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Abstract: This work presents a discussion of the basic properties of broken mineral limestone
aggregates with the specification of the properties affecting the fracture toughness of concretes made
with these aggregates. To determine the influence of the grain-size distribution of coarse aggregates
for each concrete series, two types of aggregate grain were used, with maximum grain sizes of 8 mm
(series of concrete L1) and 16 mm (series of concrete L2). Fracture-toughness tests were carried out
using mode I fractures in accordance with the RILEM Draft recommendations, TC-89 FMT. During the
experiments the critical stress-intensity factor (K15c> and crack-tip-opening displacements (CTODc)
were determined. The main mechanical parameters, i.e., the compressive strength (f.m) and splitting
tensile strength (fcim), were also assessed. Based on the obtained results, it was found that the
grain-size distribution of the limestone aggregate influenced the concrete’s mechanical and fracture-
mechanics parameters. The obtained results showed that the series-L2 concrete had higher strength
and fracture-mechanics parameters, i.e.,: fem—45.06 MPa, fim—3.03 MPa, KISC—1.22 MN/m3/2, and
CTODc —12.87 m10~¢. However, the concrete with a maximum grain size of 8 mm (series of concrete
L1) presented lower values for all the analyzed parameters, i.e.,: fem—39.17 MPa, fctm—2.57 MPa,
KISC—O.99 MN/m3/2, and CTODc —10.02 m10~®. The main reason for the lower fracture toughness of
the concretes with smaller grain sizes was the weakness of the ITZ in this composite compared to the
ITZ in the concrete with a maximum grain size of 16 mm. The obtained test results can help designers,
concrete producers, and contractors working with concrete structures to ensure the more conscious
composition of concrete mixes with limestone aggregates, as well as to produce precise forecasts for
the operational properties of concrete composites containing fillers obtained from carbonate rocks.

Keywords: concrete composite; limestone aggregate; grading; brittleness; fracture toughness;
interfacial transition zone (ITZ); critical stress-intensity factor (KISC); critical crack-tip-opening
displacements (CTODc)

1. Introduction

The achievements of modern concrete technology, enabling the design and production
of high-quality concrete with specific performance properties, ensure the leading role of
this construction material in construction and infrastructure. Concrete composites with
cement matrices are therefore commonly used in the construction of various buildings
and structures, for both public and industrial uses. In addition, in recent years, there has
also been an increasing use of concretes based on Portland cement for the construction of
road surfaces and road-infrastructure facilities. Therefore, increasing numbers of in-depth
studies are carried out to assess the specific parameters of this structural material [1-3].

It is necessary to be aware that hardened concrete has a number of properties that
significantly determine its behavior under the influence of the load applied. One of the
important features that directly affects the durability and safety of concrete structures is the
brittleness of the concrete used [4,5]. Moreover, brittleness has a decisive influence on the
behavior of the material in places in its structure where defects occur [6-8]. In accordance
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with [9], four basic features characterizing the behavior of brittle structural materials can
be distinguished:

e  When the damage to the structure occurs at the level of average stresses that are
significantly lower than the strength of the material;

e  If the material does not show clear plastic deformations at room temperature under
temporary loading;

e  When there is a significant difference between the compressive and the tensile strength
of the material;

o In asituation in which a given material is sensitive to stress concentrations, which
means that at a critical moment, i.e., with the uncontrolled development of internal
microcracks in the material, the local stresses become greater than the average stresses.

Since concrete is one of the materials that shows the signs of brittleness presented
above, it is very important to select the components of the concrete mix in a way that reduces
the potential for micro-cracking after hardening. As a consequence, such treatments may
make it possible to obtain concrete composites with increased fracture toughness [10,11].

As is known, concrete at a given structural level can be considered a two-phase
conglomerate, i.e., a material consisting of [12,13]:

e Inclusions—coarse aggregate grains, sand, and unhydrated cement grains;
e A cement matrix as a capillary-porous body—a hardened cement paste in the form of
a hydrated mass of cement.

However, the large share of coarse aggregate in the volume of concrete (about 60-80%)
inevitably causes the properties of the grains of this filler to affect many of the properties of
both young and mature concrete [14]. Therefore, the selection of coarse aggregate requires
great care, taking into account both technical and economic factors [15,16].

When analyzing the strength-deformation properties of concrete, it is necessary to
consider the properties of the coarse aggregate, as well as interaction between the aggregate
and the paste in the interfacial transition zone (ITZ) between them [17,18].

Based on the results of numerous previous studies, it has been shown that it is even
necessary to separate the ITZ area as the third basic element of concrete structures [19,20].
The structure, composition, and properties of the paste in this layer are clearly different
from those in materials located at a certain distance from the point of contact between the
aggregate and the paste [21]. It should also be added that in aggregate grains, especially in
those that are coarse, there is a large amount of lattice energy (the energy of the chemical
and physico-chemical bonds between the elements of its structure). However, it should
be noted that concrete-lattice energy is useless until the structural network of cement
stone appears, and until the contact layers between the paste and the aggregate grains are
developed. Therefore, it is very important to create compact ITZ areas between the coarse
aggregates and the paste. In this phenomenon, during the cement-hydration process, the
contact layer is strengthened and aggregate grains are included for interaction with the
cement-stone matrix [22,23].

On the other hand, the destruction of structural networks in cement stone and contact
layers means the destruction of the concrete. The nature of this destruction depends not
only on the tensile strength of the aggregate (the rock from which the aggregate is obtained)
and the strength of the cement stone, but also on the characteristics of the ITZ [24-26]. The
value of the latter factor for a given cement paste is influenced by the following:

Type of stone material;

Level of roughness (smoothness) of the aggregate;

Size of coarse aggregate grains;

Degree of cleanliness (dustiness) of the aggregate grain surface;
Composite curing time.

Therefore, it is very important to know the impact of the type and grading of coarse
aggregate on destructive processes in concrete [27-29]. The following article therefore
presents the results of experiments and a discussion of the results of fracture toughness
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tests of concrete made using one of the most commonly used aggregates in concrete, i.e.,
limestone aggregate. At this point, it should be noted that the data from the existing litera-
ture concerning research of the fracture toughness of concrete with limestone aggregates or
other carbonate aggregates are very limited. Only a few articles on this subject have been
found in the literature. They concerned:

e  Research on the influence of the amount of limestone aggregate on the fracture tough-
ness of concrete at shearing [30];

e  Comparison of fracture toughness indicators in limestone concrete with aggregate that
has a constant grain size of up to 20 mm in relation to the values of fracture mechanics
parameters obtained for gravel concrete, with aggregate that has a maximum grain
diameter of 32 mm [31];

e  Analysis of fracture mechanics parameters, assessed with the mode II fracture, and
microstructure of microcracks in concrete on limestone aggregates [32];

e  Fracture toughness tests for three-point bending of concrete with dolomite aggre-
gates [33];

o  Tests of fracture toughness of limestone rocks from which an aggregate for the produc-
tion of concrete is obtained—assessed at static [34] and dynamic loads [35];

e  Assessment of the impact of limestone dust content on fracture processes in con-
crete [36];

e  Evaluation of limestone rock fracture processes in I, II, and mixed-fracture models
using the Digital Image Correlation (DIC) technique [37];

Numerical analyses of limestone rock fracture processes [38];

Tests of fracture toughness of concrete in which part of the cement has been replaced

with limestone powder [39];

e  Assessment of ITZ microstructure and morphology in concretes with dolomite aggre-
gates [40].

Based on previous studies in the literature, it has been concluded that the problem
of the impact of grading of coarse aggregate on fracture processes in concretes made of
limestone aggregates is poorly recognized. Available data from the literature contain a
wide range of results and conclusions in this regard. There are no precise statements of
how the change in the maximum aggregate grain size in the structure of the concrete mix
changes the values of the basic parameters of the fracture mechanics in cement concrete.

In order to fill this gap in the scientific literature, experimental research and analysis
of the obtained results in the assessment of macroscopic fracture toughness in limestone
concretes with different grain sizes of the filler in question have been carried out. Conclu-
sions based on the conducted experiments and analysis of the obtained test results would
provide additional information on the impact of the grading of this type of aggregate on
changes in both mechanical parameters and fracture mechanics parameters of structural
concretes [41,42]. Such knowledge could be helpful for designers, concrete producers, and
contractors of concrete structures in [43]:

e A more conscious composing of concrete mixes with limestone aggregates;
e A precise forecasting of the operational properties of concrete composites containing
fillers obtained from carbonate rocks.

2. Properties of Limestone Aggregates and Their Application in Construction and
Infrastructure—Significance of the Study

Limestone aggregates are representative of crushed stone aggregates. They are ob-
tained from sedimentary carbonate rocks of organic origin. Limestone ais usually white,
and its dominant component is calcium carbonate, developed in the form of calcite (CaCO3)
and dolomite (CaCO3 - MgCO3) [44].

As a crushed stone aggregate, limestone has many features that favorably affect the
properties of concrete. Its texture is rough, and the physical and chemical composition of
limestone causes the presence of chemical bonds on its surface, forming a specific diffusion
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zone, the thickness of which can range from 20 to 40 pm. As a result, in the case of these
aggregates, the structure of compact ITZ is positively affected by both [45]:

e  The chemical affinity of limestone aggregate and cement paste;
e  The surface roughness of limestone grains.

In the contact zones of limestone aggregates, there is no clear boundary between the
two phases of the composite, as is the case with other crushed stone aggregates (e.g., from
igneous rocks) and gravel aggregates, but a gradual transition from the filler zone to the
cement matrix area. A scheme of the structure of the active contact layer of limestone
aggregate with a cement paste is shown in Figure 1.

Figure 1. Scheme of the ITZ area between the coarse aggregate and the paste for the chemically
reactive limestone aggregate; 1—aggregate grain, 2—cement matrix, and 3—diffusion zone [43].

The above features of carbonate aggregates and additionally their low porosity (up to
4%) have a positive effect on the adhesion between aggregate and cement paste, and cause
the formation of more durable and compact contact layers, which have a decisive impact
on the processes of brittle fracture in concrete [46,47]. The beneficial effect of chemical
adhesion of limestone in concrete has been confirmed in other earlier studies. According
to their work [48], the highest adhesion between aggregate and cement paste at a ratio of
w/c =0.35 was obtained when limestone aggregates were used in concrete.

Another positive feature is the share of dust from carbonate rocks in the structure
of the composite matrix. While in most aggregates an excess of mineral dusts with grain
sizes below 0.063 mm adversely affects the direct contact between the cement paste and
the aggregate, limestone dusts cause increases in tightness, strength and durability of the
concrete [49,50].

Other beneficial features of limestone aggregates also include:

Low absorbability;
Good frost resistance;
Resistance to polishing and surface abrasion.

Therefore, due to their favorable parameters and high availability, carbonate aggre-
gates are now increasingly used as concrete fillers in buildings, bridges and road con-
struction [51]. It is estimated that limestone accounts for about 20% of all crushed stone
aggregates used in the concrete industry [52].

In the road industry, this filler is used, e.g., for:

The production of bituminous mixtures;

Road foundations for the binding and levelling of wearing courses;
Renovations and repairs of roads;

Hardening the surface of alleys and garden paths.

Due to the quite significant use of limestone aggregates in industrial infrastructure, it
is necessary to have a thorough knowledge of the processes occurring in the structure of
composites made with these fillers. Understanding the quantitative relationships between
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the structure and properties of concrete gives the possibility of interfering with the struc-
ture of the composite in such a way as to obtain a material with the expected beneficial
properties [53,54].

3. Experimental Section
3.1. The Purpose and the Scope of the Research

The use of limestone aggregates for the production of concrete both in various build-
ings and in the construction of road surfaces caused the need to conduct experimental
studies on the impact of the grading of this coarse aggregate on the macroscopic fracture
toughness of concrete. As mentioned above, a description of the behavior of brittle ma-
terials, such as concrete, requires in-depth knowledge of the basic parameters of fracture
mechanics. Such knowledge is helpful in the appropriate selection of a filler, so that the
composite is characterized by a reduced content of initial microcracks. Such activities allow
for the production of concretes with high values of mechanical parameters and fracture
mechanics parameters. This in turn causes an increase in the durability of such materials,
and consequently reduces the need for frequent repairs [55].

Therefore, this paper presents the results of experimental research and analyses,
concerning the determination of macroscopic fracture toughness according to mode I
fracture in cement concretes. In addition, attention was paid to the level of concrete
brittleness, which is important in this context [56]. In the course of the experiments
conducted, the following basic parameters of fracture mechanics were determined:

o  (ritical stress intensity fac’tor—KISC ;
e  Critical crack tip-opening displacement— CTODc.

The impact of limestone aggregate grading on the values of the basic strength param-
eters of the tested composites was also analyzed. In the course of the experiments, the
following parameters were evaluated:

o  Compressive strength—fom;
e  Splitting tensile strength—f ¢¢m.

Two series of structural concretes were tested. In order to determine the impact of
coarse aggregate grading on the obtained test results, aggregates with a maximum grain
diameter of up to 8 mm (L1 series concrete) and up to 16 mm (L2 series concrete) were used.

3.2. Materials
3.2.1. Aggregates

All of the materials used in this study came from Poland. The following types of
mineral aggregates were used to prepare concrete mixes for both series of concrete:

e  Natural pit sand with 2.0 mm maximum size, from Markuszéw deposit—used as fine
aggregate;

e Natural broken limestone, often used in the building industry, with 8.0 mm or
16.0 maximum size, from Trzuskawica deposit—used as coarse aggregate.

Images of both types of aggregates used are shown in Figure 2.

The main properties of both aggregates used are given in Table 1.

In addition, due to the fact that this article concerns the impact of the grading of the
aggregate used on the analyzed parameters, a detailed study of the grading of sand and
limestone aggregates was also carried out. The distribution of filler fractions was compiled
for both applied coarse aggregate fractions. Aggregate compositions were chosen in such a
way that they were contained in the most favorable field between the boundary curves of
grading. The study was based on very precise recommendations included in the German
standard DIN 4226-1 [57].
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Figure 2. Appearance of aggregates used: (a) sand, and (b) limestone 2-8 mm.

Table 1. Properties of fine and coarse aggregates.

Aggregate Type
Property Unit ;
Fine Aggregate (Sand) Coarse Aggregate (Limestone)
Specific Density (g/cm3) 2.60 2.85
Bulk Density (g/cm3) 2.20 2.70
Compressive

Strength (MPa) 33 100
Modulus of Elasticity (10% MPa) 330 450
Absorption (%) 0.5 0.3

Concrete in the L1 series was designed from one fraction of coarse aggregate and sand,
while concrete in the L2 series was designed from two fractions of coarse aggregate and
sand. The exact gradings of aggregates for the concretes in both series are presented in
Tables 2 and 3.

Table 2. The particle size distribution of the aggregates used for L1 series concrete.

Content of Aggregate Fraction (%)

Fraction (mm)

Sand Coarse Aggregate, L1 Mix

0-0.125 2.7 0.9 1.6
0.125-0.25 14.9 0.6 5.6
0.25-0.5 42.7 0.5 15.5
0.5-1.0 314 1.3 12.1
1.0-2.0 3.9 6.3 5.5
2.0-4.0 44 19.3 141
4.0-8.0 - 62.2 40.1
8.0-16.0 - 8.9 5.5

Sand point 95.6 9.6 40.3
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Table 3. The particle size distribution of the aggregates used for L2 series concrete.

Sand Coarse Aggregate
Fraction (mm) 121 122 Mix
0-0.125 2.5 21 0.2 21
0.125-0.25 16.2 15 0.4 5.1
0.25-0.5 422 0.6 - 11.3
0.5-1.0 31.1 1.2 - 10.7
1.0-2.0 5.2 3.8 - 41
2.0-4.0 2.8 17.5 - 8.6
4.0-8.0 - 66.8 10.8 33.8
8.0-16.0 - 6.5 88.6 24.2
Sand point 97.2 9.2 0.6 33.3

3.2.2. Binder

The binder used to prepare the concrete mixes was ordinary Portland cement—OPC
CEM I 32.5 R—from Chelm cement Plant [58]. The chemical and mineralogical composi-
tions of OPC used are shown in Tables 4 and 5, respectively. It should be noted that the
mineralogical composition of the binder was analyzed by the Bogue method. In addition,
the main physical properties of OPC are presented in Table 6.

Table 4. Chemical composition of the OPC used (% mass).

Material\ Constituent SiO, Al,O3 CaO MgO SO; Fe; O3 K,O P»05 TiO, Ag,O
orC 15.00 2.78 71.06 1.38 456 2.72 1.21 - - -

Table 5. Mineralogical composition of the OPC used (% mass).

Material\ Phase C3S C,S C3A C4AF CaSO4 (Gypsum)
OPC 60.69 15.82 9.24 7.28 5.10

Table 6. Physical properties of OPC used.

Analyzed Parameter

Specific Gravity Specific Surface  Average Particle Setting Time (min) Compressive Strength (MPa)
(g/em?) Area (m?/g) Diameter (4m) Initial Final 2 Days 28 Days
3.11 0.33 40.0 207 298 23.3 50.0

3.2.3. Water
In order to prepare concrete mixtures, tap water (W) was used, which met the require-
ments of standard provision EN 1008:2002 [59].

3.2.4. Admixture

In this study, a calcium lignosulfonate-based plasticizer (P), Basf Liquol BV-18, was
used. The plasticizer was used in an amount of 0.6% of mass of the binder in order to
improve the flowability of the concrete mixtures.

3.3. Mixture Design, Specimen Preparation and Curing Procedure
The concrete mixture proportions are summarized in Table 7. All mixtures had the
same water-binder ratio w/b = 0.4.
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Table 7. Mix proportions (kg/m?3).

Limestone: Limestone:
Mix OPC w P Sand L1 g L21,2-8mm+
! L2-2, 8-16 mm
L1 352 141 2 676 1207 -
L2 352 141 2 676 - 1207

The samples have been made in a room specifically set aside for sample preparation
located at the laboratory of the Faculty of Civil Engineering and Architecture, Lublin
University of Technology (Lublin, Poland). The specimens were made in accordance with
the EN 12390-2:2019 standard [60]. The process of making concrete mixes was carried out
in the DZB-300 counter-rotating mixer with a capacity of 150 L and power of 1.1 kW.

After final preparation, the fresh mixture was poured into molds and compacted on a
vibrating table Controls C-161/LC at a frequency of 50 Hz (3000 vibrations/min). After
compaction, the upper surface of the specimens was troweled. Then, specimens were
placed on the laboratory floor and covered with polyethylene foil. Successive care of the
covered specimens was carried out by additional wetting every few hours.

The following concrete specimens were prepared for the experimental tests:

e  Cubes for evaluating mechanical parameters fcm and fetm;

e Beams with one initial crack to assess the fracture toughness parameters K?,, and
CTOD..

The specimens were demolded 48 h after their preparation, and then transferred to a
tub filled with water, with automatic stabilization of temperature conditions. In this way,
they have been kept in water for 14 days. After this period, the specimens were taken out
of the water and placed on wooden pallets, where they remained for another 14 days, until
macroscopic examinations were carried out. During this period, specimens were cured in
laboratory conditions at t = 20 £ 2 °C and RH = 40% [60]. Details of specimen preparation
for fracture toughness tests are given in Section 3.4.2.

3.4. Test Procedures
3.4.1. Examinations of Mechanical Parameters

Tests of concrete strength parameters were carried out in a static manner on a computer-
controlled strength machine with a maximum pressure force of 3000 kN. To determine fcm
and fcm, cubic samples with a side length of 150 mm were used. For each type of test
and each batch of concrete, 6 samples were used. Characteristics of the most relevant data
related to strength tests are presented in Table 8.

Table 8. The main data regarding mechanical parameter examinations.

Parameter Type Parameter Characteristics
Testing machine used in the study Walter + Bai AG hydraulic servo testing machine

The shape of the specimens Cube

Specimens’ dimensions 150 x 150 x 150 mm

' . o  Compressive strength;

Studies that used specimens e  Splitting tensile strength.

Number of specimens 6 specimens for each test and each series of concrete

Type of specimen load Static

) EN 12390-3:2011 + AC:2012 [61]—in the case of compression
strength—f om;

Standards used in the studies e EN 12390-6:2009 [62]—in the case of splitting tensile strength—

fctm~
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3.4.2. Fracture Toughness Investigations

In this research, in order to evaluate the fracture mechanics parameters of concrete
composites, i.e., KISC and CTODc, for each mixture, 6 notched beams with the same dimen-
sions 80 x 150 x 700 mm (depth x width x length) with a span of 600 mm were made
(Figure 3).

Figure 3. View of specimen (including load scheme and dimensions in mm) during fracture toughness
tests.

Figure 3 shows a sample of concrete beams tested for fracture toughness analysis. The
initial vertical notch with a constant width of 3 mm was created by placing a steel plate in
the middle of the beam in the tensile direction of the specimens (Figure 3).

The fracture toughness test was carried out in accordance with the RILEM Draft rec-
ommendations TC-89 FMT [63] using MTS 810 testing machine (Figure 3). In addition, the
crack opening sensor, which was the MTS clip gage axial extensometer 632,03F-3, was used
in order to measure width of the initial crack opening during the tests (Figure 3). During
the tests carried out on the MTS 810 press, Force (F)—crack mouth opening displacement
(CMOD) curves were recorded.

The analyzed fracture toughness K3. and CTODc were determined with the use of
obtained diagrams, F-CMOD, and the detailed formulas given in [63]. It should be added
that in order to determine fracture mechanics parameters, it was necessary to read the
following data from the F-CMOD charts:

Maximum load obtained in the tests, marked in red (Fmax);

Tangent in the first phase of the F-CMOD relationship, highlighted in blue (C;);
Tangent in the second phase of the F-CMOD relationship, highlighted in yellow (Cy).

They have been marked on the exemplary charts for each of the analyzed composites.

4. Results and Discussion
4.1. Mechanical Parameters

The obtained average mechanical parameters fon and fem are shown in Tables 9 and 10,
respectively. Statistical parameters, i.e., the standard deviation—J and coefficient of
variation—uv, as well as the spread of the results (max. and min. values) are also given in
these tables.
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Table 9. Results of compressive strength fem.

Mix fom i) v foms Max. foms Min.
(MPa) (MPa) (%) (MPa) (MPa)
L1 39.17 1.09 2.8 42.15 37.88
L2 45.06 2.57 57 47.18 43.62
Table 10. Results of splitting tensile strength fcm.
Mix fctm 4 v fctm’ Max. fctm’ Min.
(MPa) (MPa) (%) (MPa) (MPa)
L1 2.57 0.15 5.7 2.81 2.25
L2 3.03 0.2 6.2 3.23 2.87

On the basis of the obtained results, it can be concluded that the size of grains in
the limestone aggregate used has a direct impact on the basic strength parameters of the
concrete composite. A significant improvement in the results of strength tests, both .y, and
fctm, was observed when using aggregates with a larger grading.

It was observed that, for the concrete in series L2, the compressive strength of the
composite is 45.06 MPa, indicating an increase of 15% compared with the working condition
of the concrete in series L1 (Table 9). On the other hand, the corresponding splitting tensile
strength is 3.03 MPa, indicating an increase of 18% compared with the working condition
for series L1 concrete (Table 10).

4.2. Fracture Toughness

The exemplary F-CMOD curves of the concrete beams, prepared with limestone aggre-
gates with different grading, under three-point flexural loads are shown in Table 11 [64,65].
Important data, such as Fmax, Cj, and Cy, are also shown in each of the exemplary charts.

Table 11. Exemplary F-CMOD curves with significant details for analyzed composites.

Mix Typical F-CMOD Curve
A
5.0
4.0
E.‘.
“30
3
L1 S
2.0
1.044

000102030405060703091b1h12'
Crack mouth opening displacement, CMOD (mm)
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Table 11. Cont.
Mix Typical F-CMOD Curve
A
5.0
24.0
=
';.3.0-
L2 @
S
2.0
1.0
00 01020304050607080910 1112
Crack mouth opening displacement, CMOD (mm)

On the basis of the compiled graphs in Table 11, it can be concluded that the specimens
in all concretes were damaged at the Fax force, which was:

e  About 3.0 kN for series L1 concrete, i.e., with a maximum grain size of up to 8 mm;
e  Almost 5.0 kN for series L2 concrete, i.e., with a maximum grain size of up to 16 mm.

In addition, by analyzing the slope of the F-CMOD curves, assessed on the basis of
the shape of the C; and C, tangents, it can be concluded that the proposed modification of
composite structure, i.e., the change in the grain size of the coarse aggregate, also changed
the behavior of the composites in the process of their destruction. The smallest changes
were those observed in L2 series concrete. In addition, the initial crack development process,
visible on the load-unload loops, was relatively short in this composite. In the case of
cyclic material damage, the effect of its “flow” was not observed. However, such behavior
was clearly visible for the composite in the Mix-L1 series (Table 11). This proves that the
concrete in the Mix-L2 series was more brittle than both of the analyzed composites [66,67].

The observed average fracture toughness Kf. and CTOD, are shown in Tables 12 and 13,
respectively. Statistical parameters, i.e., the standard deviation—J and coefficient of
variation—v, as well as the spread of the results (max. and min. values), are also given in
these tables.

Table 12. Results of critical stress intensity factor Kf’c.

Mix Kilsc ) v Kiisc, Max. K715ﬂ Min.
(MN/m*?)  (MN/m®?) (MN/m®2)  (MN/m32)

L1 0.99 0.13 8.98 1.28 0.76

L2 122 0.18 7.08 1.38 1.06

Table 13. Results of critical crack-tip-opening displacement CTOD..

Mix CTOD, ) v CTOD., Max. CTOD,, Min.
(m10-9) (MPa) (m10-6) (m10-6)
L1 10.02 1.28 8.76 13.16 8.45
L2 12.87 3.29 7.25 15.13 10.22

On the basis of the obtained results of fracture mechanics parameters, it can be con-
cluded that, similarly to the results of strength parameters, a change in the applied limestone
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aggregate grading also had a clear impact on the fracture toughness. Moreover, in this case,
a much more pronounced improvement in the results of the analyzed parameters CTODc
and K} was observed when using limestone aggregates with a maximum grain size of up
to 16 mm.

It was observed that, for the concrete in series L2, the critical stress intensity factor KISC
is 1.22 MN/m?/2, indicating an increase of 23% compared with the working condition of
concrete in series L1 (Table 12). However, the critical crack-tip-opening displacement is
12.87 m10~°, indicating an increase of up to 28% compared with the working condition in
series L1 concrete (Table 13).

In order to further analyze the differences in the structure of the tested concretes,
macroscopic observations of their fractures in cross-sections were made, where sharpened
flat bars modeling the shape of the initial crack were placed [68,69]. Observations of the
surface structure of fractures had been previously correlated with the fracture toughness,
among others, by the authors of the work [70]. In their experiments, they examined three-
point bent beams with a preliminary notch with three different geometric dimensions and
a variable composition of concrete mixtures. They compared concretes made of aggregates
with a maximum grain diameter of 6 and 25 mm. As a result of the analyses contained
therein, it was determined that the macroscopic assessment of the damaged concrete
structure may be helpful in explaining the reasons for the obtained values of fracture
mechanics parameters. Therefore, it was considered that such analysis could be helpful in
explaining the favorable results obtained when using the limestone coarse aggregate with
a higher grading.

Figure 4 shows two exemplary cross-sections of the analyzed concrete beams. In
macroscopic tests of sample fractures, it was found that the paste structure in L2 series
concrete is tight and compact, with a regular structure and small number of microcracks at
the contact area of the aggregate grains and cement paste. More damage, especially in the
area of the contact layer of the coarse aggregate with the cement matrix, could be observed
in composites with lower grading, i.e., the L1 series.

This was also confirmed by the results of microscopic tests performed using the XC-100
L optical microscope—shown at the top of the cross-sections in Figure 4. On this basis,
selected examples of ITZ of both concrete series were evaluated.

Such results of visual inspection allow us to conclude that the fracture toughness of
concrete made with limestone aggregates is mainly determined by the cohesion forces in
the layer at the aggregate—paste boundary. In the fractures of the L1 series beams, small
decohesive cracks, probably formed in the process of concrete curing, were observed. On
the surface of the cross-section, minor microcracks in the composite structure were also
visible, indicating a worse adhesion in the ITZ area [71-74]. This is clearly visible under
microscopic magnification (Figure 4a).

A larger area of the limestone aggregate with a grain size of up to 16 mm resulted in
the creation of a larger area of diffusion zones in the material structure (Figure 1). Therefore,
the ITZ zone in this composite was more compact compared to the concrete samples in
the L1 series (Figure 4b). This in turn caused a delay in the destructive processes in the
material, which is clearly visible in the graphs presented in Table 12. As a result, an increase
in both strength characteristics and the parameters of the fracture mechanics in L2 series
concrete (Tables 9-13) was observed.
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(b)

Figure 4. Cross-section of analyzed concrete composites after fracture toughness test with visible
characteristic macroscopic structure and exemplary microscopic images of damaged aggregates:
(a) L1, and (b) L2; description in the text.

5. Summary and Conclusions

In the course of the conducted research, it was found that concretes made with lime-
stone aggregates with a grain size of up to 16 mm had a higher fracture toughness than
concretes containing aggregates of the same type with a maximum grain diameter of up to
8 mm. Increases in both analyzed parameters of the fracture mechanics were in favor of the
L2 series concrete, respectively:

e 23%in the case of K3 ;

28% in the case of CTODc.

These results were matched with the analyzed strength parameters. Also, in this case,
higher values were observed (although not so clearly) for concretes with a higher grading.
It was determined that they increased after changing the grading of the limestone aggregate
from a maximum grain size of 8 mm to 16 mm. They increased by:

e 15% in the case of f¢m;
18% in the case of feim.

Therefore, it can be concluded that results of the strength parameters tests, fcm and
fctm, are similar qualitatively to the obtained results of the fracture toughness tests, I<ISC and
CTOD-c.

After macroscopic analysis of the cross-sections of concrete samples after their destruc-
tion, it can be concluded that the main reason for both a lower fracture toughness and a
reduced strength of concretes with lower grain size is the weaker contact layer in these
composites. Worse adhesion of smaller aggregate inclusions to the matrix resulted in faster
development of damage in the form of decohesion in the ITZ area of the phases.

In L1 concrete, small grains prevented the formation of a compact composite structure
with a good fracture toughness. This led to the formation, under the acting load, of a greater
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number of micro-discontinuities, i.e., a faster destruction of the concrete. As a result, the
concrete was weaker and had a lower fracture toughness (Tables 9-13).

Analyzing the exemplary F-CMOD curves compiled in Table 12, it can be concluded
that in the case of the L1 series concrete, they showed the features of quasi-plastic defor-
mations. On the other hand, concrete with a higher grading behaved like brittle material
during the ongoing destruction process.

Taking into account the results of the research carried out, it can be concluded that:

1.  Concretes made of limestone aggregates with a maximum aggregate grain size up
to 16 mm are characterized by increases in strength values fcm and feim, of several
percent to 20%, compared to concretes containing the same type of coarse aggregate
with a smaller grain size of up to 8 mm (Tables 9 and 10).

2. Fracture toughness of concretes with limestone aggregates is significantly higher,
by 20% to even 30%, when using a mixture of aggregates with higher grading
(Tables 12 and 13).

3. The results of the main strength parameters of limestone concretes are qualitatively
similar to the fracture toughness results obtained for these composites (Tables 9-13).

4. Concretes with limestone aggregates with a maximum grain size of up to 16 mm
behave like brittle materials during the ongoing destruction process. However, in
concretes with a maximum grain size of up to 8 mm, signs of quasi-plasticity are
visible during their destruction process (Table 11).

5. Due to intensified feature for creating a diffusion zone in the ITZ area, larger grains
of limestone aggregates are able to produce more compact contact points between
coarse aggregate grains and the paste (Figure 4). This had a decisive impact on the
obtained favorable strength parameters and fracture mechanics parameters in the L2
series concrete.

6.  The use of the research results presented in this study may be helpful in designing the
composition of concrete mixtures with limestone aggregates with a focus on improving
their fracture toughness. This, in turn, may contribute to obtaining a construction
material with a reduced number of initial defects in the ITZ zone. Increases in
mechanical parameters of concrete and an improvement of its fracture toughness
will consequently lead to an increase in the reliability of concrete structures made of
such materials.
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