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Abstract: The type of test ingredients used for obtaining self-compacting high-performance concrete
(HPSCC) has been carefully selected to be universal. For this purpose, an extensive statistical analysis
of the obtained results of the literature research was carried out. Then, universal and adapted to the
typical range, highly fit statistical models are presented that can support the HPSCC design process
for achieving high strength. For this purpose, a broad plan of statistical research was used, namely
multivariate selection of sidereal points, which allowed the use of as many as five variable factors at
three levels of variability. The sidereal points were equal to the respective minimum and maximum
input values. Additionally, based on the analysis of variance (ANOVA) for factorial systems with the
interaction of the obtained test results, the significance of the impact of the tested material factors on
the compressive strength of the HPSCC tested was determined.
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1. Introduction

High-performance self-compacting concrete (HPSCC) combines the features of a
mixture of self-compacting concrete (SCC) and hardened high-performance concrete (HPC).
HPC technology was initially created at the turn of the 1970s. The initial goal of HPC
was to obtain concrete with compressive strength of at least 60 MPa (f. o,p > 60 MPa,
fk,cy1 = 50 MPa) [1-5]. However, SCC was first designed in 1988 in Japan. The immediate
reason for undertaking work on the development of SCC was the need to eliminate the
vibration process [6-11]. SCC technology has increased the concreting efficiency, reduced
labor costs, and increased the quality of concrete after hardening. Less than 10 years later,
the first attempts to combine the two SCC and HPC technologies were also made in Japan,
which resulted in the creation of HPSCC [12-15]. HPSCC is a cement-aggregate composite
that is designed for obtaining compressive strength greater than 60 MPa whose components
are also selected for the specific properties of the concrete mix. These properties should
ensure the ability of the mix to tightly fill the space between the reinforcement and the space
inside the formwork under the influence of its own weight without the need for mechanical
compaction [12-20]. The use of HPSCC gives the possibility of concreting elements with
dense reinforcement and complex shapes without the need for vibrations, as well as
obtaining a very accurate mapping of mold surfaces without surface defects (architectural
concrete). At the same time, it eliminates a number of disadvantages associated with
vibratory compaction, e.g., noise and vibration, and reduces the work involved in forming
elements. Currently, highly developed concrete technology allows the requirements to be
specified for both the set of features of hardened concrete and the properties of the concrete
mix, depending on the design requirements. The changes taking place in this field set
new directions for the modification of properties of concrete mix and hardened concrete
properties. This leads to high-quality concrete.
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HPSCC must comply with self-compacting conditions (appropriate rheological prop-
erties and the appropriate amount of air in the mixture), but also achieve high compressive
strength. The next sub-section of the article shows how high compressive strength is
obtained after 28 days. Based on the literature, it was shown what else should be tested in
this regard in order to facilitate the HPSCC design process due to its high strength.

For this purpose, a broad plan of statistical research was used, including multivariate
selection of sidereal points, which allowed the use of as many as five variable factors at
three levels of variability. The sidereal points were equal to the respective minimum and
maximum input values. Additionally, based on the analysis of variance for factorial systems
with the interaction of the obtained test results, the significance of the impact of the tested
material factors on the compressive strength of the HPSCC tested was determined.

The last part of the article describes an additional aspect of the research, which was to
compare the rheological and strength results with each other.

1.1. Analysis of HPSCC Compressive Strength and Composition—Case Review

For the purposes of developing data from literature, the STATISTICA computer pro-
gram used (producer StatSoft Europe GmbH). For the purposes of the literature analysis,
the following statistical tools were used:

The histogram is a graphical representation of the empirical distribution of 28-day
compressive strength for HPSCC and HPC. This histogram shows the abundance percent-
ages of the respective strengths for HPSCC and HPC, not the probability density, so the
widths of the intervals are equal.

Analysis of variance for significance tests of factors influence: w /b ratio, percentage of
condensed silica fume (CSF), amount of binder, aggregate, cement, and sand for compres-
sive strength after 28 days. The purpose of analysis of variance is to test the significance of
differences between means by comparing the variance.

The significance level (p-level) (usually, denoted by the symbol o). This corresponds
to the probability of making a mistake in assuming the obtained result as true, i.e., repre-
sentative for the population. The choice of « values depends on the researcher, the nature
of the problem, and how accurately the hypotheses are verified. In many areas of research,
the significance level of 0.05 is taken as the limit value of the acceptable error rate.

In the case of the F test (Value F), to evaluate the statistical significance of differences
between the means, we calculate the quotient of the intergroup variance to the error
variance. If the error variance decreases according to the explanatory power of the factor,
then the global value F increases.

1.2. HPSCC Compressive Strength

Analysis of the literature regarding HPSCC [18,21-54] shows that the values of com-
pressive strength after 28 days range from 55 to about 135 MPa. About 60% of the analyzed
HPSCC cases achieve strength within 60 - 80 MPa (Figure 1). The analysis of the signifi-
cance of the impact of HPSCC composition on compressive strength cases in the literature
(Table 1) shows that the strength is mainly shaped by the ratio w/b and the percentage of
CSF in the binder mass.

The analysis showed that in 12% of cases HPSCC are concretes designed as ordinary
SCCs with gravel aggregate, which, however, due to the specificity of the composition ratio,
achieved compressive strength >60 MPa. Other cases in the analysis are concretes already
designed as high-strength concretes. Compressive strength is relatively unintentionally
often obtained at 60 + 80 MPa, while higher strengths are rarely obtained.

One of the reasons for the rare use of HPSCC is the lack of experimental data on
the impact of HPSCC composition factors on the rheological properties of the mix and
hardened concrete. There is a lot of information in the literature regarding the qualitative
impact of these factors, but there is a lack of research to determine the hierarchy of the
impact of HPSCC composition factors and to determine the quantitative impact of these
factors on the above properties. Therefore, the aim of this research is to find the optimal
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compositions and determine the hierarchy of the influence of the components based on
the analysis of variance and to determine statistical models for compressive strength by
means of multiple regression. The intention is that the models can aid in the design of the
HPSCC. Due to the wide range of variability of the basic parameters of HPSCC composition,
adjusted to the typical range, used in the research, both the dependencies and functions are
general in nature and can be effectively used in aiding design.

40%

34% ¢ =
HPSCC - 28 days compressive strength, [MPa]
HPC - 28 days comressive strength, [MPa]
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Figure 1. Histogram of 28-day compressive strength for HPSCC and HPC [18,21-54].

Table 1. Analysis of variance of factor tests of the impact of HPSCC composition on 28-day compres-
sive strength [18,21-54].

Source of Variance Value F The Significance Level
w /b ratio 19.51078 0.006911
Percentage of condensed silica fume, CSF (%) 14.95835 0.046478
Amount of binder, (kg/ m?) 4.67745 0.082899
Amount of aggregate, (kg/ m?) 3.09583 0.138813
Amount of cement, (kg/ m3) 2.36529 0.184673
Amount of sand, (kg/m?) 0.05060 0.830927

1.3. HPSCC Composition

The necessity to fulfill the requirements of the SCC rheological behavior and mechani-
cal properties of hardened HPC determines the specificity of the composition of HPSCC.
For the purposes of analyzing the composition of concrete, the composition and compo-
nents of HPSCC were compared with the compositions of SCC (published by Domone [55])
and the composition of HPC (analysis of 56 selected cases [56—-64]). The composition of
HPSCC was analyzed on the basis of 76 cases [18,21-54]. Table 2 presents medians and
percentiles of the amount of components in the composition of SCC, HPC, and HPSCC.

The analysis shows that the most common type of cement in the HPSCC composition
is Portland cement CEM I 42.5R. In most of the analyzed cases, HPSCC most often used
between 350 and 500 kg/ m? of cement, as in the case of HPC. There are also cases (5%)
of the use of 500 to 600 kg/ m?> cement in the HPSCC composition [36,65]. The median
amount of cement in the HPSCC composition is 400 kg/m?, and the average value is
395 kg/m?3. These values are smaller than the median value of the cement quantity in the
HPC composition of 432 kg/m3 and the average value of 434 kg/m3. It is widely believed
that the necessary condition for obtaining a HPSCC with a compressive strength of at least
80 MPa and high durability of concrete is the addition of condensed silica fume. This is
confirmed by the analysis [18,21-54]. The fine grain size and highly developed surface of
condensed silica fume grains have a positive effect on the porosity and water permeability
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of concrete and contribute to the increase in their strength. The mode of action of condensed
silica fume in concrete consists of three effects: filling the pores between cement particles,
increasing strength due to pozzolanic reaction with calcium hydroxide, and improving
the connection between aggregate and cement stone [14,66—69]. The maximum amount
of condensed silica fume added is related to the specific surface area of the aggregate.
The greater the specific surface of the aggregate, the greater the amount of condensed silica
fume is required to seal the contact zone of paste—aggregate. The recommended amount
of condensed silica fume addition to HPC concretes is from 3 to 11% of the binder mass [2].
Studies have shown that the optimal amount in the HPC composition fluctuates within
10% of condensed silica fume (CSF) [5,57,70-76]. An increase in the amount of condensed
silica fume over 10% compared to cement does not cause a clear decrease in the porosity of
concrete. This is confirmed by the results of strength and water-absorption tests [77]. In
Table 3, statistics for aggregate SCC, HPC, and HPSCC are compiled. The analysis showed
that the median maximum aggregate grain size in the HPSCC composition is 16 mm, and
the median amount of coarse aggregate is 907 kg/m>.

Table 2. Mix design (medians and percentiles) and w /b for concretes: SCC, HPC, and HPSCC.

Ingredients/Ratio Median Percentile—10% Percentile—90%

Self-compacting concrete (according to P. L. Domone)

coarse aggregate (>5 mm)

kg/m? 895 — —
sand kg/m?3 629 - -
dust fractionsk(lg)i/r;iSer < 0.125 mm) 500 445 605
cement kg/m?3 - - -
water L/m?> 169 — —
ratiow/b 0.34 0.28 0.42

Self-compacting high-performance concrete (own analysis)

coarse aggregate (>5 mm)

g/ m? 1054 910 1190
sand kg/m?3 700 612 777.5
dust fractions k(lgl/r;:gr <0.125 mm) 486 414 598
cement kg/m?3 4325 360 520
water L/m?3 150 120.1 185.5
ratiow/b 0.31 0.22 0.38

Self-compaction high-performance concrete (own analysis)

coarse aggregate (>5 mm)

kg /m’ 907 698 1027
sand kg/m?3 742.5 490 910

dust fractions k(gl/rﬁgr < 0.125 mm) 560 460 640
cement kg/m?3 400 350 485

water L/m?3 167.9 147.9 198

ratiow/b 0.31 0.26 0.40

Studies have shown that the amount of fraction up to 2 mm in aggregate should not
significantly exceed 50%. In most cases (over 80%), the aggregate sand point for HPSCC is
between 38% and 51%. The amount of added superplasticizer in the composition of the
analyzed HPSCC is between 0.5 and 3% of the binder mass. The most commonly used
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superplasticizers are based on polycarboxylate ethers (61%), slightly less often on the basis
of melanin and naphthalene-formaldehyde sulfonates (39%). No superplasticizer based on
lignosulfonates has been reported due to their less effective dispersing action compared
to others.

Table 3. Statistics compilation for SCC, HPC and HPSCC aggregate.

1 *
Max. Aggregate Grain Size Amount of[if;/a;lsse] Aggregate, Amo[l;(r}gt/ ;fs ]Sand, Sand[‘}/’o(;mt ,
8 9] Q 8 O Q 8 O )] 8 9] ]
z & g ¢ & § ¢z & 8 ¢t 5 ¢
Jos] Jes Jes T
median 16 12 20 907 1054 895 7425 700 629 45 40 —
percentile—25% 14 10 16 793 994.5 — 587 643.5 - 40 38 -
percentile—75% 20 20 20 934 1119 — 884 752 — 53 42 —
average 15 14 18 867.6 1036.8 — 721 705.9 — 45.7 40 —
star}da.rd 433 443 34 131.8 1432 - 173 79.3 - 8 36 -
eviation

* Sand point is called a percentage of the aggregate mass of particles with dimensions of 0.00 < 2.0 mm (the sum
of the percentages of sieve: 0.063, 0.125, 0.25, 0.5, 1).

In the literature [18,19,21,52,78-82], a lot of attention is paid to VEA and VMA (Viscos-
ity Enhancing Agent, Viscosity Modifying Agent) admixtures. However, in practice, only
8.9% of the analyzed HPSCC cases used a viscosity-increasing admixture. The addition of
viscosity-increasing additives can have a negative impact on compressive strength, which
is why these admixtures are dosed with great care in the case of HPSCC.

The composition of SCC and HPC is similar. Therefore, it is possible to design HPSCC,
the composition of which allows one to meet both the requirements as to the appropriate
rheological properties of the self-compacting mixture, as well as the characteristics of
hardened concrete, which are typical for HPC.

In the case of HPC, the amount of cement paste, the amount of aggregate, and the
quality of bonds between them (adhesion) should be appropriately shaped due to high
strength and low permeability. It is therefore necessary to minimize the water—binder ratio
(w/b) and to use appropriate mineral additives and dispersing chemical admixtures, as
well as to select the appropriate aggregate and its grain size [83-85], which is consistent
with the specifics of SCC design. However, the effect of uncontrolled air entrainment
through fluidizing admixtures should be taken into account [86].

Table 4 shows the typical composition for HPSCC, used most often, as shown by
literature analysis. Seventy-six compositions for HPSCC were analyzed.

Table 4. Component ranges for composition of HPSCC based on the analysis of literature (analysis of
seventy-six compositions) [18,21-54].

Minimum Median Maximum Unit
w/b ratio 0.25 0.31 0.40 -
cement 350 400 500 kg/m?
CSF 5 9.5 10 Y%b.m.*
sand point >40 45 - %
aggregate - 16 <20 mm
fraction particulate 500 560 650 kg/m3

* %b.m.—percentage of binder mass (cement + condensed silica fume).

Based on the analysis of the HPSCC composition in the literature [18,21-54], the uni-
versal composition of HPSCC was established in the studies at three levels of variability,
which is discussed in the next section.



Materials 2022, 15, 690

6 of 19

2. Methodology and Materials of Research
2.1. Variable Factors and Study Plan

The variable factors proposed in the research are presented in Table 5. The proposed
composition of high-performance self-compacting concrete pertain to the typical set of
the aforementioned concrete used in practice on the basis of statistical analysis of the
effects of literature research. In terms of changes, the cement mix had to have adequate
fluidity. Therefore, the it was understood that even the minimal addition of SP must be
relatively high. The major criterion for selecting variables was obtaining a high variability
in compressive strength.

Table 5. Table of variable factors in the research in article.

w/b Ratio Index @ SP, %b.m. CSE %b.m. Sand Point, %

The first level 0.30 1.2 2.5 0 40
Variation in research The second level 0.34 1.3 3.0 5 425
The third level 0.38 14 35 10 45

Index ¢ is called the content of paste in the mixture and is defined as follows [53,87]:

14
?=17p M
where:
V—absolute volume of paste in the mixture, (m?3);
A—weight of aggregates, (kg);
P—specific porosity of the poured loosely stack available for water, (m3/kg).

Sand point is called a percentage of the aggregate mass of particles with dimensions
of 0.00 + 2.0 mm (the sum of the percentages of sieve: 0.063, 0.125, 0.25, 0.5, 1) [87].

Multivariate selection of sidereal points was applied due to the purpose and scope of
the research. The test plan allowed us to lower the large number of measuring points in
comparison with the complete research plan and also reduce the volume of material used
for study.

The study was divided for the five input variables (variable factors) with one block
and twenty-seven layouts (Table 6). Sidereal points are equivalent to the corresponding
values of the minimum and maximum input values. The degree of matching identified in
studies of mathematical models was tested based on independent control measurements.

Generally, measurements for compressive strength were performed on several sam-
ples. The maximal and average relative standard deviation for compressive strength of
concretes—6.8% and 5.1%, respectively.

2.2. Methodology of Statistical Analysis

For the purposes of the statistical analysis in the research, the following statistical
methods and techniques for analyzing measurement results in STATISTICA software
(version 13.3) were used:

Lilliefors test and Shapiro—Wolf test: the Lilliefors test and the Shapiro-Wilk test are
used to verify the hypothesis that the difference between the examined variable distribution
(empirical distribution) and the normal distribution (theoretical distribution) is irrelevant.
The Lilliefors test is a correction of the Kolmogorov-Smirnov test in which the mean value
(1) and standard deviation (o) for the sample population are not known.

Tests are used to verify the hypotheses:

1. HO: the distribution of the examined feature in the population is a normal distribution;

2. HI: the distribution of the studied trait in the population is different from the nor-
mal distribution;

3. The p-value determined on the basis of the test statistic is compared with the signifi-
cance level «;

4. if p < o= reject HO assuming H1;

5. if p> « = there are no grounds to reject HO.
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Table 6. The research plan [87].

No. w/b Index @ SP (% b.m.) CSF (% b.m.) Sand Point (%)
4
1 25 0 5
2 12 10 40
0 40
3 35
4 10 45
5 0.30 1.3 3.0 5 425
0 40
6 2.5
7 10 45
8 . 0 45
35
9 10 40
10 1.2 3.0 5 425
11 2.5 5 425
12 35 5 425
13 0 425
14 0.34 1.3 10 425
15 3.0 5 40
16 5 45
17 (center) 5 42.5
18 1.4 3.0 5 425
4
19 25 0 0
20 10 45
1.2
0 45
21 35
22 10 40
23 0.38 1.3 3.0 5 425
0 45
24 2.5
25 10 40
1.4
2 0 40
6 35
27 10 45

ANOVA analysis of variance. The study used the analysis of variance (ANOVA) for
factorial systems with interaction to test the significance of the influence of variable factors.

The purpose of the analysis of variance (ANOVA) is to test the significance of differ-
ences between means by comparing (i.e., analyzing) the variance. The method consists
of dividing the total variance into different sources (related to the effects occurring in the
considered system), which makes it possible to compare the variance corresponding to the
variability between groups (or treatments) with the variability within the groups. Assum-
ing that the null hypothesis (that there is no mean difference between groups or treatments
in the population) is true, we can expect that the variance estimated by the within-group
variability should be approximately equal to the variance estimated by the intergroup
variability. In developing the research results, multi-factor models were adopted; i.e., the
influence of various factors was considered jointly, taking into account the main effects and
interactions up to the given degree.

Contour plot: The test results are presented using contour plot. A contour plot is
a projection of a surface onto a two-dimensional plane (the surface is fitted to the three-
dimensional data). Fit area values (deposited on the Z axis) are represented by areas of
different color in a two-dimensional scatter plot.
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Profiles of approximated values: The approximation profile creates a separate equation
for each output quantity, which is fitted to the measured response values (for a given
output quantity). As soon as these equations are obtained, approximate values of the
output quantities are calculated for any combination of the values of the input quantities.
To facilitate the estimation of the credibility of the approximation, the confidence intervals
for the approximate values are shown.

Confidence interval: The confidence interval shows the values of the expected (average)
dependent variable (compressive strength). The confidence interval for the value of the
predicted dependent variable determines the range of values within which (with a given
probability) we expect the true value of the dependent variable for given values of the
independent variables.

Polynomial (or otherwise called nonlinear linearized) regression calculates the rela-
tionship between a dependent variable and one or more independent variables that may
appear at higher powers (square, third power, etc.). Polynomial regression is a common
technique for studying the curvilinear relationship.

2.3. Testing Procedures

Concrete mixes were prepared in a forced concrete mixer with a volume of V = 50 dm3.
The mixing time was 5 min; first, dry ingredients (cement, aggregate, and condensed silica
fume) were mixed for 1 min, and then water with the superplasticizer was added. Before
the second measurement, the mix was mixed for 3 min. The study of the compressive
strength was performed in accordance with standards: PN-EN 12390-2: 2011 and PN-EN
12390-3:2011. Concrete mixture after the rheology test was placed into molds of dimensions
10 x 10 x 10 cm3. The specimens were covered with a PVC foil for the first 24 hours, and
then the specimens were demolded. The compressive strength was determined on samples
after 28 days of curing of concrete samples in water at 20 £ 3 °C.

Additionally, rheological properties of fresh concretes were tested using the slump
flow test. During the test, the propagation time to a diameter of 50 cm (T (s)) and the
maximum diameter (D (cm)) are measured. Slump flow test after 20 and 60 min from
mixing ingredients was performed. Temperature of research was 20 &= 1 °C. The test also
provides some information on the possible segregation, which is assessed visually by visual
stability index VSI [85], where 0 means high stability, 1 means stability, 2 means instability,
and 3 means high instability.

2.4. Materials and Cement Mixes

Portland cement CEM I 42.5R was used in the tests. The properties of the cement
used are determined by the cement supplier (loss on ignition—2.0%; insoluble parts—0.4%;
the specific surface area—383 m? /kg; changes in volume, Le Chatelier—0.0mm; beginning
of setting time—175 min). The content of cement in the mixtures depends on the w/b ratio
and the index @. The content of cement in the mixtures ranged from 438.6 to 638.8 kg/m?.

The aggregates used in this research are composed of natural sand 0-2 mm and
syenite crushed aggregate in three fractions 2-4 mm, 4-8 mm and 8-16 mm, density of
2.62kg/m?,2.74 kg/m? and 2.74 kg/m?3, respectively. Grains with a size distribution of the
aggregate with three sand points—40%, 42.5%, and 45%—were laid on the base according
to recommendations in [19] (Figure 2).

The significant point influencing the rheological properties of the mix is also the type
and content of superplasticizer (SP). In [86], authors showed that some superplasticizers
can significantly and uncontrollably aerate the cement mix. The selection of superplasticizer
compatible with the binder is important.

The choice of superplasticizer (SP) is compatible with condensed silica fume, and
cement was made from twenty-four commercial superplasticizers. The chemical admixture
selected as a SP with polyether base (density—1.09 g/cm?, concentration—34%). This is the
most usually used type of admixture for Self-Compacting Concrete. The superplasticizer
was dosed by weight and mixed with water.
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Figure 2. Grain size distribution of the aggregate with three sand points [87].

The HPSCC composition does not contain VEA-VMA admixtures due to its possible
negative impact on strength because of the effect of greater aeration of VMA and by
impeding self-deaeration. This was described in the literature analysis in the Section 1.3.

The aim of choosing a suitable CSF was to search for compatibility with the cement
and SP in research. From among the three CSFs from different suppliers, one was selected
that was compatible with cement and SP used in the tests. The properties of the CSF used
are determined by the supplier (the specific gravity (water = 1)—2.2; densities—350 kg/m?;
the specific surface area—25 m?/g).

The content of condensed silica fume ranged from 0 to 62 kg/m3.

3. Analysis of Test Results

The tested concretes are characterized by compressive strength in the range of 60 MPa
to 105.3 MPa (Table 7); therefore, concretes are classified into strength classes from C50/60
to C90/105, thus belonging to high strength concrete. In most of the tested concretes,
the obtained compressive strength was in the range of 80 to 95 MPa (Figure 3). The self-
compacting behavior was checked by the slump flow test, and the obtained results allowed
for the qualification of the concretes to self-compacting concretes. The diameter of slump
flow and the flow time were measured 20 and 60 min after mixing the ingredients.

37%

30%

22%

15%

7%

Percentage of observation

0%

60‘ 70 80 90 100 ‘;05
Compressive strength, [MPa]

Figure 3. HPSCC compression strength histogram.
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Table 7. Test results.

No. Visual Stability Index, VSI * Compressive Strength after 28 Days (MPa)
1 — 60.0
2 - 71.0
3 0 87.8
4 - 65.0
5 0 104.5
6 0 101.8
7 - 92.0
8 1 83.2
9 0 105.3
10 0 93.1
11 0 94.4
12 0 87.8
13 2 78.7
14 0 87.7
15 0 95.2
16 1 87.5

17 (center) 0 834
18 1 85.7
19 2 72.9
20 - 82.6
21 2 67.3
22 1 80.7
23 2 72.6
24 2 70.1
25 1 82.9
26 2 83.0
27 1 90.6

* More information in Section 2.3.

The chart in Figure 3 suggests that we are dealing with a normal distribution. To check
the normal distribution, a diagram of normality for the obtained compressive strength is
presented (Figure 4).

Normality chart: Comressive strength, [MPa]
25

20

Normal value

-15

-20

-25
50 60 70 80 90 100 110

Value

Figure 4. Graph of distribution normality for variables compressive strength.
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The normal distribution hypothesis was verified using the Lilliefors test and the
Shapiro-Wilk test (Table 8). It was assumed that:

1. HO: Variable distribution—compressive strength is a normal distribution.
2. H1: Compressive strength is subject to a distribution other than normal.

Table 8. The results of the Lilliefors test and the Shapiro-Wilk test.

Variable N Lillief. p S-W p
Compressive strength [MPa] 27 p>0.20 0.976101 0.765805

In both the Lilliefors and Shapiro-Wilk tests, the p-value (so-called test probability) is
greater than the level of significance of the test, so there is no reason to reject the null hypoth-
esis. Thus, we are dealing with the normal distribution for variables—compressive strength.

3.1. ANOVA—Determination of the Effect of Composition on the Compressive Strength of HPSCC

Variable factors for determining and prioritizing the impact on HPSCC compressive
strength are w/b ratio, amount of superplasticizer, sand point, and amount of condensed
silica fume as well as the amount of paste expressed by the filling’s ratio of the aggregate’s
crumb pile with paste, index ¢.

Based on the analysis of variance (ANOVA), for the factor systems with the interaction
of the obtained test results, the significance of the impact of the tested material factors on
the compressive strength of the HPSCC tested was determined.

The results of the statistical analysis of the significance of the impact of individual
factors are presented in Table 9. Variance analysis was performed at a significance level of
0.05 and a confidence interval of 0.95. The value profiles of the approximated compressive
strength are shown in Figure 5.

Table 9. Analysis of variance in testing variable factors.

Compressive Strength

Source of Variance

Value F The Significance Level
A: w/b ratio 7.581 0.011909
B: Amount of condensed silica fume, CSF (% b.m.) 2.869 0.134113
C: the filling’s ratio of the aggregate’s crumb pile with paste, index ¢ 1.191 0.311163
D: Sand point 0.663 0.442150
E: Amount of superplasticizer, SP (% b.m.) 0.001 0.973548
AB 4.566 0.093526
AC 2.045 0.235689
AD 0.537 0.622562
AE 0.245 0.856625
BC 0.075 0.792645
BD 0.032 0.860248
BE 0.063 0.924577
CD 0.354 0.554875
CE 0.463 0.885454
DE 0.253 0.675645

Bold indicates statistically significant impact for significance level ot = 0.05.

In ordinary concretes, a higher w/c ratio determines better rheological parameters of
the mixture but deteriorates compressive strength. For HPSCC concretes, high strength
and adequate rheological parameters of the mixture should be ensured at the same time.
The rheological properties of SCC are influenced not only by the w/c ratio, but also by the
increased amount of binders compared to conventional concretes and the greater amount
of fines [87]. These features change not only the rheological properties of the mix, but also
the porosity and microstructure in ordinary SCCs compared to conventional concretes,
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indirectly improving the compressive strength [88]. However, as it turns out from the tests,
it is not enough to be able to affect the high strength of HPSCC.
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Figure 5. Value profiles of approximated compressive strengths for HPSCC.

Studies show that the water-binder ratio (w/b) and the amount of condensed silica
fume have the greatest impact on compressive strength. The following factors have a
smaller impact on the compressive strength, in order: the filling’s ratio of the aggregate’s
crumb pile with paste, amount of sand (sand point), and amount of superplasticizer.

The effect of chemical admixture on variability of strength and rheological param-
eters is negligible, since it is recommended that the dose of superplasticizer should be
close to saturation [55,87]. Among the interactions of the examined factors, the water-
binder ratio w/b with the amount of condensed silica fume has the greatest impact on the
compressive strength.

Increasing the ratio w/b and/or the filling’s ratio of the aggregate’s crumb pile with
paste and/or the amount of sand in the form of a sand point causes a reduction in compres-
sive strength. At the same time, increasing the amount of condensed silica fume causes an
increase in compressive strength.

3.2. Polynomial Regression (Nonlinear Linearized)—Determination of Statistical Models of
HPSCC Concrete Compressive Strength and Other Dependencies

Regression allowed us to describe covariates of the HPSCC composition variables by
matching functions to them (Figures 6-9). This statistical method allowed us to estimate the
conditional expected value of the variable random compressive strength HPSCC for given
values of another variable by constructing a regression model, i.e., a function describing
how the expected value of the explained variable depends on the explanatory variables. All
equations had a high degree of fit, as shown in Figures 6-9. Statistical models describing
the compressive strength are in the form of second-degree polynomials:
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(1)  A-Index ¢; E-w/b:
Compressive strength (MPa) = —1333.392 + 31.7232 * A + 131.964 * E — 0.2551 * A% —1.1783* A*E — 3.2909 * E2; R = 0.98 2)
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Figure 6. Surface chart. Relationship between w/b ratio and index ¢ on compressive strength.
R% =0.98.
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Figure 7. Surface chart. Relationship between w /b ratio and CSF on compressive strength. R? = 0.99
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Figure 9. Surface chart. Relationship between w /b ratio and SP on compressive strength. R? = 0.97
(2) B-CSF; E-w/b:
Compressive strength (MPa) = 21.6738 + 5.0247 * B — 1.133 * E — 0.0976 * B2 +0.1337 * B* E — 0.2829 * E; R? = 0.99

@)
(8) C-Sand point; E-w/b:

Compressive strength (MPa) = —246.832 + 4.6703 * C + 1.4632 * E — 0.3048 * C? +0.0356 * C* E — 0.0034 * E*; R? = 0.97

4)
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(4) D-SP; E-w/b:

Compressive strength (MPa) = —323.3547 + 19.6374 * D + 6.0215* E — 0.2982 * D? — 0.0102* D * E — 0.0903 * E2; R% = 0.97 5)

The self-compacting condition for HPSCC was checked by the standard slump flow
test at 20 and 60 min after combining the ingredients. The results allowed the HPSCC
concretes to be classified as self-compacting concretes. However, HPSCC should also
be designed paying special attention to obtaining the appropriate strength, which was
presented in the article. Interestingly, both conditions—self-compacting and the condition
of obtaining adequate strength—should be met, but as proved by the research, there is
no correlation between them. In Figure 10, the research shows no correlation from a
mathematical point of view, because the correlation coefficient is close to zero. There was
a weak correlation, i.e., practically no relationship between slump flow and the obtained
compressive strength after 28 days and time of slump flow and the obtained compressive

strength after 28 days.
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Figure 10. Poor correlation between compressive strength after 28 days and rheological properties:
slump flow, D (cm) and time of slump flow, T (s).

In addition to the presented statistical methods—ANOVA, polynomial regression for
determination of statistical models of HPSCC concrete compressive strength, and other
dependencies—other alternative methods can also be used, e.g., averaging methods to
predict elastic properties of pre-impregnated composite materials, as in [89].

4. Conclusions and Summary

The tested HPSCC concretes met the characteristics of both self-compacting and high-
performance concrete. Its composition was selected after extensive statistical analysis and
with great care. The ingredients and the proportions of ingredients used were typical for
HPC and SCC concretes. In order to obtain high-quality HPSCC, including high strength,
shrinkage, and durability with satisfactory properties of the mixture, the appropriate
parameter of diameter of slump flow and slump flow time, the composition of raw materials,
chemical and mineral admixtures, aggregate, packing density, and w /b ratio should be
should be chosen carefully and planned, which is also confirmed by research [90-93].

The above-mentioned statistical analysis showed that in 12% of cases, HPSCCs are
concretes designed as ordinary SCCs with gravel aggregate, which, however, due to the
specificity of the composition ratio, achieved compressive strength > 60 MPa. The other
cases in the analysis are concretes already designed as concretes with intentional high
strength. Compressive strength is relatively unintentionally often obtained at 60 < 80 MPa,
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while higher strengths are rarely obtained. Therefore, it is important to be aware of how to
shape the compressive strength of HPSCC concrete. This can be helped by the analysis of
variance and multiple regression conducted in this article to determine the impact of the
universal composition of HPSCC on compressive strength.

After the statistical analysis, the article established:

1.  Asexpected, the water-binder ratio w/b and the amount of condensed silica fume
have the greatest impact on compressive strength.

2. Among the interactions of the examined factors, the water-binder ratio w/b with the
amount of condensed silica fume has the greatest impact on the compressive strength.

3. Increasing the ratio w/b and/or the filling ratio of the aggregate’s crumb pile with
paste and/or the amount of sand in the form of a sand point causes a reduction in
compressive strength.

4. At the same time, increasing the amount of condensed silica fume causes an increase
in compressive strength.

5. The article also presents statistical models describing the compressive strength using
second-degree polynomials with a high degree of fit.

6.  Due to the wide range of variability of the basic parameters of HPSCC composition,
adjusted to the typical range, used in the research, both the dependencies and func-
tions are general and can be effectively used in supporting HPSCC design. Therefore,
the aim of the research was fulfilled.

7. For HPSCC, both conditions—self-compacting and the condition of obtaining ade-
quate strength—should be met, but as proved by the research, there is no correlation
between them. There is no relationship between the rheological properties (slump
flow and time of slump flow) and the obtained compressive strength after 28 days.
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