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Abstract. This paper concerns the results of research
into the effect of the mechanical fracture parame-
ters of inclusion material on the fracture response
of specially designed cement-based composite speci-
mens. These specimens of the mominal dimensions
40 x 40 x 160 mm with inclusion in the shape of prisms
with nominal dimensions of 8 x 8 x 40 mm were pro-
vided with an initial central edge motch and tested
in the threee-point bending configuration. The aim
of this paper is to analyse the effect of the mechanical
fracture parameters of inclusions material on the ef-
fective mechanical fracture parameters of cement-based
composite. The results of this research indicate the de-
pendence of the effective mechanical fracture parame-
ters of cement-based composite on the Young’s modulus
of inclusion material.
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1. Introduction

Concrete belongs to the frequently used building mate-
rials for a wide range of applications — highway bridges,
tunnels, dams etc. — which are parts of important in-
frastructure. These structures are designed using pro-
cedures mentioned in standards (e.g. Eurocode 2 [I])
which do not take into account the existence of inter-
nal defects (pores, cracks, transition zones) or material
discontinuities (e.g. inclusions). These internal im-
perfections together with strong heterogeneity cause
the nonlinear, more precisely quasi-brittle behaviour
of concrete structures [2].

In this paper, the experimental results of specimens
with such an internal imperfection are presented. In-
ternal imperfection in the specimens is formed by in-
clusion placed in the middle of the test specimens.
These specimens were made of fine-grained cement-
based composite and had different types of inclusion —
rock inclusions (amphibolite, basalt, granite and mar-
ble), steel and extruded polystyrene.

2.  Theoretical background

In this section, the attention is paid to the basic prin-
ciples of bond mechanism in concrete and the theory
of the aggregate—matrix interface.

2.1. Bond mechanism in concrete
The bond mechanism is the interaction between in-
clusion and matrix. Bond resistance is a combination
of different mechanisms:

e mechanical interlocking,
e friction,

e chemical adhesion.

The mechanical interlocking resistance takes place
in the case of excessive and irregular roughness when
the forces acting perpendicular to the ribs. In this
case, the inclusion was without any ribs so this effect
vanished [3].

The frictional resistence is the result of the compres-
sion forces acting perpendicular to the interface and de-
pends on the degree of interface roughness. According
to the fib Model Code for Concrete Structures 2010
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[3], the interface could be classified as smooth, rough
or very rough.

Adhesive resistance is a result of chemical and phys-
ical bonding due to Van der Waals forces and is
in the range of lower units of MPa for concrete grades
< C50/60. Adhesive resistance strongly depends
on the real surface of the contact area, and the quality,
composition and properties (mainly porosity) of con-
crete [4]. Adhesive resistance is also affected by the ex-
istence of the Interfacial Transition Zone which forms
aggregate—matrix or reinforcement-matrix interface,
see the next subsection.

2.2. Aggregate—matrix interface

At the aggregate—matrix interface, there is a layer
of matrix with significantly different microstructure
than bulk matrix called the Interfacial Transition Zone
(ITZ) [5]. This difference in microstructure is signifi-
cant to a distance of about 50 pym when using ordinary
Portland cement [6l, [7]. On the surface of the aggre-
gate grain, there is a thin coating of 1 pm in thick-
ness, called duplex film”, which consist of a calcium
hydroxide (CH) layer and a thin layer of short fibers
of calcium-silica-hydrate (C-S-H) gel [§]. The remain-
ing space forming the I'TZ is filled with hexagonal CH
crystals of 1-2 pm in thickness and clusters of long et-
tringite needles [9, [I0]. Basic property of the ITZ is its
higher local porosity [7], which leads to lower values
of mechanical fracture parameters of the ITZ.

3. Experimental programme

To determine the influence of the I'TZ and mechanical
fracture parameters of inclusion material on the frac-
ture behaviour of cement composite, the experimen-
tal programme was carried out on specially designed
beam specimens with the dimensions 40 x 40 x 160 mm
and with polygonal prismatic inclusion of 8 x8 x40 mm,

see Fig. [I]
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Fig. 1: Specimen geometry and the three-point bending frac-
ture test configuration [IT].

The experimental programme was performed
on eight test sets of beams of the dimensions described

above, the sets of specimens differed in the material
of inclusion. Each set consisted of three test specimens.
Due to the time and organizational demands, the spec-
imens were produced and tested in three campaings.
Each campaign always contained a set of reference
specimens (made of matrix only). The first campaign
included a set of specimens with steel inclusion (STE).
The second campaing included four sets of different
types of rock inclusion, namely amphibolite (AMP),
basalt (BAS), granite (GRA) and marble (MAR).
The third campaign included extruded polystyrene
(XPS) inclusions [T, [12].

Before fracture tests, the specimens were provided
with an initial central edge notch with a depth ag
of 12 mm, which was made by a diamond blade saw.
The test specimens were subjected to three-point bend-
ing fracture tests at age of 28 days, except of the first
set (STE) which was subjected to tests at age of 14 days
only [T, 12].

3.1. Material of matrix

The matrix of the test specimens was manufactured
from fine-grained cement-based composite. The fresh
mixture was made using the standardized quartzite
sand with maximum nominal grain size of 2 mm ac-
cording to EN 196-1 (Part 1 2005) [I3], Portland ce-
ment CEM I 42.5 R and water at a ratio of 3:1:0.35
with the addition of superplasticizer SIKA SVC 4035
at an amount of 1 % by cement mass. Due to pos-
sible variations in production (paddle mixer, labora-
tory equipment), age of tested specimens and com-
paction, each set contained its own reference speci-
mens. These reference specimens were tested and eval-
uated according to standards |2} [14], see Tab. [1| [T}, 12].
In the Tab. Fix represents maximal force value,
Entx is Young’s modulus of elasticity, Gr mix is spe-
cific fracture energy and Kice mex is effective fracture
toughness.

Tab. 1: Mechanical fracture parameters of matrix — mean val-
ues calculated from 3 measurements.

Fintx Emtx GF,mtx KIce,mtx
(kN)  (GPa) (Jm~2) (MPam'/?)
MTX 1 1.06  43.60 70.2 0.93
MTX 2 103 46.16  48.38 0.96
MTX 3 089 4404  50.51 0.85
3.2.  Mechanical fracture parameters

of inclusion materials

Mechanical fracture parameters of rocks were deter-
mined from fracture tests conducted on cylindrical
specimens which were provided with a chevron notch,
see [I5]. Mechanical fracture parameters of extruded
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polystyrene were taken from fracture tests conducted
by colleagues from Brno University of Technology,
see [16]. An overview of mechanical fracture param-
eters of inclusion materials, such as Young’s modulus
E.qq, Poisson’s ratio v.g., fracture toughness Kic agg,
etc. are presented in Tab.

Tab. 2: Mechanical fracture parameters of inclusion material —
mean values calculated from 3 measurements.

Eagg Vagg Kic,agg GF,agg

(GPa) =) (MPa-m!/2)  (J.m~2)
AMP 1430 0.16 [17] 3.37 1480
BAS 878  0.15 [I§] 2.25 339.0
GRA 596  0.18 [18] 1.26 189.4
MAR  108.1  0.20 [19] 1.85 249.2
STE 2100 0.30
XPS 104 0.35 [20] 0.06 183.2

3.3. Evaluation of fracture tests

Basic mechanical fracture parameters — specific frac-
ture energy Gg, Young’s modulus of elasticity F, ef-
fective fracture toughness K., — were evaluated from
force F versus deflection d diagrams according to stan-
dard procedures mentioned in literature [2], [14]. Spe-
cific fracure energy G represents energy necessary
for the creation of a unit area of a crack and was cal-
culated by method mentioned in [I4]. Young’s modu-
lus of elasticity F was estimated from the first, almost
linear part of F—d diagrams according to [2]. The ef-
fective fracture toughness Ki.. was determined based
on the Effective Crack Model [2]. For more details
see [I1} [12]. An overview is given in Tab.

Tab. 3: Evaluated mechanical fracture parameters — mean val-
ues calculated from 3 measurements.

F E Gr Kice
(kN) (GPa) (Jm~2) (MPam!/2)
STE 038 25.72 37 0.61
AMP 053  37.72 30.48 0.4
BAS 079  42.11 41.99 0.74
GRA  0.83  46.48 42.35 0.67
MAR  0.83  39.79 57.73 0.97
XPS  0.50  44.66 31.66 0.39
4. Results

In this section, the correlations between evaluated
mechanical fracture parameters from F—d diagrams
and mechanical fracture parameters of inclusion mate-
rial will be presented. Namely Young’s modulus of elas-
ticity Fage and Poisson’s ratio v, of inclusion material
are used, other predominantly fracture parameters are
omitted. The reason is simple — no crack propagation
through the inclusion was observed (except of the first
specimen with marble inclusion) so the fracture proper-

ties of the inclusion material should not affect the frac-
ture behaviour of specimens.

It should be noted that specimens with steel inclu-
sion had dissimilar age of mature to the other spec-
imens, so they can not be taken into consideration.
The only exception is the correlation betweeen Young’s
modulus F of specimens composite, which is estimated
from the linear part of F'—d diagram and thus there will
be lower effect of age, in author’s opinion. The effect
of aging influence the content of unhydrated cement
grains and pore area percentage in the ITZ which are
caused by the migration of ions (predominantly cal-
cium) during hydration [21].

In order to reduce the dissimilarities in preparation
of specimens (e.g. compaction, mixing of fresh com-
posite), the mechanical parameters of inclusion mate-
rials are taken into relation with specimen’s parameters
to reference specimen’s parameters ratio, e.g. F'/Fpx.

1) Effect of Young’s modulus of inclusion
material

The effect of E,e on the fracture behaviour of these
special specimens is illustrated in Fig. [2} Fig.
In the Fig. the dependence of the F/Fp ratio
on the F,gs is presented and optimal value of Figg,
in which F'/Fy,x ratio is maximal, can be found.
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Fig. 2: Development of the maximal force ratio F'/Fmix de-
pending on the value of Young’s modulus of aggre-
gate Fagg.

Figure |3 shows decreasing tendency of the Young’s
modulus ratio FE/Fn In  inverse proportion
to the value of Young’s modulus of aggregate Figp.
This tendency is in a disagreement with literature
[22] 23] and will be discussed in the conclusion.

In the Fig. [ and Fig. [f] the dependence
of the Gr/Gr mix ratio, Kice/Kicemtx ratio respec-
tively, on the F,g, are presented. The value of Fagg,
in which ratios are maximal, is almost identical and is
approximately equal to E,ge ~ 2E .
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Fig. 3: Development of the Young modulus ratio E/FEm¢x de-
pending on the value of Young’s modulus of aggre-

gate Fagg.
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Fig. 4: Development of the specific fracture energy ratio
Gr/GF,mtx depending on the value of Young’s modulus
of aggregate Fagg.
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Fig. 5: Development of the effective fracture toughness ratio
Kice/Kice,mtx depending on the value of Young’s mod-
ulus of aggregate Fagg.

2)  Effect of Poisson’s ratio of inclusion
material

The effect of v,ge is not as significant as in the case
of Young’s modulus of inclusion material Fagg,

see Fig. [6} Fig. [0}

In the Fig. |§|, the dependence of the F/Fy,x ratio
on the v, is presented. The second order polynomial
function was chosen due to the highest value of the co-
efficient of determination R? but still do not shows sig-
nificant dependence.
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Fig. 6: Development of the maximal force ratio F/Fmix de-
pending on the value of Poisson’s ratio of aggregate vagg.

Figure [7] shows decreasing tendency of the Young’s
modulus ratio FE/Fnt in  inverse proportion
to the value of v,g. Neverthless, the coeflicient
of determination R? is almost zero so no corelation
was found.
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Fig. 7: Development of the Young modulus ratio F/Emix de-
pending on the value of Poisson’s ratio of aggregate vagg.

In the Fig. [B] and Fig. [0 the dependence
of the Gr/Gr mix ratio, Kice/Kicemtx ratio respec-
tively, on the 1,4, are presented. Value of Vg, in which
ratios are maximal, is almost identical and is approxi-
mately equal to Vage ~ 0.2.
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Fig. 8: Development of the specific fracture energy ratio
Gr/GF mtx depending on the value of Poisson’s ratio
of aggregate vagg.

1.2

ol )

‘E 0.8 ............ . E—

s 0.6 e T )
¥ 04 ¢ b ¢
202 | y=-9.9184x2 + 3.8058x + 0.3773
S R? = 0.4092

0.0 0.1 0.2 0.3 0.4
Vagg (_)

Fig. 9: Development of the effective fracture toughness ratio
Kice/Kice,mtx depending on the value of Poisson’s ratio
of aggregate vagg.

5. Conclusion

The results show that FE is negatively correlated
with E,ge, which is in a disagreement with literature
[22 23]. However, it is necessary to realize that this lit-
erature concerns ordinary concrete and not specimens
with a single inclusion. In addition, the inclusion sur-
face is smooth due to the method of cutting in contrast
to the crushed aggregates in ordinary concrete. The re-
sistance, which is approximately expressed by the ra-
tios F/Ftx, G¥/Gr mtx and Kice/ Kice mtx, 1S maxi-
mal in the case of Fage = 2Emx.

The maximal values of Gr/Gp mtx
and Kice/Kice mtx ratios are in the case of v,ge ~ 0.2
which is the value typical for concrete, e.g. [1]. Nev-
ertheless, the effect of the Poisson’s ratio of inclusion
Vage 18 Mot as significant as in the case of Young’s
modulus Fyee. One of the reasons should be that
the Poisson’s ratio strongly affects the stress field
on the free surface. The result of this behaviour is that
stress values are similar for different v in the middle
of the specimen, but differ near the free surface [24].

Anyway, the author is aware that it is necessary
to perform more experiments and confirm it by numer-

ical simulations to prove the real effect of mechanical
parameters of inclusion on overall fracture behaviour
of composite. Also it is complicated to differenti-
ate the effect of only mechanical fracture parameters
from the effect of adhesion cause by chemical reactions
in the Interfacial Transition Zone. Nevertheless, it is
clear that the material of inclusion influence the overall
fracture behaviour.
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