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Abstract. Supplementary cementitious materials (SCM) are used in concrete for two main reasons — to
reduce the amount of cement used and to improve material properties. A material that is more sustainable,
durable, environmental friendly and economical compared to the traditional Portland cement concrete can be
obtained. This paper investigates the effect of two important factors on mechanical properties of high-
performance concrete (HPC) containing SCM. The first factor is the content of selected SCM, the second
one is the homogenization procedure used for preparation of concrete. In the first part of the research
program, 10 different mixtures were compared: reference mixture with no SCM and mixtures where 10 %, 20
% or 30 % of cement weight were replaced by microsilica, fly ash or metakaolin. In the second part, three
mixtures with selected replacement levels were prepared by four different homogenization procedures and
studied. Tests of bulk density, compressive strength, splitting tensile strength, flexural tensile strength,
dynamic and static elastic modulus and depth of penetration of water under pressure were carried out for the
tested mixtures. The best results were reached when cement was partially replaced by fly ash. Resistance of
concrete to penetration of water under pressure was significantly improved by all SCM. The homogenization
procedure in which the SCM was added to the mixture after water led to slightly better properties than the
standard mixing technique in case of mixtures containing microsilica and metakaolin. The paper provides an
extensive database that can serve as a benchmark for the design of HPC containing SCM.

1. Introduction

1.1. Object of study

The paper investigates the effect of two important factors on mechanical properties of high-
performance concrete (HPC) containing supplementary cementitious materials (SCM). The first factor is the
content of selected SCM, the second one is the homogenization procedure used for preparation of concrete.
Ten different mixtures were compared (see table 2). The studied mechanical properties were compressive
strength, splitting tensile strength, flexural tensile strength, dynamic and static elastic modulus and depth of
penetration of water under pressure.

1.2. State of the art: Effect of SCM content on the properties of HPC

Comparable comprehensive work dealing with the influence of cement replacement by various SCM
in various contents on various mechanical properties of high-performance concrete have not been found it
the literature. However, some partial conclusions can be selected from the existing works as a reference for
our research. Research works focused on similar materials (high-performance concretes with SCM without
fibres, reaching compressive strength around 100 MPa and having water-to-binder ratio (W/b) between 0.20
and 0.30) have been selected. The values of the given characteristics at the age of 28 days are cited in all
the cases.
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The most comprehensive study found is the work of Megat Johari et al. [1] who investigated the
influence of SCM on compressive strength and elastic modulus of mixtures with W/b =0.28. The used
relatively low cement content of 450 kg/m3 (OPC mixture) which was partially replaced by 5-15 % wt. of
microsilica (SF5 — SF15 mixtures) or metakaolin (MK5 — MK15 mixtures) or 10-30 % wt. of fly ash (FA10 —
FA30 mixtures). The results are summarized in table 1. In total, it can be stated that microsilica and
metakaolin slightly improved the followed properties at all replacement levels, the use of fly ash led to mild
deterioration with no clear dependence on the replacement amount.

Gesoglu et al. [2] studied the effect of microsilica and nanosilica addition on the properties of ultra-
high performance concretes (UHPC). For mixtures without nanosilica (comparable with our study) they used
800 kg/m?3 of cement withoutmicrosilica first and then 720 kg/m3 of cement with 80 kg/m?3 of microsilica (10 %
replacement) at W/b = 0.20. The compressive strength was 115 MPa and 121 MPa respectively, the flexural
tensile strength was 7.1 MPa and 7.9 MPa respectively. This means that cement replacement slightly
improved the followed properties of concrete.

Zhang et al. [3] developed the artificial neural network model for estimation of strength of UHPC with
SCM. They conducted a series of validation experiments. They focused on concretes with W/b =0.22
containing cement, fly ash and microsilica. The reference mix contained 875 kg/m? of cement and 44 kg/m?
of microsilica. The other mixes contained 263 kg/m?3 of fly ash and a total of 656 kg/m?® of cement and
microsilica. The ratios of cement:microsilica differed from 14:1 to 3:1. For the reference concrete, 98 MPa
compressive strength was reached. The strength of fly ash concretes varied between 85 and 108 MPa,
almost linearly increasing with increasing microsilica content.

Table 1. Results of research of Megat Johari et al. [1].

) Static elastic Dynamic elastic
Mixture Compressive modulus modulus
strength [MPa]

[GPa] [GPa]
OPC 86.7 44.6 50.0
SF5 105.7 46.1 53.5
SF10 113.9 47.1 54.2
SF15 117.5 48.3 55.0
FA10 85.7 43.7 49.6
FA20 84.3 43.1 48.8
FA30 82.1 42.4 48.2
MK5 91.5 45.7 52.9
MK10 103.7 45.5 51.8
MK15 103.4 46.3 52.2

Shi et al. [4] observed the influence of fly ash content and W/b on compressive strength, gas
permeability and carbonation depth of HPC. The studied mixtures contained 550 kg/m3 of cement with 0—
60 % replacement by fly ash. For w/b = 0.25, the compressive strength increased from initial 81 MPa to
90 MPa at 30 % replacement and then decreased to 42 MPa at 60 % replacement. For W/b = 0.30, the
strength uniformly decreased from 76 MPa to 40 MPa.

Poon et al. [5] developed HPC with high fly ash content, starting from the mixture containing
637 kg/m3 of cement and further replacing 25 % and 45 % by the admixture at constant W/b = 0.24. The

reference mixture reached 97 MPa compressive strength, which increased to 106 MPa at 25 % replacement
and decreased to 89 MPa at 45 % replacement.

MuhdNorhasri et al. [6] dealt with the influence of standard metakaolin and nanometakaolin on UHPC
properties. For mixes without nanometakaolin (comparable with our study) they used 800 kg/m?3 of cement
without metakaolin and then 720 kg/m3 of cement with 80 kg/m® of metakaolin (10 % replacement) at
w/b =0.20. The compressive strengths were 164 MPa and 168 MPa respectively, thus the effect of the
admixture was negligible.

Tafraoui et al. [7] investigated UHPC with 20 % replacement of cement by microsilica and metakaolin.
For 828 kg/m3 of cement, 207 kg/m3 of an admixture and W/b = 0.22 they reached the strengths of 98 MPa
(microsilica) and 109 MPa (metakaolin).

In general, it can be said that cement replacements up to 30 % of cement weight have either positive
or negligible effect on compressive strength of HPC. Higher replacements usually lead to unacceptable
deterioration of mechanical properties.
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1.3. State of the art: Effect of homogenization procedure on the properties of HPC

Research works focused on the effect of homogenization procedure on mechanical properties of HPC
containing SCM are rather rare. Therefore, also works dealing with lower strength HPC (around 60 MPa) are
cited in the following review.

Hiremath and Yaragal [8] focused on hardened properties of reactive powder concrete (900 kg/m?3 of
cement, 180 kg/m?3 of silica fume, 180 kg/m?® of quartz powder, W/b = 0.18). They experimented with the
sequence of addition of compounds (microsilica before/after water, aggregate before/after water, water
added in two or three steps), speed of mixing (25-150 rotations per minute — rpm) and mixing duration (10—
30 min). Regarding the sequence of addition of compounds, 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. The study of mixing speed showed that 100 rpm was the most
appropriate choice leading to 132 MPa strength; 117 MPa was obtained at 25 rpm, 121 MPa at 150 rpm.
The most suitable mixing time was 15 min leading to 130 MPa compressive strength; 122 MPa was reached
after 10 min of mixing and 109 MPa after 30 min. Further analysis has shown that excessively long or fast
mixing can increase the percentage of pores in concrete, leading to reduced hardened properties.

Chang and Peng [9] studied the influence of sequence of addition of compounds and mixer type on
properties of various HPC mixtures containing 300—600 kg/m® of cement and 80-160 kg/m® of fly ash
(w/b = 0.4-0.5). Six different mixing procedures were compared. They obtained the best compressive
strength (67 MPa) when the aggregate was added into the mix of cement with water and at the same time
horizontal twin shaft mixer was used. However, almost the same result (66 MPa) was obtained when
standard drum mixer and basic mixing method (first aggregate, then cement, then SCM, then all the water
with superplasticizer at one moment) was used. Dividing the amount of waterwith superplasticizer in more
doses did not have a positive effect.

Hemalatha et al. [10] investigated the effect of different types of mixers (ribbon type, pan, drum and
Elrich) and the influence of time of addition of superplasticizer on properties of self-compacting HPC (various
compositions, typically 450 kg/m3 of cement, 100 kg/m3 of fly ash, w/b =0.38). The best compressive
strength (67 MPa) was obtained with the use of Elrich mixer (forced action type mixer with variable speed),
followed by standard pan mixer (58 MPa). No significant influence of time of addition of superplasticizer was
noticed.

1.4. Study relevance

The reasons for the use of SCM in concrete are broadly known [11-13].By adding microsilica to
concrete, fresh mix properties can be significantly improved. Bleeding of concrete can be avoided
andpumpability is enhanced. The main advantages in case of hardened concrete are resistance to
shrinkage, cracking, aggressive environmental conditions and penetration of water under pressure because
of higher matrix density.

The main effect of fly ash is the deceleration of hydration of cement paste leading to lower hydration
heat release and slower initial strength growth. Non-hydrated fly ash functions as microfiller, improving the
density of cement matrix. It also improves the rheological properties of fresh concrete. It makes concrete
more resistant to chemical aggressive agents. Concrete costs and carbon footprint reduction belong to other
benefits of fly ash use.

Metakaolin contributes to the densification of structure and better rheology of concrete. It also
improves compressive strength and resistance to deicing chemicals.

Considering the aforementioned effects, the design of high-performance concrete (HPC) mixture
without the use of SCM is rather rare. In recent years, HPC became more common in civil engineering
applications. Excellent compressive and tensile strength and exceptional durability are the main motivating
factors for its exploitation in structural elements. However, the design of HPC mixtures is usually performed
just based on the empirical experience, using trial-and-error method. Such an approach is lengthy, inefficient
and expensive. To change the current practice and to proceed to modern controlled design methods, it is
required to conduct a comprehensive and systematic research of the relations between the composition,
homogenization process and properties of the material.

1.5. Objectives of the study
The objectives of the presented experimental program were:
e To quantify the effect of cement replacement by selected SCM — microsilica, fly ash and
metakaolin — on a wide range of mechanical properties of HPC.
e To quantify the effect of changes in homogenization procedure on mechanical properties of HPC.

e To create an extensive database that could serve as a benchmark for further research works

investigating this issue and as a guideline for concrete designers.
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2. Methods

2.1. Investigated materials

The research was conducted for 10 different HPC mixtures. The reference mixture without SCM
(labelled as REF in Table 2) and mixtures with 10 %, 20 % or 30 % cement replacement by three SCM —
microsilica, fly ash or metakaolin (labelled as MIC, POP and MET with number denoting the replacement
level in Table 2) — were produced. The selection of replacement levels was done based on the results of
previous study [14] carried out on cement pastes that considered 0—80 % replacement levels. In accordance
with the information found during the literature review, the study [14] showed that it was practically
impossible to reach the mechanical parameters of HPC at replacements higher than 30 %. The workability of
such mixtures was also very poor.

The composition of particular mixtures is given in Table 2. In all the cases, constant W/b = 0.26 was
kept. The k-value concept was used to establish the required amount of water:

m
w/ihb=——¥ (1)
m, +K-mg,,
Where My is the amount of water, M¢ is the amount of cement and Mscm is the amount of SCM

in kg/m3. The K-value was considered 2.0 for microsilica, 0.4 for fly ash and 1.0 for metakaolin in accordance
with [15]. The following cementitious materials were used (for detailed specification please refer to Tables 3

and 4 and Figure 1):
e Portland cement CEM 42.5 R, Ceskomoravsky cement company, plant Mokra.
e MicrosilicaStachesil S.

e Fly ash ETU EN 450 from CEZ company, Tusimice |l power plant. The fly ash was mixed from two
fractions P1 and P2 in 2:1 ratio.

e MetakaolinMefisto LO5 from company Ceskélupkovézavody.
Table 2a Composition of the mixtures — part 1.

Compound Specification REF3 MIClg 'V”ng’ 'V”C3§’
[kg/m?] | [kg/m?] | [kg/m?] | [kg/m?]
cement CEMI425R 800 720 640 560
microsilica 0 80 160 240
admixture fly ash 0 0 0
metakaolin 0 0 0
water - 210 231 252 273
w/b - 0.26 0.26 0.26 0.26
8/16 320 320 320 320
aggregate 4/8 390 390 390 390
(basalt)
0/4 730 730 730 730
SPF Stachement 25.0 33.0 33.0 33.0
fibres 13+ 25 mm, 1:1 0 0 0 0
Table 2b. Composition of the mixtures — part 2.
Compound Specification POP10 POP20 POP30 MET10 MET20 MET30
[kg/m3] [kg/m3] [kg/m3] [kg/m3] [kg/m3] [kg/m3]
cement CEMI1425R 720 640 560 720 640 560
microsilica 0 0 0 0 0 0
admixture flyash 80 160 240 0 0 0
metakaolin 0 0 0 80 160 240
water - 197.4 184.8 172.2 210 210 210
w/b - 0.26 0.26 0.26 0.26 0.26 0.26
8/16 320 320 320 320 320 320
aggregate
(basalt) 4/8 390 390 390 390 390 390
0/4 730 730 730 730 730 730
SPF Stachement 34.0 32.0 30.0 30.0 30.0 30.0
fibres 13+25 mm, 1:1 0 0 0 0 0 0
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Table 3. Chemical composition of cementitious materials [%)].

Compound CaO SiO2 AlzO3 Fe203 SOs3 MgO K20 TiO2
cement 64.2 19.5 4.7 3.2 3.2 1.3 - -

microsilica 15 92.1 - 0.4 - 0.3 0.7 -
fly ash 4.2 48.8 24.2 12.5 1.2 0.7 1.4 1.4

metakaolin - 54.1 40.1 1.1 - - 0.8 1.8

Table 4. Additional characteristics of cementitious materials; Xso is median particle, Xgo is 90 %
guantile.

Compound Specific surface area [m?/g] Bulk density [kg/m?] Xs0 [um] | Xoo[um]
cement 0.37 3100 9.11 34.06
microsilica 15.0 2400 2.92 6.74
fly ash P1 - - 40.41 183.84
fly ash P2 - - 2.10 6.82
fly ash P1+P2 2:1 0.25 2000 5.89 124.35
metakaolin 12.7 2300 2.15 7.50
4 7%
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/ £
' L 60T
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' 50
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Figure 1. Particle size distribution curves of cementitious materials.

2.2. Homogenization procedures

The effect of homogenization procedure (namely the instant of addition of SCM into the mixer and the
mixing time of SCM) was studied on three selected mixtures, namely MIC20, POP30 and METZ20. All the
mixes were prepared in standard pan laboratory mixer with centre shaft (pan fixed, scraper moving) and
nominal volume of 80 litres at the speed of 30 rpm. For each mixture, four different mixing procedures were
used:

e Procedure no. 1 (P1) was the standard one used for mixtures with different SCM content. At first,
aggregate was homogenized, than cement was added, followed by silica fume and water with
superplasticizer.

e In procedure no. 2 (P2), SCM was added before cement.

e In procedure no. 3 (P3), SCM was added as the last component (after the water with
superplasticizer).

e Procedure no. 4 (P4) was the same as standard (P1), but the mixing time of SCM was increased
from 180 s to 300 s.

Detailed schedule including mixing times is shown in Table 5. Before addition of each dry compound,
the mixer was stopped. The water was added in the course of mixing.

Table5.Schedule of mixing procedures. The length of the step in seconds is given in the
brackets.

Step no. P1 P2 P3 P4
1 Aggregate 8/16+4/8 (20) | Aggregate 8/16+4/8 (20) | Aggregate 8/16+4/8 (20) | Aggregate 8/16+4/8 (20)
2 Aggregate 0/4 (20) Aggregate 0/4 (20) Aggregate 0/4 (20) Aggregate 0/4 (20)
2 Cement (20) SCM (180) Cement (20) Cement (20)
3 SCM (180) Cement (20) Water+SPF (60) SCM (300)
4 Water+SPF (60) Water+SPF (60) SCM (180) Water+SPF (60)
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3. Results and Discussion

The tests of bulk density, compressive strength, splitting tensile strength, flexural tensile strength,
dynamic and static elastic modulus and depth of penetration of water under pressure at the age of 28 days
were carried out.

3.1. Bulk density

Bulk density was determined according to EN 12390-7 [16] on 100 mm cubes. Three values were
measured for each mixture and averaged.

3.1.1 Effect of SCM content

Considering the high amount of fine compounds and the use of basaltic aggregate, the bulk densities
are relatively high, slightly below 2500 kg/m3. Lower values were reached for mixtures containing microsilica.
In this case, the bulk density uniformly decreased with increasing admixture content. This was probably
caused by the fact that water content increased with increasing admixture content as well, leading to
increased porosity of hardened cement paste. For other mixtures, the bulk density was practically identical
and independent on SCM content. The results are given in Table 6 and Figure 2.

Table6. Bulk density of mixtures with different SCM contents — results.

Mixture Bulk density [kg/m?®] | Standard deviation[kg/m?3]
REF 2487 13.0
MIC10 2423 7.9
MIC20 2384 15.8
MIC30 2342 17.8
POP10 2489 26.4
POP20 2488 12.5
POP30 2468 9.5
MET10 2483 10.2
MET20 2507 18.0
MET30 2469 25.2
2550 -
2500 +
H'E 2450 +
=)
= 2400
=
F
g 2350
2
=
@ 2300 -

2250 A

2200 4

REF
MIC10
MIC20
MIC30
POP10
POP20
POP30
MET10
MET20
MET30

Figure 2. Bulk density of mixtures with different SCM contents — results.

3.1.2 Effect of homogenization procedure

It can be concluded that the bulk density was not influenced by the applied mixing procedure. The
variations relative to procedure P1 did not exceed 2.5 %.The results are given in Table 7 and Figure 3 (for
example, MIC20-3 is mixture MIC20 prepared by homogenization procedure P3).
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Table7. Bulk density of mixtures with different homogenization procedures —results.

Mixture Bulk density [kg/m?®] | Standard deviation[kg/m?]
REF 2487 12.9
MIC20-1 2383 15.8
MIC20-2 2412 8.6
MIC20-3 2427 16.6
MIC20-4 2401 9.8
POP30-1 2468 9.6
POP30-2 2419 20.9
POP30-3 2472 10.3
POP30-4 2473 35
MET20-1 2507 18.1
MET20-2 2502 24.3
MET20-3 2524 17.2
MET20-4 2473 19.3
2600 -
2550 - e
2507 2gp2
;s
L i — 2468 24722473 B B W 2473
§24EU- ZTQ
o
§ 2400 :
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Figure 3. Bulk density of mixtures with different homogenization procedures — results.

3.2. Compressive strength

Compressive strength was determined according to EN 12390-3 [17] on 100 mm cubes. Six values
were measured for each mixture and averaged.

3.2.1. Effect of SCM content

The reference mixture reached 105.9 MPa compressive strength. In case of microsilica use, the
strength had decreasing tendency with increasing admixture content (corresponding to the decreasing trend
of bulk density), but the measured values were very close to that of the reference mix. Replacement of
cement by fly ash led to increase of strength above the reference value up to 125.3 MPa in case of POP30
mixture. Metakaolin did not affect the strength up to 20 % replacement, decrease was observed for 30 %
replacement.The results are summarized in Table 8 and Figure 4.

Table8. Compressive strength of mixtures with different SCM contents — results.

Mixture Strength [MPa] | Standard deviation[MPa]
REF 105.9 1.98
MIC10 109.3 2.84
MIC20 101.3 4.25
MIC30 97.7 6.77
POP10 106.6 7.85
POP20 120.8 1.25
POP30 125.3 2.39
MET10 108.9 2.92
MET20 110.3 4.50
MET30 96.7 4.04
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Figure 4 Compressive strength of mixtures with different SCM contents — results.

3.2.2 Effect of homogenization procedure.

Procedure P3 (SCM added after water with superplasticizer) gave better results than the other two
alternative procedures (P2 and P4) for all types of SCM. It provided the highest strength of all the mixing
procedures in case of microsilica and metakaolin. This can be attributed to the higher amount of water
available for initial wetting of cement before the addition of SCM.

P2 (SCM added before cement) decreased the compressive strength of fly ash concrete by 30 MPa
(25 %). Increase of mixing time (P4) led to 16 MPa (13 %) reduction. Microsilica and metakaolin concretes
were practically unaffected by P2 and P4 mixing procedures. The results are given in Table 9 and Figure 5.

Table 9. Compressive strength of mixtures with different homogenization procedures — results.

Mixture Strength [MPa] | Standard deviation [MPa]
REF 105.9 1.98
MIC20-1 101.3 4.25
MIC20-2 99.0 1.56
MIC20-3 113.8 6.81
MIC20-4 103.8 3.19
POP30-1 125.3 2.39
POP30-2 95.5 2.62
POP30-3 115.8 3.45
POP30-4 109.0 1.45
MET20-1 110.3 4.50
MET20-2 118.0 4.25
MET20-3 127.7 1.70
MET20-4 115.4 9.58
— 140 1253 1277
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Figure 5 Compressive strength of mixtures with different homogenization procedures —results.
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Four-point flexural tensile strength was measured according to EN 12390-5 [18] on 100x100x400 mm
prismatic samples for all the mixtures. Splitting tensile strength was measured according to EN 12390-6 [19]
on 100 mm cubes for the mixtures with different SCM contents. Three values were measured for each
mixture and each test and averaged.

3.3.1 Effect of SCM content

The tensile strengths measured by both types of tests were similar for most of the mixtures (with the
exception of REF, MIC20 and MET20); the differences of average values did not exceed the size of the
standard deviation. It is possible to say that the replacement of cement by microsilica or metakaolin led to
overall decrease of tensile strengths compared to reference mixture, but no clear dependence on
replacement percentage could be identified. In case of fly ash, the strength slightly increased with increasing
replacement level.The results are summarized in Table 10 and Figure 6.

Table 10. Tensile strengths of mixtures with different SCM contents — results.

Tensile strength [MPa]

REF

POP10
POP20

POP30

Mixture Flexural t.s. fcti | Standard deviation | Splitting t.s. fetsp | Standard deviation | Ratio fet,sp/fet.f
[MPa] [MPa] [MPa] [MPa] [-]
REF 7.8 0.36 9.6 1.40 0.81

MIC10 6.7 0.43 7.5 1.22 0.89
MIC20 7.6 0.20 5.9 0.27 1.28
MIC30 6.5 0.29 5.8 0.68 1.12
POP10 8.6 0.18 8.2 0.70 1.04
POP20 8.5 0.36 8.8 0.96 0.96
POP30 9.1 0.43 8.6 0.16 1.06
MET10 7.5 0.59 7.3 0.52 1.03
MET20 6.5 0.91 9.1 0.45 0.71
MET30 7.9 0.38 7.9 0.34 1.01

12

104 9

Figure 6. Tensile strength of mixtures with different SCM contents — results.
Solid columns — flexural tensile strength, hatched columns — splitting tensile strength.

3.3.2 Effect of homogenization procedure

With the exception of MET20-1, the strength obtained for one type of SCM by various mixing
procedures was practically identical. No clear dependence on homogenization procedure was identified for
any SCM. The results are given in Table 11 and Figure 7.

Table 11. Flexural tensile strength of mixtures with different homogenization procedures—

results.

Mixture Strength [MPa] | Standard deviation [MPa]

REF 7.8 0.36
MIC20-1 7.6 0.20
MIC20-2 8.1 1.66
MIC20-3 7.3 0.12
MIC20-4 8.0 0.53
POP30-1 9.1 0.43
POP30-2 8.2 0.23
POP30-3 8.5 0.10
POP30-4 9.0 0.54
MET20-1 6.5 0.91
MET20-2 7.9 0.66
MET20-3 8.7 0.66
MET20-4 8.4 0.06
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Figure 7. Flexural tensile strength of mixtures with different homogenization procedures —results.
3.4. Elastic modulus

Two types of elastic modulus were determined for each mixture with different SCM contents: dynamic
one using the ultrasonic pulse method according to CSN 73 1371 [20] and static one according to
ISO 1920-10 [21]. Cylinders 100 mm in diameter and 200 mm in height were used for both tests. Only static
modulus was measured for mixtures with different homogenization procedures. Three values were
measured for each mixture and each test and averaged.

3.4.1 Effect of SCM content

The ratio between static and dynamic modulus varied between 0.8 and 0.9, the only exception being
the reference mixture with 0.95 ratio. The static modulus of all the concretes with SCM was lower than that
of the reference mixture. The dynamic modulus of concretes with metakaolin was lower that for the
reference mixture; mixtures with microsilica and fly ash reached the values that were basically identical with
the reference concrete. In case of microsilica and fly ash, the moduli increased with increasing replacement
level; in case of metakaolin, they were practically constant.The results are summarized in Table 12 and
Figure 8.

Table 12. Elastic modulus of mixtures with different SCM contents — results.

Mixture Dynamic elastic Standard deviation Static elastic Standard deviation Ratio
modulus Eq [GPa] [GPa] modulus Es [GPa] [GPa] Es/Ed [-]
REF 54.0 1.24 51.3 2.51 0.95
MIC10 51.3 2.57 42.2 3.12 0.82
MIC20 55.0 4.13 46.8 2.15 0.85
MIC30 55.9 1.23 48.1 3.56 0.86
POP10 51.3 3.65 46.2 2.08 0.90
POP20 55.0 2.97 49.5 1.34 0.90
POP30 55.9 1.73 49.8 3.39 0.89
MET10 48.7 3.46 39.0 2.03 0.80
MET20 51.2 1.94 41.9 2.22 0.82
MET30 47.9 1.87 39.7 131 0.83
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Figure 8. Elastic modulus of mixtures with different SCM contents — results.
Solid columns — dynamic modulus, hatched columns — static modulus.
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3.4.2 Effect of homogenization procedure

Different tendencies were obtained for each type of SCM. In case of microsilica, the use of all
alternative mixing procedures (P2, P3 and P4) lead to decrease of elastic modulus. No influence was
observed in case of fly ash concrete. Metakaolin enriched mixtures prepared by any of the alternative
procedures showed higher elastic modulus than the mixture prepared by standard procedure P1.The results
are given in Table 13 and Figure 9.

Table 13. Static elastic modulus of mixtures with different homogenization procedure — results.

Mixture Elastic modulus [GPa] | Standard deviation [GPa]
REF 51.3 251
MIC20-1 46.8 2.15
MIC20-2 39.8 3.49
MIC20-3 41.6 3.97
MIC20-4 40.7 2.70
POP30-1 49.8 3.39
POP30-2 49.5 2.90
POP30-3 51.0 3.97
POP30-4 50.4 3.22
MET20-1 41.9 2.22
MET20-2 52.9 2.30
MET20-3 52.5 2.77
MET20-4 45.5 3.19
60 -
g
s 50 +
3 40 +
3 30 1
£
Q 20 -
& 10 A
w

LL
L
o

MIC20-1
MIC20-2
MIC20-3
MIC20-4

POP30-1

POP30-2

POP30-3

POP30-4

MET20-1

MET20-2

MET20-3

MET20-4

Figure 9. Static elastic modulus of mixtures with different homogenization procedures —results.

3.5. Depth of penetration of water under pressure

The test was performed only for mixtures with varied SCM content according to EN 12390-8 [22] on
three 100 mm cubes for each mixture. Three values were measured for each mixture and averaged.
Relatively high variance of results was experienced for some mixtures.

Reduction of the depth of penetration of water under pressure compared to the reference concrete
was observed for all the mixtures with SCM, although it was quite negligible in case of MIC30 considering
the size of the standard deviation. In case of microsilica and metakaolin, the depth of penetration increased
with increasing admixture content. Fly ash appeared to be the most efficient admixture in this test; the depth
of penetration significantly decreased with increasing cement replacement.The results are summarized in
Table 14 and Figure 10.

Table 14 Depth of penetration of water under pressure of mixtures with different SCM contents
—results.

Mixture Depth of penetration [mm] | Standard deviation [mm]
REF 17.5 4.04
MIC10 10.5 1.73
MIC20 10.5 4.04
MIC30 17.0 1.15
POP10 9.0 5.77
POP20 3.0 1.15
POP30 0.8 0.29
MET10 6.0 1.15
MET20 7.0 2.31
MET30 10.0 1.15
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Figure 10 Depth of penetration of water under pressure of mixtures with different SCM
contents — results.

4. Conclusions

The study provided a large database describing the changes of mechanical properties of the studied
high-performance concretes containing supplementary cementitious materials. This database can be used
for reference when designing and optimizing new HPC mixtures.

When varying the SCM content and using the standard homogenization procedure (P1), the best
results were obtained when cement was partially replaced by fly ash. Compressive strength was improved
by up to 18 % compared to reference concrete, flexural tensile strength increased by up to 16 % and the
resistance to penetration of water under pressure was enhanced by up to 95 %. What is more, the beneficial
influence of fly ash grew with increasing admixture content.

The most significant adverse effect of SCM was recorded in case of splitting tensile strength of
microsilica mixtures, where the reduction reached 40 % compared to the reference concrete. However, this
result was not fully confirmed by the flexural tensile strength measurement, which is generally considered
more reliable. The decrease in this case was only up to 16 %. In case of cement replacement by metakaolin,
static elastic modulus was reduced by up to 24 %, but again this was not confirmed by dynamic elastic
modulus test that showed only 11 % reduction.

To sum up, it can be stated that partial replacement of cement by SCM up to 30 % cement weight did
not affect the followed mechanical properties significantly. This is in accordance with the information found
during the literature review. The only exception was the resistance to penetration of water under pressure
that was improved by at least 40 % in all cases except MIC30 mixture.

After considering all the results obtained by different homogenization procedures, the most
appropriate approach for mixtures containing microsilica and metakaolin seems to be P2, i.e. the addition of
SCM into wet mix. Compressive strength was increased by this procedure; other properties were either
increased or decreased by less than 10 %. Standard mixing procedure provided the best results for fly ash
concretes. Increased mixing time did not lead to improvement of mechanical properties of HPC.
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AHHOTaumA. [lononHuTenbHble BAXyLWMe Matepuarnsl (SCM) NpMMEHSIOTCS NPy M3roToBEHUN 6ETOHOB Mo
OBYM OCHOBHbIM MpUYMHAM — AN YMEHbLUEHUS KOMMYeCcTBa UCMOMb3yeMOro LieMeHTa U ynydlleHus ux
cBoncTB. C Mx MOMOLLBID BO3MOXHO MONyYnTb MaTepuar, SBMASIOWMACS Oonee CTOMKMM, AOMrOBEYHbIM,
3KoNornyeckn GesonacHbiM M 3KOHOMMUYHBIM MO CpaBHEHWIO C TPagMUMOHHBIM MOPTNAHALEMEHTHbLIM
GetoHoM. B cratbe wuccnegyetca BRMSHWE [OBYX BaHbIX (DAKTOPOB Ha MeXaHW4Yeckne CBOWCTBaA
BblcOkoadhpekTBHOro 6etoHa (HPC), copepxawero SCM. [lepBbiM ¢hakTOpoM SBRASIETCSl codepkaHue
BbIOPaHHBIX OOMOSIHUTENbHBIX BSXKYLIMX MaTepuarnoB, BTOPbIM — BWA Npouedypbl TOMOreHusauum,
ncnonb3yemon npu mnsrotosneHnn GetoHa. B nepeon yactu uccnegosaHus cpasHuBanu 10 pasnuuHbIX
cmecen: aTanoHHasa cmecb 6e3 SCM, a Takke cmecu, B koTopbix 10, 20 unu 30 % OT mMacchl LLeMeHTbI 66110
3aMEHEHO Ha MUKPOKpPEMHe3eM, MeTyyyo 301y UNu MeTakaonuH. Bo BTopon 4YacTu Obinn M3rotoBneHsl n
n3ydyeHbl OGETOHbI Ha OCHOBE Tpex CMecen C pasnNUYHbIMKU  YPOBHSAMW 3aMELLeHUs  LieMeHTa
OOMOMHUTENbHBIMU BSXYLLUMMKU MaTepuanaMmum M 4YeTbipex pasnuyHbiX npoueayp romoreHusauumn. [Ons
nuccrnegyemMbix COCTaBOB ONpeAensnun OOGBbEMHYH MNMOTHOCTb, MPOYHOCTM Ha CXaTue, MNPOYHOCTb Ha
pacTshkeHue, AMHAMUYECKUA N CTaTUYECKMIn MOLYNW YNPYrocTu 1 riyouHy NpOHWKHOBEHMS BOAbl B OETOH
nog gaesneHueMm. Haunydwwue pesynbTtathl ObivM AOCTUrHYTHI AN CMECeW, B KOTOPbIX LEMEHT YaCTUYHO
Obln 3aMeHeH Ha NeTydylo 305y. YCTOMYMBOCTb GETOHa K MPOHUKHOBEHWIO BOAbI MO AaBreHveM Obina
3HauuTenbHO ynyyweHa scemy SCM. MNpoueaypa romoreHnsaumm, npu kotopon SCM gobaBnsanuch kK cMecu
nocne BOAbl, NO3BONWMNA MOMYYUTb HEMHOTO Iydllne CBOWCTBA OETOHOB, MO CPABHEHWUIO CO CTaHOAPTHON
METOOUKOW CMeLlUMBaHUA MPUMEHUTENbHO K CMecdaM, codepXallmMm MUKPOKpeMHe3eM M MeTakaonuH. B
paboTe npeacTtaBneHa obwmpHaa 6a3a AaHHbIX, KOTOpast MOXET CNYXXUTb 3TanoHoM Ans paspabotkm HPC,
cogepxawmx SCM.
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