued, No saftening is modelled at the micro-level,

agoragals [a]d J

Fig. 4. Particle structure and overlay of beam elements in the lattice model.

In Figure 3 results of an analysis with the lattice modei is shown. A uniaxial tension test is
simulated, and the simutated crack pateems are compared with an experimental result ohtaimed
from a test on 2 mm monar. More extensive comparisons are given in Schlangen & Van
Mier'™!. The cesult of Fig, 5 clearly shows that *ductile’ posi-peak response is obtained by
using a model with a purely Brittle fracture law, The tail of the sofiening diagram can be
explained from the development of intact ligamenis connecting the crack faces.

The pholograph in Fig: 5¢ is an example of crack face bridging in mortar at an average crack
opening of 100 um, The Jast crack stage in the simulation shows abundant crack face bridging
as well. The amount of detail in the simelation can be increased by including smaller
aggregate particles in the laitice. In that case the pasl-peak response will be less briftle. Fram
the computational point of view this is however not very altractive. The main point is that
with a simple fracture law at the micro-level, complex macrascopic response can be obtained,
In Schlangen and’ Van Mier™ it is shown that the same model is capable of simulating
curved crack growth in concrete as well, including the effect of boundary conditions on the
fracture mechanism. This means that the path-dependent bekaviour at the macro-level is
circumvented, and is a direc consequence of the chosen modelization,
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Fig. 5. Stress-crack opening diagrams (a), simulated crack paltern at tl{! end of the siress-
crack opening diagram (b), and example of crack face bridging in mortar (c).

The same type of crack face bridging is abtained with the m_iermm_mhanim model duvllo}'!ad
by Vonk et al."™. Moreover this model is capable of simulating correcly mmptmx
fracture, incleding the effect of specimen size and 'nou_nd:.rg.r conditions. The slr::ic: %
opening diagrams are mare smooth in the latter simulations, probably because saflening :
introduced at the micro-level. Mote that the simulmions of Flg., 5 are two-dimensiona
representations of a three-dimensional crack process. T is the author’s opinion that the stress-
crack opening diagram will become mare smooth in case of a full 3-D simulation.

In the micromodels, the material structure is modelled directly. Far conczete this i§ [!ll_‘l:llf:?‘f
casy because it can be regarded as a two-phase malerial. The most impartan verification :
the carreciness of the simulations is the crack geometry, and its |'I.IS|.CIII'_!'.I Consequently the
problem is reduced to a geometrical problem. The determination of the ]l:lltllll geometry of the
concrete matenal structure and the measurement of the crack geometry is in principle no
problem.

CONCLUSION

In the paper the delermination of parameters for macrascopic and microscopic fracture mpll:!:!s
for concrete is debated In the macromodels no internal structure of the maleria _:
distinguished. In the micromodels, the internal structure of the concrete t'urn:.u an ﬂs‘:;“l;n
ingredient. For the macromodels non-linezr fracture laws are m.qutred, in the micramode i
fracture law can be described with a limited number of single valued parameters.
macromaodels are path dependent under biaxial loading, whereas path dependency formls an
integral part of the salution in the micromechanical appmacj!:s, Based on these F:nbmv_mn:;:;
it can be concluded that the micromechanical models are suited very well for :::l'umhmn'gi:'JB
fracluring of heterogencous materials like concrete in great detail. The outcome of 1:e
models may be used for tuning macroscopic fm:m:_ formulations, although the path-
dependency under biaxial loading will remain a problem in the macnl:llnﬂnl.:ltls. A dlmdwntaﬁ;:
of 1he microscopic models is that an enormous amount of computer time is needed. Hopefully
this problem can be reduced in the future.
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