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Abstract: Virtual testing of composite materials is, compared to a conventional experimental
analysis, less time consuming, and it can very clearly reveal the failure mode. Therefore, it can
be used for an optimization of the shape and amount of aggregates. Unlike the basic analytical
homogenization methods, numerical modeling can predict the strength of the material and energy
needed for the crack propagation. In our study three-point bending and splitting tests, by means
of 2D plane-stress nonlinear finite element analysis utilizing isotropic damage model, were sim-
ulated. The results of the analysis indicate that angular aggregates of bigger size contribute to
an increased fracture energy of the mortars, while the mortars containing fine round aggregates
exhibit higher strength due to absence of stress concentrations around the grains.
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1. Introduction

It has been observed by many researchers (e.g. Stefanidou and Papayianni (2005); Tasong et al.
(1998)) that the material properties of mortars and concrete are dependent on the amount, type
and geometry of aggregates in the mix. The purpose of this work was to investigate the influence
of the aggregate shape and size on the mechanical properties of mortars, composed of sand
aggregates and a brittle matrix. Namely, the influence of aggregates on flexural strength of the
tested mortar was determined from a three-point bending test simulations, while the fracture
energy was evaluated from simulations of a splitting test.

Commonly used homogenization methods, such as the Mori-Tanaka scheme (Mori and Tanaka
(1973); Benveniste (1987)), can quite successfully predict the elasticity properties, but they are
not able to predict the strength and to capture the post-peak behavior of the composite ma-
terials. Such properties must be estimated numerically, using the Finite Element Modeling.
Among others, Vorel et al. (2012) have recently estimated the fracture energy of concrete using
2D plane-stress model of three-point bending test on notched specimens, the fracture energy
of concrete was also investigated by van Mier and van Vliet (2003) using 2D lattice model.
and similar approach was used by Man and van Mier (2011). Finally, Mohamed and Hansen
(1999) simulated the interaction of crack and aggregate during splitting test using 2D plane-
stress model.

2. Geometry of Tested Specimens

The simulations were focused on the investigation of aggregate shape and size influence on
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the bending strength evaluated from three-point bending tests, and fracture-mechanical prop-
erties evaluated from a series of splitting tests. In order to avoid the influence of size ef-
fects (Jueshi and Hui (1997); Zhang and Wu (1999)) on the values of fracture energy, all spec-
imens were of the same size. The geometry of tested specimens is specified by Figures la
and 1b.
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(a) bending test (b) splitting test

Figure 1: Geometry of tested specimens

The aggregates of round, ellipsoidal and angular shape were placed only in the area of ex-
pected crack propagation in a relative volume ¢*¢® = (.4. Each aggregate shape configura-
tion was represented by the fine (F) (passing the sieve opening dy = 1.0 mm) and coarse (C)
(dp = 2.5 mm) monodisperse particles. The individual aggregate configurations are summarized
in Table 1.

Table 1: Summary of simulated aggregate configurations

code shorter semi-axis [mm] longer semi-axis [mm)]

angular coarse aggregates A(C) 2.5 5.0

angular fine aggregates A(F) 1.0 2.0

ellipsoidal coarse aggregates E(C) 2.5 5.0

ellipsoidal fine aggregates E(F) 1.0 2.0

round coarse aggregates R(C) 2.5 2.5

round fine aggregates R(F) 1.0 1.0
3. Model

The procedure of the geometry generation was implemented in MATLAB software and the
multi-parametric toolbox for MATLAB (Kvasnica (2009)) was used for the generation of the
aggregates. The specimens were modeled as if they were cast into the final shape, i.e. the
aggregates did not cross their boundaries. The conforming triangular finite element mesh was
generated with the ANSY'S software. Figure 2 shows the mesh density, which was coarse near
supports in case three-point bending test and significantly finer in the expected crack location.
This figure also depicts the crack propagation through the material.

The plane-stress numerical simulations were carried out in the OOFEM finite element code
with the object oriented architecture (Patzdk and Bittnar (2001)). An isotropic damage model
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(a) bending test (configuration R(C)) (b) splitting test (configuration A(C))

Figure 2: Detail of FE mesh and crack pattern

with linear softening (Jirdsek (2004)) was assumed for the matrix phase, while the aggregates
were modeled as isotropic and elastic. The equivalent strain, £, was determined based on Mazars
norm, accounting only for the positive part of the strain tensor. The interfacial transition zone
was not modeled. The material properties of the matrix and aggregates are summarized in
Table 2. The input parameters were: Young’s modulus, £, Poisson’s ratio, v, and in case
of matrix also strain at peak stress £y and crack opening at complete failure wg. In order to
avoid damage around nodes with controlled displacement, the loaded and supported areas were
also modeled as isotropic elastic material, having the stiffness of the homogenized material
(denoted “homogenized regions” in Table 2) characterized by elastic constants obtained using
Mori-Tanaka scheme (see Mori and Tanaka (1973); Benveniste (1987)).

Table 2: Material properties of individual phases

FE [GPa] v ][-] g0 [-] we[um] note

matrix 32 0.2 0.0004 1.0 brittle material, linear softening
aggregates 60.0 0.2 - - elastic material
homogenized regions 90 02 - - elastic material

The matrix phase was represented by a brittle lime-based paste and its properties were deter-
mined from our own experiments NeZerka et al. (2013), while the properties of aggregates were
determined based on the literature study (Sharpe Jr. et al. (2007); Vorel et al. (2012)).

4. Results and Discussion

Six random distributions per each of the six different aggregate shape and size configurations
were generated in order to obtain reliable data. The results were averaged within the individual
configurations, providing a smooth force-displacement diagram. The averaging of forces at
each displacement step was not possible, since such approach would yield unrealistic average
curve, attaining the maximum value (force) of the “weakest” specimen. Therefore, the average
curve was assembled in such a way to follow the mean elastic modulus and mean ultimate
force reached during the loading. The softening part had to obey the mean value of the energy
dissipated during the simulations, and it was approximated by a linear (three-point bending) or
exponential curve (splitting test), see Figures 3a and 3b.
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calculated as the area under the loading curve of the load-displacement diagrams.

Table 3: Results of three-point bending test simulations

configuration maximum force F,,,, displacement at F, .

[N] [x10° m]
A(C) 81.9 1.24
A(F) 89.0 1.29
E(C) 90.9 1.38
E(F) 94.7 1.42
R(C) 88.1 1.35
R(F) 96.1 1.44

Table 4: Results of splitting test simulations

configuration maximum force F,,,, displacement at F,,,, work of fracture

[N] [x1079 m] [x1077J]
A(C) 73.6 9.74 6.43
A(F) 69.6 9.28 5.46
E(C) 62.3 7.63 5.25
E(F) 64.5 8.21 5.04
R(C) 62.1 8.11 4.74
R(F) 61.9 7.43 4.56

5. Conclusions

The present work was focused on the influence of aggregates embedded in the brittle matrix,
represented by the isotropic damage model with linear softening. In particular, the bending
strength and fracture-mechanical properties were evaluated from the finite element simulations
of bending and splitting tests. The following conclusions can be made from the results of the
analysis:

e 2D plane-stress finite element simulations and isotropic damage model can successfully
simulate the crack propagation through a microstructure in a realistic way,

e simulation of splitting test can be used for the evaluation of fracture energy in brittle
materials without snap-back response in load-displacement diagram,

e the bending strength is enhanced by the addition of fine spherical sand particles into
mortars, since they do not introduce excessive stress concentrations around their tips,

e the fracture energy of mortars can be enhanced by the addition of coarse angular aggre-
gates, since these create an efficient obstacle against the crack propagation.
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The study was not supposed to yield exact values, it only revealed the trends. Three-dimensional
model, incorporating shrinkage microcracking and interfacial zone around aggregates, would
probably give more accurate data at significantly higher computational cost.
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