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Abstract. The paper deals with the effect of various modifications of composition and homogenization
procedure on micromechanical characteristics of high-performance concrete (HPC) containing supplementary
cementitious materials (SCMs), namely silica fume, fly ash and metakaolin. The main motivation was to
characterize the changes of microstructure induced by the type and amount of SCMs, by the time and order
of mixing of components and by coarse aggregate washing. The effects of the changes of microstructure on
macroscopic mechanical features of the material were also studied. Indentation moduli of particular phases of
the material were measured by nanoindentation. Interfacial transition zone (ITZ) thickness was primarily
measured by nanoindentation. An alternative method of ITZ thickness determination based on variations in
chemical composition was tested for a selected sample with encouraging result. Compressive strength and
bulk elastic modulus of concrete were determined by standard loading tests. The results showed that SCMs
generally decrease the thickness of ITZ, but no direct relation to compressive strength of concrete was found
for mixtures with variable SCMs content. In case of mixtures with optimized SCMs content prepared by
different homogenization procedures or with the use of aggregate washing, qualitative dependence between
ITZ thickness and compressive strength was found. Aggregate washing proved to be useful for improving both
microscopic and macroscopic properties, having positive effect on ITZ thickness, compressive strength, bulk
elastic modulus and indentation moduli of particular phases.

1. Introduction
Interfacial transition zone (ITZ) and its properties are one of the most important, but at the same time
the least understood phenomena influencing mechanical properties of concrete. ITZ is a thin transitional layer
between aggregate grains and cement paste. It is a weak link in the structure of a cementitious composite,
where the first microcracks originate and begin to develop into macrocracks. A typical thickness of ITZ in
normal strength concrete reaches 30 – 100 µm [1–3], while in high-performance composites, lower values
ranging between 10–30 µm are reported [4–7]. Some research works point out a strong relationship between
the characteristics of ITZ (mainly its thickness and mechanical properties) and macroscopic properties of
concrete, such as compressive and tensile strength, elastic modulus or resistance to deicing chemicals [8–
10].
The origin and creation of ITZ is attributed mainly to the wall effect. The phenomenon leading to
accumulation of batch water on the surface of aggregate grains and local increase of water-to-binder ratio
(w/b) was described by Escadeillas and Maso [11]. The local increase of w/b leads to increased porosity and
decreased strength of ITZ. Another important factor is the filtration effect described by Lagerblad and Kjellsen
[12]. When more aggregate grains are located close to each other, cement particles get filtrated as fresh
cement paste passes through the narrow gap between the grains during concreting. As a result, an area of
cement matrix with lower density and higher porosity is created. Microbleeding and syneresis also contribute
to ITZ formation. Microbleeding is defined as flocking of microscopic droplets of bleeding water around larger
aggregate grains in the course of concrete mixing [13]. During syneresis, cement matrix shrinks and the water
is released from the structure of cement gel, leading to the separation of the water rich in cement particles
from the solid components of the matrix [14].
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The works cited above identified several ways of efficient reduction of ITZ thickness. The main ones are
minimization of w/b, use of superplasticizers and the use of supplementary cementitious materials (SCMs).
Other influencing factors are humidity, porosity, absorbability and granulometry of aggregate, cement type,
time of homogenization and compaction of the mixture and cleanness of aggregate surface. In case of highperformance concrete (HPC), Portland cement is used, w/b is already minimized to maximum possible extent,
superplasticizers are used in high dosages, the aggregates with the best available properties are exploited.
Therefore, it makes sense to study the remaining factors – the use of SCMs, technological process of concrete
production and cleanness of aggregate surface.
SCMs are nowadays often used to improve various properties of concrete – physical and mechanical
characteristics [15–18] or consistence [19]. Fediuk et al. proved that they can also increase the efficiency of
grinding of cement [20] or shock resistance of concrete [21].
The positive influence of SCMs on ITZ thickness was observed by Rossignolo [22] who reported that
replacing 10 % cement weight by silica fume led to the reduction of ITZ thickness by 36 % compared to
reference concrete. When he modified concrete by SBR latex admixture in the dosage of 5 % and 10 % of
cement weight, ITZ thickness was reduced by 27 % and 36 % respectively. The best results were obtained by
combined use of silica fume (10 % cem. wt.) and SBR latex (10 % cem. wt.) when ITZ thickness was reduced
by 64 %.
Duan et al. [23] investigated the effect of slag, metakaolin and silica fume on thickness and
microhardness of ITZ and macroscopic compressive strength of concrete. The measurements were performed
at the ages of 3, 7, 28 and 180 days for mixtures with 10 % cement weight replacement. The tendency to
decrease ITZ thickness in time was evident for all the mixtures including the reference one, but it was more
pronounced in the mixtures containing SCMs. In case of reference concrete, ITZ thickness was reduced from
80 µm at 3 days to 60 µm at 180 days. ITZ in concrete containing slag was reduced from 60 µm to 50 µm and
in concrete containing silica fume or metakaolin the reduction from 50 µm to 40 µm was observed during the
same period. The SCMs also positively influenced the microhardness of ITZ. Microhardness of ITZ constituted
79 % of microhardness of bulk cement paste in case of reference concrete, 83 % in case of concrete containing
metakaolin or slag and 86 % in case of concrete containing silica fume. It was also proved that there is a direct
linear dependence between microhardness of cement paste and macroscopic compressive strength of
concrete.
Nilli and Ehsani [24] focused on the effect of nanosilica and silica fume on ITZ and strength
development. Among other results, it was shown that replacing 5 % or 7.5 % cement weight by silica fume
increased concrete compressive strength by approximately 10 %.
When studying self-compacting concretes, several researchers [25-27] confirmed that missing
vibrations during concrete placement lead to elimination of vibration-induced segregation and microbleeding.
The amount of water accumulated on the surface of aggregate grains was also reduced, leading to mitigation
of wall effect, reducing porosity of ITZ and permeability of concrete. Yoo et al. [28] proved that the concrete
placement method influences the first cracking strength and corresponding toughness of HPC.
Hiremath and Yaragal [29] experimented with the sequence of addition of compounds (microsilica
before/after water, aggregate before/after water, water added in two or three steps) into HPC mixture
containing 20 % silica fume (20 % cem. wt.). The highest compressive strength of 128 MPa was reached when
aggregate was added to wet mortar; the standard mixing procedure (adding water to dry mix of all constituents)
led to 105 MPa, i.e. 20 % less.
While some fine fillers are used to optimize the grading curve of aggregate, increase packing density of
concrete and increase its compressive strength, the presence of another types of fine particles in concrete is
undesirable. These include clay and other fine components (smaller than 0.125 mm) that are formed during
the extraction of basalt aggregates and that are trapped on the surface of coarse aggregate grains. These
particles can weaken the link between the aggregate and cement matrix and deteriorate mechanical properties
of concrete [30, 31]. By increasing the amount of water bonded on the surface of aggregate grains, they locally
increase the w/b in the vicinity of these grains. Cepuritis and Mørtsell [32] experimentally verified that the use
of washed aggregate improves workability of concrete. However, no studies dealing with the effect of
cleanness of aggregate surface (aggregate washing) on mechanical properties of concrete were found.
The paper deals with the effect of various modifications of composition and homogenization procedure
on micromechanical characteristics of high-performance concrete (HPC) containing supplementary
cementitious materials (SCMs). Silica fume, fly ash and metakaolin were used as partial replacement of
cement. The studied modifications consisted in the type and amount of SCMs, the time and order of mixing of
components and in coarse aggregate washing. The measured micromechanical characteristics were
indentation moduli of individual phases of the material and thickness of interfacial transition zone (ITZ)
determined by nanoindentation. Relations between the changes on the microscale and main macroscopic
mechanical properties (compressive strength and bulk elastic modulus) were studied.
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In their previous study [33], the authors of this paper dealt with the effect of SCMs and homogenization
procedure on macroscopic mechanical properties of HPC. A large database of results was obtained, showing
the relations between the modifications in composition and homogenization of HPC and a variety of
macroscopic mechanical properties of the material. The main motivation of the experimental program
presented in this paper was to characterize the changes of properties of the same materials on microscopic
level and to study the relations between the microscopic and macroscopic mechanical features of the material.
In addition to that, the effect of cleanness of aggregate surface (aggregate washing) was observed in order to
evaluate the hypothesis that with cleaner coarse aggregate grains, both microscopic and macroscopic
mechanical properties will be improved. As the literature review has shown, there is a very limited number of
studies dealing with these topics. The authors of this paper have previously published small sets of data in
two preliminary reports [34–35]. This paper provides a systematic and comprehensive study of a wide set of
materials and their properties.
In accordance with the previous research study of the authors of this paper [33] and pursuing the studies
of other authors cited above, the aims and tasks of the presented experimental program were:
• To determine the effect of the type and amount of SCMs on micromechanical properties of HPC.
• To determine the effect of changes in homogenization procedure, namely various mixing times and
sequence of addition of components, on micromechanical properties of HPC.
• To determine the effect of aggregate washing on micromechanical properties of HPC.
• To compare the changes of micromechanical characteristics with the changes of the main
macromechanical properties – compressive strength and bulk elastic modulus.

2. Methods
2.1. Investigated materials
In agreement with the preceding study of macroscopic properties [33], ten mixtures described in Table 1
were tested. REF is the reference mixture with no SCMs; MIC are the mixtures containing microsilica; POP
are mixtures containing fly ash; and MET are mixtures containing metakaolin. The number 10, 20 or
30 designates the percentage of cement weight replaced by SCMs. The details regarding mixture design,
chemical composition and particle size distribution of cementitious materials can be found in [33] and [36].

Compound

Specification

MIC10

MIC20

MIC30

POP10

POP20

POP30

MET10

MET20

MET30

w/b is

REF

Table 1. Composition of the mixtures (values in [kg/m3]; water-to binder ratio
dimensionless).

cement

CEM I 42,5 R

800

720

640

560

720

640

560

720

640

560

microsilica

0

80

160

240

0

0

0

0

0

0

fly ash

0

0

0

0

80

160

240

0

0

0

admixture

metakaolin

0

0

0

0

0

0

0

80

160

240

-

210

231

252

273

197

185

172

210

210

210

w/b

-

0.26

0.26

0.26

0.26

0.26

0.26

0.26

0.26

0.26

0.26

aggregate
(basalt)

8-16 mm
4-8 mm
0-4 mm

320
390
730

320
390
730

320
390
730

320
390
730

320
390
730

320
390
730

320
390
730

320
390
730

320
390
730

320
390
730

Superplasticizer

Polycarboxylate

25.0

33.0

33.0

33.0

34.0

32.0

30.0

30.0

30.0

30.0

water

For the remaining part of the experimental program, just the mixtures with optimal content of SCM from
the point of view of macroscopic mechanical properties [33] were selected. Therefore, the effect of
homogenization procedure and aggregate washing was measured only for REF, MIC20, POP30 and MET20.
To study the effect of homogenization procedure, four variants of the mixtures were prepared using a
pan laboratory mixer with centre shaft (pan fixed, scraper moving) and nominal volume of 80 litres at the speed
of 30 rpm. Details are given in Table 2.





P1: Standard procedure used in the rest of the experimental program
P2: SCM was added before cement.
P3: SCM was added as the last component.
P4: Mixing time of SCM was increased from 180 s to 300 s.
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Table 2. Plans of mixing procedures P1 – P4 (the lengths of the steps are given in seconds).
Step no.

P1

1
2
2
3
4

P2

P3

P4

Aggregate 8/16+4/8 (20)
Cement (20)
SCM (180)
Water+SPF (60)

Aggregate 0/4 (20)
SCM (180)
Cement (20)
Cement (20)
Water+SPF (60)
Water+SPF (60)
SCM (180)

Cement (20)
SCM (300)
Water+SPF (60)

The effect of aggregate washing was studied by comparing the properties of two types of mixtures. In
case of “U” type (unwashed) mixtures, the aggregate was used as received from the quarry; no special
processing was carried out. In case of “W” type (washed) mixtures, the coarse fractions of the aggregate
(4–8 mm and 8–16 mm) were washed and dried before mixing. To wash the aggregate, it was immersed for
30 seconds into water in running laboratory mixer, then filtered, dried in laboratory dryer and kept in laboratory
conditions for 7 days to reach the same natural humidity as the unprocessed aggregate. The efficiency of the
applied method of aggregate washing was confirmed by grading test that showed that the content of fine
particles smaller than 0.125 mm was lowered by 94 % in 8–16 mm fraction and by 96 % in 4–8 mm fraction.

2.2. Nanoindentation
Micromechanical characteristics of individual phases of the material were obtained by displacement
driven grid indentation using Ti 700 series nanoindentor (Hysitron Inc.). The method is based on injection of
the tip of the probe into the material. The dependency of the applied force on the depth of penetration is
measured. The mechanical properties are then computed using Oliver-Pharr theory [37] from the unloading
part of the loading curve. The results of the measurements are microhardness (H) and effective elastic
indentation modulus (Er).
The samples for nanoindentation and microscopic analysis were extracted from macroscopic samples
(100 mm cubes) stored in water in laboratory conditions (20–22 °C) for 28 days (identical to samples for
macroscopic tests). The extracted samples were treated using grinding and polishing media. Due to
mechanical heterogeneity of the material, a method reducing selective abrasivity was applied. This allowed to
obtain specimens having both adequate surface roughness and compact ITZ between aggregate and matrix.
Particular indents were driven by loading function with prescribed maximum penetration depth of
150 nm. The loading took 5 seconds. The maximum force was held for 60 seconds which allowed to
significantly reduce the effect of creep and viscoelasticity of the material [37]. To obtain statistically relevant
set of data regarding indentation moduli of particular material phases and to locate the position of interfacial
transition zone (ITZ), a grid of 21×21 indents with spacing of 10 µm was applied on all the samples. Six rows
of 100 indents (spacing of 1 µm) were then performed on each ITZ location to determine the thickness of ITZ
based on the measured distribution of indentation modulus along the row of indents.
Indentation modulus was derived from spectral deconvolution of measured data (normalized histograms
of indentation results). The application of this method is limited by two conditions – identical area of each
indent and significantly different mechanical properties of particular phases [38]. The first condition is fulfilled
by applying the displacement driven loading function. The second condition is generally not fulfilled considering
very similar micromechanical properties of clinker and basalt aggregate (Er > 100 GPa). This problem was
solved by dividing the measurements in two levels: the matrix without the aggregate and ITZ between the
matrix and the aggregate. The deconvolution procedure was then applied independently on both levels and
the final results were obtained by their synthesis.
Contrary to static deconvolution, spectral deconvolution takes into account mutual interactions of
phases such as the interaction between matrix and clinker (soft and hard phase). The effective indentation
modulus (Er) was determined with maximum allowed deviation of 2.5 % from experimental measurements
considering Gaussian distribution of probability of results.

2.3. Scanning electron microscopy and image analysis
To investigate the phase composition of selected samples, scanning electron microscopy (SEM) in
backscattered electron mode (BSE) was performed using microscope Mira II LMU equipped with electron
probe microanalyzer (EPMA) from Tescan corp. (Czech Republic). After polishing, 20 nm thick layer of carbon
was deposited on the surface of samples to increase electric conductivity. Since grayscale intensity in obtained
BSE image depends on atomic mass [39], individual phases could be identified by image analysis using an
in-house software PyPAIS [40] based on intensity and entropy thresholding.
An alternative method of assigning ITZ thickness with the use of SEM and energy-dispersive X-ray
detector (EDX) based on the work of Kjellsen et al. [41] was examined for one selected sample. EDX probe
from Bruker corp. (Germany) was used. In the points along a line, identification of elements and quantification
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of each element’s concentration was carried out. According to [41], ITZ can be identified based on the ratio of
Ca/Si content in hydrated material. Lower values of Ca/Si ratio indicate the presence of ITZ. The motivation
for this experiment was the fact that nanoindentation measurements of ITZ thickness are very time consuming
in terms of both operator time and computer time required for data processing. The alternative method
provides the results relatively quickly.

2.4. Macromechanical characteristics
Macromechanical characteristics were tested according to valid European standards [42–44]. More
details regarding the methods as well as complete results and their discussion can be found in [33].

3. Results and Discussion
3.1. The effect of SCM type and amount
Microstructure of the studied HPC samples was influenced by the type and amount of SCMs in many
aspects.
The indentation modulus of ITZ (Table 3) was decreased by the addition of metakaolin by approximately
10 %, while the effect of fly ash and silica fume was ambiguous. Relatively strong correlation (correlation
coefficient R = 0.7) between the change of bulk elastic modulus (Ec) and indentation modulus of ITZ induced
by the addition of SCMs was found, see figure 1.
The indentation modulus of LD CSH (low-density calcium-silicate-hydrates) and HD CSH (high-density
calcium-silicate-hydrates) was increased by SCMs in all instances and the increase was directly dependent
on cement replacement level (Table 3). Fly ash and metakaolin increased the modulus of HD CSH by
approximately 20 %; the other changes were less significant. The increase can be explained by the fact that
the pozzolanic materials contain large amount of reactive silicon dioxide (SiO2) that reacts with portlandite
(Ca(OH)2) to form the calcium-silicate-hydrates (CSH) [45]. However, the bulk elastic modulus of all the
mixtures was lower than the one of the reference mixture, the reduction reaching up to 20 % for silica fume
and metakaolin mixtures and 5–10 % for fly ash containing mixtures.
Volumetric fractions of particular phases were determined for this set of samples (Table 4). In most
cases, the amount of HD CSH was lower and the amount of LD CSH was higher in mixtures containing SCMs
than in the reference mixture. This partially explains the reduction of bulk elastic modulus.
The indentation modulus of Portlandite (Table 3) was significantly decreased by the addition of silica
fume. Fly ash and metakaolin had slightly increasing effect with no clear dependence on the replacement
level. No clear relation between SCMs and indentation modulus of clinker was observed. There was no
correlation between the bulk elastic modulus and indentation moduli of phases other than ITZ, see Figure 1.
The measured ITZ thickness of all the samples (Table 2) was between 8–23 µm, which coincides with
the results obtained by other authors studying high-performance concrete; thickness between 10 and 30 µm
was reported [4–7]. Figure 2 shows that SCMs reduced the thickness of ITZ in almost all instances (except
MET30), sometimes more than twofold. This is in accordance with results of Rossignolo [22] cited in
section 1.2. However, contrary to [24], no clear dependence between ITZ thickness and macroscopic
compressive strength of mixtures with varying SCM content was found. In some cases (MIC20, MIC30,
MET10), ITZ thickness was significantly reduced, but the compressive strength was decreased at the same
time; in another cases, even a small reduction of ITZ thickness lead to noticeable increase of compressive
strength (POP20, POP30).
Table 3. Mean values and standard deviations of the indentation moduli Er [GPa] of individual
phases and mean thickness of ITZ [µm] – mixtures with different content of SCMs.
Mixture

ITZ

LD CSH

HD CSH

Portlandite

Clinker

ITZ thickness

REF

17.34±2.38

31.08±4.65

45.07±2.47

81.60±10.36

128.36±14.99

21.3

MIC10

16.82±2.18

32.91±4.16

48.43±5.78

66.55±8.50

122.28±8.50

16.1

MIC20

18.47±2.41

33.37±2.92

48.94±4.24

66.12±11.74

135.49±11.74

10.2

MIC30

18.87±3.91

34.70±3.17

49.98±3.48

65.82±6.51

132.65±6.51

8.2

POP10

16.74±2.42

33.45±5.89

54.54±7.63

84.92±14.07

142.13±13.34

16.9

POP20

16.48±2.12

34.95±5.36

54.99±6.38

88.63±13.16

140.22±12.42

13.8

POP30

18.80±4.40

35.62±5.87

57.72±6.40

86.17±7.59

127.57±16.85

14.9

MET10

15.38±1.98

34.73±4.82

52.32±8.56

85.36±12.06

135.12±18.01

12.1

MET20

15.54±3.24

35.15±6.28

53.27±8.71

87.88±14.55

141.20±18.85

15.9

MET30

16.01±2.25

35.27±5.69

55.40±6.32

84.79±10.26

138.62±14.42

23.0
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Table 4. Mean values and standard deviations of volumetric fractions for individual phases –
mixtures with different content of SCMs.
Mixture

LD CSH

HD CSH

Portlandite

Clinker

Aggregate

REF

15.82±0.25

15.43±0.35

6.55±0.15

4.18±0.02

56.52±1.39

MIC10

16.09±0.42

16.61±0.44

4.07±0.06

5.43±0.16

57.45±2.44

MIC20

18.30±0.98

14.57±0.17

4.49±0.13

6.48±0.22

55.56±3.31

MIC30

19.33±0.01

13.74±0.38

5.75±0.20

6.76±0.25

56.33±2.79

POP10

19.61±0.31

15.34±0.15

5.77±0.11

6.20±0.18

57.89±2.44

POP20

12.25±0.40

13.96±0.71

8.50±0.03

2.93±0.23

60.78±1.88

POP30

13.48±0.70

13.79±0.50

8.40±0.05

2.81±0.12

59.18±1.93

MET10

18.00±0.21

12.59±0.05

4.65±0.02

6.08±0.18

59.38±1.41

MET20

18.94±0.33

12.90±0.62

3.82±0.21

5.50±0.23

61.26±0.98

MET30

18.78±0.54

12.93±0.53

3.23±0.16

4.81±0.12

60.78±1.03

Table 5. Mean values of macroscopic compressive strength and bulk elastic modulus – mixtures
with different content of SCMs.
Mixture

Compressive strength [MPa]

Elastic modulus [GPa]

REF

105.9

51.3

MIC10

109.3

42.2

MIC20

101.3

46.8

MIC30

97.7

48.1

POP10

106.6

46.2

POP20

120.8

49.5

POP30

125.3

49.8

MET10

108.9

39.0

MET20

110.3

41.9

MET30

96.7

39.7

Figure 1. Bulk elastic modulus (Ec) and indentation moduli of particular phases relative to reference
mixture (REF) – mixtures with different content of SCMs.
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Figure 2. Compressive strength and reduction of ITZ thickness relative to reference mixture (REF) –
mixtures with different content of SCMs.
For one selected sample of reference concrete (REF), an alternative method of determination of ITZ
thickness was tested. The method is based on the ratio of Ca/Si content in selected points along a line.
Figure 3 shows the development of Ca/Si ratio in the analysed area. When we compare the plot with the SEM
photograph in figure 4, it can be concluded that points 3–7 are located inside ITZ. This indicates that the ITZ
thickness is approximately 23 µm, which is in good agreement with 21.3 µm measured by nanoindentation of
REF samples. Finer grid of measuring points would be required to obtain more accurate value, but the method
provides very good results in relatively short time.

Figure 3. Ca/Si ratio along a line in a sample of reference concrete (REF).

Figure 4. SEM image of the analysed area, showing the transition between an aggregate grain
(points 1 and 2), ITZ and cement matrix (200x magnification).
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3.2. The effect of homogenization procedure
As Tables 6 and 7 and Figure 5 demonstrate, there was no clear relation between the homogenization
procedure applied and indentation moduli of particular phases or bulk elastic modulus of concrete. There was
also no correlation between bulk elastic modulus and indentation moduli of any of the phases, but the common
feature of mixtures with higher bulk elastic modulus (POP mixtures, MET20-2 and MET20-3) was that they
had increased indentation modulus of HD CSH when compared to the reference mixture.
Relatively strong correlation (R = 0.75) was found between ITZ thickness and compressive strength of
the material. It can be clearly seen in figure 6 that while procedure P2 always increased the ITZ thickness and
mostly decreased compressive strength compared to basic procedure P1, procedure P3 lead to the reduction
of ITZ thickness and increase of compressive strength. The effect of procedure P4 was ambiguous.
The fact that the homogenization procedure P3, in which the SCM was added as the last component to
the wet mix, lead to improvement of the compressive strength, is in agreement with the results of Hiremath
and Yaragal [29] cited in section 1.2. No other research works dealing with the effect of homogenization
procedure of HPC containing SCMs that could be used for comparison of results were found.
Table 6. Mean values and standard deviations of the indentation moduli Er [GPa] of individual
phases and mean thickness of ITZ [µm] – mixtures prepared by different homogenization procedures
(P1 – P4).
Mixture

ITZ

LD CSH

HD CSH

Portlandite

Clinker

ITZ thickness

REF-1

17.19±2.59

32.87±4.39

45.22±4.50

80.08±9.78

127.64±13.82

18.5

MIC20-1

18.26±2.68

33.92±4.34

48.80±4.45

69.02±9.45

134.37±10.67

18.3

MIC20-2

17.43±2.74

32.67±4.39

46.38±4.46

70.29±8.63

132.56±11.74

18.8

MIC20-3

19.81±2.82

35.2±4.42

49.28±4.45

69.57±6.08

133.62±9.56

17.3

MIC20-4

18.91±2.69

34.12±4.43

48.95±4.54

69.25±7.19

134.92±12.27

17.9

POP30-1

15.99±2.74

34.82±4.38

55.85±4.50

79.89±10.14

138.37±12.03

16.1

POP30-2

14.53±2.77

34.00±4.39

53.06±4.53

72.48±8.25

136.36±10.74

19.4

POP30-3

15.18±2.89

34.15±4.38

54.34±4.55

76.53±7.38

137.84±9.98

15.2

POP30-4

15.04±2.77

34.29±4.38

54.46±4.40

77.61±8.80

137.05±10.55

16.1

MET20-1

15.30±2.78

35.31±4.27

53.65±4.44

86.14±12.45

139.71±15.55

14.9

MET20-2

15.82±2.76

35.88±4.27

54.42±4.49

87.26±9.83

136.74±12.38

15.6

MET20-3

16.37±2.70

36.45±4.37

54.91±4.40

87.85±7.36

139.68±9.55

13.7

MET20-4

15.48±2.68

35.56±4.28

54.17±4.48

85.27±8.69

138.12±10.33

18.8

Table 7. Mean values of macroscopic compressive strength and bulk elastic modulus – mixtures
prepared by different homogenization procedures (P1 – P4).
Mixture

Compressive strength [MPa]

Elastic modulus [GPa]

REF-1

105.9

51.3

MIC20-1

101.3

46.8

MIC20-2

99.0

39.8

MIC20-3

113.8

41.6

MIC20-4

103.8

40.7

POP30-1

125.3

49.8

POP30-2

95.5

49.5

POP30-3

115.8

51.0

POP30-4

109.0

50.4

MET20-1

110.3

41.9

MET20-2

118.0

52.9

MET20-3

127.7

52.5

MET20-4

115.4

45.5
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Figure 5. Bulk elastic modulus (Ec) and indentation moduli of particular phases relative to reference
mixture (REF-1) – mixtures prepared by different homogenization procedures (P1 – P4).

Figure 6. Compressive strength and reduction of ITZ thickness relative to reference mixture (REF-1)
– mixtures prepared by different homogenization procedures (P1 – P4).

3.3. The effect of aggregate washing
The results of this part of the experimental program, which studied the effect of washing of coarse
fractions of the aggregate (4–8 mm and 8–16 mm), were the clearest ones. When comparing respective
mixtures with unwashed (U) and washed (W) aggregate in tables 8 and 9, it is obvious that aggregate washing
always had positive effect on ITZ thickness, compressive strength and bulk elastic modulus, even though a
mild one (up to 10 % in most cases). The same thing can be said about the effect on indentation moduli of
particular phases (Table 8, Figure 7), but the differences are even smaller in this case (smaller than the
standard deviation of the results). The positive effect of washing can be related to the fact that due to the
removal of detrimental fine particles, the processed coarse aggregate had smaller relative surface area,
leading to the elimination of the wall effect described in chapter 1.2.
Figure 8 depicts the relation between compressive strength and the reduction of ITZ thickness of
particular mixtures. The trend was clear, when the ITZ thickness was reduced, the compressive strength was
increased. However, the changes were not proportional.
As stated in section 1.2, no studies dealing with the effect of aggregate washing on neither microscopic
nor macroscopic properties of concrete were found. Therefore, the comparison of results with other authors is
not possible.
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Table 8. Mean values and standard deviations of the indentation moduli Er [GPa] of individual
phases and mean thickness of ITZ [µm] – mixtures with unwashed (U) and washed (W) aggregate.
Mixture

ITZ

LD CSH

HD CSH

Portlandite

Clinker

ITZ thickness

REF-U

13.55±3.59

30.96±3.63

41.03±4.04

69.77±6.91

130.55±14.71

21.7

REF-W

13.67±3.55

30.92±4.76

40.93±5.08

70.56±8.32

129.46±15.05

20.4

MIC20-U

17.69±2.46

33.54±2.68

47.73±4.14

67.87±8.58

131.35±12.46

14.1

MIC20-W

18.75±3.53

38.48±4.67

48.77±4.52

68.23±9.00

133.69±14.87

10.5

POP30-U

14.42±3.03

33.37±4.43

50.48±5.02

80.61±7.01

133.97±15.45

15.8

POP30-W

15.40±3.43

33.22±4.43

51.52±4.71

83.72±6.88

130.65±12.13

14.2

MET20-U

15.13±3.86

34.11±3.64

52.59±3.29

83.21±8.99

132.92±11.58

19.3

MET20-W

15.96±2.87

35.00±4.71

54.61±5.41

86.01±10.42

137.03±16.98

15.6

Table 9. Mean values of macroscopic compressive strength and bulk elastic modulus ––
mixtures with unwashed (U) and washed (W) aggregate.
Mixture

Compressive
strength [MPa]

Elastic modulus
[GPa]

REF-U

113.7

39.4

REF-W

118.4

40.9

MIC20-U

113.9

34.7

MIC20-W

129.1

37.7

POP30-U

125.8

46.2

POP30-W

131.0

49.3

MET20-U

114.1

40.3

MET20-W

127.3

44.0

Figure 7. Bulk elastic modulus (Ec) and indentation moduli of particular phases relative to reference
mixture (REF-U) – mixtures with unwashed (U) and washed (W) aggregate.
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Figure 8. Compressive strength and reduction of ITZ thickness relative to
reference mixture (REF-U) – mixtures with unwashed (U) and washed (W) aggregate.

4. Conclusions
The experimental program provided a comprehensive database characterizing the effects of SCM type
and content, homogenization procedure and aggregate washing on micromechanical properties of HPC
containing SCMs. Several qualitative trends between micromechanical and macromechanical properties of
studied concrete were identified. The main conclusions are:
• SCMs increased the indentation modulus of HD CSH. There was a direct dependence on SCM
content.
• When varying the SCM content, there was a direct dependence between the change of indentation
modulus of ITZ and bulk elastic modulus of concrete.
• The use of SCMs generally had negative effect on bulk elastic modulus of the material. This might
be related to the changes of volumetric fractions of LD CSH and HD CSH. The addition of SCMs
lead to decrease of HD CSH content and increase of LD CSH content, thus increasing the share of
lower-density compounds at the expense of high-density compounds.
• The previous effect was the lowest (only up to 10 %) when fly ash was used. This fact was probably
connected with the increase of indentation modulus of HD CSH, which was the highest (up to 20 %)
in case of fly ash containing mixtures.
• SCMs generally decreased the thickness of ITZ, in some cases more than twofold. However, there
was no clear proportional dependence between ITZ thickness and compressive strength.
• The homogenization procedure of mixtures with optimized SCM content influenced the thickness of
ITZ and compressive strength. Adding SCMs to the mixer before cement (P2) had generally negative
effect on both, while adding SCM to wet mix (P3) proved to have positive influence. Increased mixing
time (P4) had no distinctive effect.
• Aggregate washing was useful for improving both microscopic and macroscopic properties, having
positive effect on ITZ thickness, compressive strength, bulk elastic modulus and indentation moduli
of particular phases, even though a mild one (up to 10 % in most cases).
• The method of measuring ITZ thickness through variations of Ca/Si ratio was tested with promising
results. This method will be further verified on a larger set of specimens. In case of good agreement,
it could be used as a faster alternative to nanoindentation method for determination of ITZ thickness.
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