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Abstract

The paper deals with investigation of the interaction between an edge-crack and an aggregate
in a silicate-based composite, because adding of aggregates into basic matrix material can improve
the fracture mechanical properties of the material significantly. In this work, the three-point-bending
test is modelled by means of the finite element method and the dependences of fracture parameters on
various material and geometrical parameters of the aggregate and the interfacial transition zone are
studied. The results are discussed thoroughly.

Keywords

Silicate-based composite, crack, aggregate, interfacial transition zone, finite element method.

1 INTRODUCTION

The presence of aggregates (AGQ) in the silicate-based matrix (MTX) represents a very useful
tool how to affect the fracture properties of the composite in comparison to the original material.
Beside the presence of the aggregates, also the so-called interfacial transition zone (ITZ), which
arises at the AGG surface as a product of chemical reactions taking place between the AGG and
MTX, plays a key role. Several studies on the influence of the particle size, shape, properties etc. can
be found in recent works, see e.g. [1][2][3][4]. Note that most of them are performed on polymer
composites. In some of the papers referred show that the presence of the AGG and ITZ affects the
crack path through the specimen. The main objective of this paper is the analysis of the interaction
between the macro-crack and a circular aggregate and/or ITZ. The paper presents a parametrical
study and the influence of the selected parameters of AGG and ITZ on the initial crack propagation in
a three-point bending test specimen is observed and discussed. The classical linear elastic fracture
mechanics (LEFM) concept [5][6] is utilized for the investigations.

2 BASIC TERMS AND PROCEDURES

The presence of a crack in a specimen/material influences its lifetime strongly, because it acts
as a stress concentrator. The fracture mechanics theory deals with description of the crack behaviour
and one of the basic principles assumes that three various loading modes can be distinguished:
normal, shear and anti-plane shear mode, see Fig. 1.

Combination of the individual loading modes occurs very often in technical praxis. The
classical one-parameter linear elastic fracture mechanics introduces the so-called stress intensity
factor (SIF) that describes the amplitude of the stress concentration ahead of the crack tip and it
corresponds to each loading mode. Several fracture criteria deciding about the crack stability and/or
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crack propagation direction are formulated based on the SIF concept. While the SIF values for simple
geometrical configuration can be found in fracture mechanics handbooks (see e.g. [7]), more complex
configurations and/or non-homogeneous specimens need to be solved via numerical methods. There
exists several methods, the well-known can be for example: compliance method (the double
calculation method) [8], virtual displacements method [9][10], Rice J-integral method [11], hybrid
rack elements method [12] and others. The method using the shifted mid-side in the finite element
(FE) model is applied in this work.

J /

mode I mode 1T mode III
Fig. 1: Loading modes defined in fracture mechanics
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2.1 The stress intensity factor

The stress intensity factor is defined in order to describe the singular stress field near the crack
tip. When a plane problem is considered and the combination of mode I and II occurs, the principle of
superposition can be applied and the stress tensor components can be written in a form:

0, = \/K; St F S
2mr )

where
Ki — ismode I stress intensity factor [MPa.m'"?],
Ky — is mode II stress intensity factor [MPa.m'?],
r  — radial distance from the crack tip [m],
fiy — geometrical factor corresponding to mode I and stress tensor component oj; [-],
Ju; — geometrical factor corresponding to mode II and stress tensor component oy [-].

3 GEOMETRY AND NUMERICAL MODEL

3.1 Geometry of the cracked specimen under study

A three-point bending test geometry was chosen for the study on the influence of the
aggregate on crack propagation, see Fig. 2.

The particular dimensions were chosen as: the half specimen length L =80 mm, the half
supports span S = 60 mm, the specimen width /' = 40 mm, the crack length ¢ = 12 mm, the transition
zone thickness #77=100 um, the applied load value F=1kN, Young's modulus of MTX
Enrx =30 GPa (corresponds to cement paste properties), Young's modulus of AGG Exgs = 60 GPa
(corresponds to basalt properties), dimensionless Poisson's ratio for all the materials v=0.2. The
above mentioned values were kept constant which was based on the previous analyses [13]. On the
other hand, following values were varied in the parametrical study performed:

o clastic properties of ITZ (Young's modulus), Eirz: 10, 30 a 60 GPa;

e diameter of the aggregate, daca: 4, 8 a 12 mm;
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o AGG eccentricity from the symmetry axis of the specimen, e: 0.1; 0.5; 1; 2; 4; 7; 10 mm see
Fig. 2;

e AGG depth in the specimen, v: in the range from 14.3 to 21.7 mm in dependence on the
AGG diameter.

28

Fig. 2: Schema of the cracked specimen with an eccentrically placed aggregate subjected to three-
point bending

3.2 Numerical model

A numerical model with respect to the suggested geometry was created in the finite element
software ANSYS [14]. The eight-node plane elements with quadratic basis functions denoted as
PLANES?2 were used. The FE mesh was refined in the very vicinity of the crack tip and the first row
of elements around the crack tip was meshed with the special crack elements with shifted mid-side
nodes, which were proposed for fracture mechanics task when the stress singularity needs to be
modelled. The plane strain conditions were accepted for the model.

4 RESULTS AND DISCUSSION

It was already mentioned in the previous sections that the intensity of the singular stress field
ahead of the crack tip can be described by means of the stress intensity factors. Therefore, these
values were observed within the numerical study in dependence on various selected parameters, see
Fig. 3 and 4. Only few representative configurations were chosen for presentation and discussion of
the results in this paper.

Fig. 3 shows the normalized stress intensity factors Kinom, 1.€. the K values divided by the
Kihom value (value of the stress intensity factor corresponding to the homogeneous specimen without
AGG and ITZ). On the other hand, Fig. 4 shows the dependences of the Ky values, which are not
normalized, because there does not occur the shear mode in the homogeneous cracked configurations.
Both figures are plotted for AGG diameters 12 and 4 mm and Young's modulus of ITZ 10 and
60 GPa. The study presents the dependences of the Kjnom a Kii values on the relative distance of the
AGG from the specimen surface taking into account various AGG eccentricities from the axis of
symmetry of the specimen.
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Fig. 3: Dependences of the normalized SIF Kjnorm on the relative depth of AGG from the
specimen surface. The individual colour curves correspond to configurations with different AGG
eccentricities; configurations with AGG diameter of 12 mm on the left, with AGG diameter of 4 mm
on the right; the upper plots correspond to Eirz = 10 GPa and the lower plots to Eirz = 60 GPa
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Fig. 3: Dependences of the SIF Kj; on the relative depth of AGG from the specimen surface.
The individual colour curves correspond to configurations with different AGG eccentricities;
configurations with AGG diameter of 12 mm on the left, with AGG diameter of 4 mm on the right;
the upper plots correspond to Eirz = 10 GPa and the lower plots to Eirz = 60 GPa
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The following conclusions can be stated from the dependences obtained:

e Presence of the eccentrically placed aggregate ahead of the crack tip results in adding
mode II to the pure I mode typical for a homogeneous specimen.

e Presence of the stiff aggregate ahead of the crack tip decreases the stress intensity factor
value, K, i.e. it defends its propagation/slows it down.

o  The larger the stiff aggregate, the higher influence on the stress intensity factor values: K;
values decrease, K values increase.

e  The stiffness of the ITZ affects the Ki and Ky values as well: the stiffer ITZ causes higher
decrease of K; and higher increase of K.

e As it can be expected, it holds that the lower distance between the crack and aggregate
produces the higher influence on the stress field distribution.

e In the case of mode I there exists also the unambiguous dependence on the eccentricity:
the larger eccentricity of the aggregate, the lower effect on the stress redistribution near
the crack tip.

e  When mode II is observed, the biggest increase of the stress intensity factor is typical for
configurations with the eccentricity between 1 and 4 mm (depending on other
parameters).

e Based on the observed dependences, it can be seen that the existence of the aggregate in a
cracked specimen can influence its behaviour: crack stability, crack propagation rate,
crack path.

Generally, several cases of crack propagation through a composite can be observed: 1) the
crack can deflect from the original direction when it is approaching the stiff aggregate and then it
propagates through the matrix or 2) the crack can be attracted by the compliant ITZ, where the crack
can be arrested or blunted as a result of debonding of the AGG and ITZ. The numerical analysis can
help to decide about the crack behaviour, which can improve the process of designing of new
advanced composite materials.

5 CONCLUSIONS

The contribution introduces a parametrical study when the basic fracture-mechanical
properties are investigated (stress intensity factors K; a Kj) in dependence on various material and
geometrical characteristics of the cracked specimen. The analysis is performed considering the three-
point bending test conditions. The crucial idea is the presence of an aggregate with a thin surface
interfacial transition zone near a crack tip. The paper shows how the stiff aggregate together with ITZ
influences the crack behaviour. Particularly, the influence of the aggregate size, ITZ stiffness and
position (in two directions) of the aggregate in relation to the crack tip. It is shown that the mutual
position between the crack and aggregate is fundamental for their interaction, i.e. the crack tip needs
to be located close enough to the aggregate in order to observe the effect of the aggregate on the
fracture behaviour of the crack (crack stability, crack propagation rate, crack path).
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