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The paper investigates the application of statistical experimental design theory for a
quantitative assessment of the influence of plasticizers of different chemical nature and dosage
on the rheological, strength, and performance properties of concrete mixtures and hardened
concrete. The relevance of the study is determined by the increasing requirements for construction
materials used in critical structures, particularly civil protective and fortification facilities, where
a balanced combination of high strength, sufficient workability, and increased density of concrete
is essential.

The feasibility of using second-order multifactor experimental designs with factor coding
is substantiated, enabling the development of an exact analytical description of experimental
results within the investigated factor space. Special attention is paid to the construction of
polynomial models whose coefficients are determined in such a way that the calculated values
exactly coincide with the experimental data at the nodal points of the experimental design. This
approach eliminates the need for conventional statistical adequacy testing and allows focusing
on the physical interpretation of the obtained dependencies.

The experimental factors include the type of plasticizer, its dosage, the water-to-cement
ratio, and the cement class. The response variables comprise workability of concrete mixtures,
compressive strength at different curing ages, average density, and indirect indicators of water
impermeability. Based on the developed models, optimal regions of the factor space are identified,
ensuring enhanced workability of concrete mixtures without compromising design strength. The
obtained results can be effectively applied to optimize concrete mix compositions in modern
construction practice and in the design of protective structures.

Key words: statistical experimental design, concrete mixtures, plasticizers, polynomial
models, multifactor experiment, compressive strength, workability, concrete mix optimization.

Yenox P. B. Cmamucmuyuna meopin NaAHY6AHHA e€KCREPUMEHMIE 0N 00CNiOHCeHHA
enaugy niacmugikamopie Ha 61a4CMUEOCHI OenoHy

Y emammi docniooceno moxcausocmi 3acmocy8anHs cmamucmudHol meopii niaHy8aHHs
eKcnepuMenmie Oisi KiNbKICHO20 aHANi3y 6NAUY NAACMU@IKamopis pisHoi XiMiuHOI npupoou
ma 003Y6anHs HA Peono2iuni, MiYHICHI ma eKcniyamayitini enacmueocmi OemouHux cymiuiel
i 3ameepoinoeo 6emony. AkmyanoHicme pobomu 3yMo8LeHd 3pOCMAYUMU BUMO2AMU 00 0YOi-
BETLHUX MAMepIanis, ujo GUKOPUCTOBYIOMbCAL Y 8I0N0GIOANbHUX KOHCIPYKYISAX, 30KpemMa y 3axuc-
HUX i hopmupikayitinux cnopyoax yusiibHo20 NPUSHAYEHHs, 0e NOEOHAHHS BUCOKOI MIYHOCHI,
NAACMUYHOCIE MA WITbHOCTI OeMOHRY MAE UPIULATIbHE 3HAUEHHSL.

V' pobomi obrpynmosano OoyinbHicms GUKOpUCMAHHA 0a2amOo@aKmMopHUX eKCnepumeH-
MATbHUX NIAHIE OPY2020 NOPAOKY 3 KOOYEAHHAM (AKMOPIs, w0 0036015€ OMPUMAMU MOYHULL
ananimudHuLl ONUC eKCNepuUMenmanbHux pe3yIomamie y Mexicax 0ocnioHcysano2o Gakmopnozo
npocmopy. Ocobaugy yeéazy npudineno nodyo06i NOIHOMIANbHUX MOOeNel, KOeQiyieHmu aKux
BUBHAUAIOMbC MAKUM YUHOM, WO 3a0e3neduycmoves noGHUN 30ie pO3PAXYHKOGUX | eKChnepuMeH-
MATLHUX 3HAYCHb Y 8Y3NO6UX THOUKAX NAAHY exchepumenmy. Taxuil nioxio oac 3mozy 8ioMosu-
Mucs 6i0 KIACUYHUX Npoyedyp CMAMUCMUYHOT NepesipKu a0eK8amHocmi Mooeni ma 30cepeou-
mucst Ha QizuyHitl inmepnpemayii OMpUMAHUX 30TIeHCHOCMEIL.
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Ak paxmopu excnepumenmy posiAnymo mun niacmugikamopa, to2o 003y8anis, 6000ye-
Menmme GIOHOWEeHHS MA KIAC YeMeHmy, d 5K 6UXIOHI napamempu — NOKAZHUKU NIACTRUYHOCHT
bemonHoi cymiwti, MiyHOCMI 6EMOHY HA CIMUCK Y PI3HI CIMPOKU MBEPOIHHS, CepeOHbol WilbHOCMI
ma onocepedkosani xapaxmepucmuku eodonenponuxnocmi. Ha ocnoei nodoyoosanux moode-
Jetl GU3HAYEHO ONMUMANLHI 001acmi PaKmopHO20 NPOCMOPY, WO 3a0e3NeUYI0mMsb 00ePIUCAHHS
6emonis 3 niosuweHolo pyxomicmio 6e3 empamu npoexkmuoi miynocmi. Ompumani pe3yiomamu
MOdHCYmMb OYMU BUKOPUCIAHT 0I5t ONMUMI3AYii CKAA0I8 BEMOHHUX cymiweld y npakmuyi cyuac-
HO20 OYOIGHUYMBA MA NPU NPOEKMYBAHHI 3AXUCHUX CHLOPYO.

Knwuosi cnosa: cmamucmuuna meopis NIAHYBAHHS eKCNepUMeHmis, GemouHi cymiuii,
naacmu@ixamopu, NOIHOMIATbHI MO0, Oa2amopaxmopHull eKChepumMenm, MiYHICmb 6Emony,
NAACMUYHICMb, ONMUMI3AYis CKIady Oemomy.

Problem statement. Under the current conditions of development of construction
science and technologies during the period of martial law in Ukraine, the application
of mathematical modeling methods and the statistical theory of experimental design
(DoE) for studying the properties of construction materials becomes particularly rel-
evant. Traditional experimental methods are often labor-intensive, costly, and do not
provide the possibility of a comprehensive analysis of the simultaneous influence of
multiple factors.

The use of the statistical theory of experimental design makes it possible to reduce
the number of experimental runs, increase the informativeness of experiments, and
obtain analytical relationships between input factors and output characteristics of mate-
rials. Experimental designs that ensure an exact analytical description of results at the
design points are of particular practical value, as they minimize the need for statistical
processing of deviations.

Analysis of recent research and publications. The application of the statistical
theory of experimental design in studies of the properties of concrete and concrete mix-
tures has been actively developing over recent decades within the fields of construction
materials science and engineering. A significant number of scientific works are devoted
to the optimization of concrete compositions using chemical admixtures, particularly
plasticizers, as well as to mathematical modeling of the influence of technological fac-
tors on the physical and mechanical properties of hardened concrete.

The works of domestic and foreign researchers widely present approaches based
on single-factor and multifactor experimental designs for analyzing the influence of
the water-to-cement ratio, cement type, aggregate gradation, and dosage of chemical
admixtures on the strength and workability of concrete mixtures. In most cases, regres-
sion analysis methods are applied, followed by statistical verification of model ade-
quacy using Fisher’s, Student’s, and Cochran’s criteria.

A separate research direction focuses on studying the effectiveness of modern plas-
ticizers, particularly polycarboxylate-based admixtures, which provide a significant
increase in concrete mixture workability at reduced water-to-cement ratios. These stud-
ies demonstrate that the use of this class of admixtures makes it possible to achieve high
strength and density of concrete; however, they also emphasize the complexity of accu-
rately describing the interaction of individual technological factors using mathematical
models.

At the same time, the analysis of contemporary publications indicates that a consid-
erable portion of studies is based on classical statistical methods for processing exper-
imental data, which assume the presence of random errors and require additional veri-
fication of model adequacy. Such an approach complicates the interpretation of results
and does not always allow obtaining an exact analytical description of experimental
data within the factor space.
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Comparatively less attention has been paid to the application of experimental designs
that ensure an exact coincidence of calculated and experimental values at the nodal
points of the experimental design, as well as to the use of second-order interpolating
polynomial models for describing the properties of concrete mixtures. Issues related to
the practical application of such models for optimizing the compositions of special-pur-
pose concretes, particularly for structures with increased requirements for strength, den-
sity, and placement technology, remain insufficiently covered.

The application of the statistical theory of experimental design in studies of con-
crete mixtures and hardened concrete is widely reflected in the works of domestic and
foreign scientists. A significant contribution to the development of the methodology
of mathematical modeling of technological processes in construction materials science
was made by classical researchers in experimental theory, including R. Fisher, G. Box
[3], G. Hunter, and S. Hunter, whose works established the foundations of factor analy-
sis, regression modeling, and optimization of engineering processes.

In the field of applying experimental design methods to the study of construction mate-
rial properties, the works of Yu. M. Bazhenov [1], V. I. Solomatov, and V. G. Batrakov
are well known. Their studies are devoted to the statistical analysis of concrete com-
positions and the influence of the water-to-cement ratio and chemical admixtures on
the strength and durability of concrete. These works demonstrate the effectiveness of
multifactor experimental designs for optimizing concrete mix compositions according
to multiple quality criteria.

Studies on the influence of plasticizers and superplasticizers on the rheological and
strength characteristics of concrete are widely presented in the works of A. M. Neville,
P. K. Mehta [4], P. Kumar Mehta, and S. Monteiro, who investigated the physicochemi-
cal mechanisms of chemical admixture action and their role in the formation of cement
stone structure. Particular attention in these studies is paid to the relationship between
concrete mixture workability, water-to-cement ratio, and the final strength of concrete.

A separate modern research direction concerns the use of polycarboxylate-based
plasticizers. The works of K. Flatt, J. P. Scrivener, and H. Jensen show that this class of
admixtures ensures effective dispersion of cement particles, which allows for a signifi-
cant reduction in the water-to-cement ratio without loss of concrete mixture workability.
At the same time, the authors emphasize the complexity of mathematically describing
the multifactor interaction of technological parameters, which necessitates the use of
advanced experimental design methods.

In the works of Ukrainian researchers, in particular M. Bordiuk and S. Solodkyi,
issues related to the optimization of heavy and special concretes using statistical analy-
sis and experimental design methods are considered. The authors note the feasibility of
constructing second-order analytical models to describe relationships between techno-
logical factors and concrete properties.

At the same time, the analysis of scientific publications shows that the vast majority
of studies are based on classical regression approaches followed by statistical verifi-
cation of model adequacy. Significantly fewer works are devoted to the use of experi-
mental designs that ensure exact coincidence of calculated and experimental values at
the nodal points of the design and allow constructing interpolating polynomial models
without applying additional adequacy criteria.

Thus, despite the significant contribution of the aforementioned scientists to the
development of statistical analysis methods and the study of concrete materials, the
problem of improving methodological approaches to experimental design and con-
structing accurate analytical models suitable for optimizing special-purpose concrete
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compositions remains relevant. This determines the scientific novelty and practical ori-
entation of the present study.

The analysis of scientific sources shows that, despite the substantial volume of
research in the field of applying statistical experimental design methods in concrete
science, the task of improving methodological approaches to constructing mathemati-
cal models that ensure an exact analytical description of experimental results and can
be effectively used to optimize concrete mixture compositions remains relevant. This
substantiates the expediency of further research in this direction and determines the
scientific novelty and practical significance of this work.

Purpose of the study. The purpose of this study is to provide a scientific justification and
further development of the methodology for applying the statistical theory of experimental
design to construct accurate analytical models describing the influence of plasticizers on the
rheological, strength, and performance properties of concrete mixtures and hardened concrete,
as well as to determine, on this basis, the optimal parameters of concrete composition for use
in structures with increased requirements for strength, density, and technological efficiency.

Within the framework of the stated purpose, it is envisaged to overcome the limita-
tions of classical regression approaches based on probabilistic assessment of model ade-
quacy by employing multifactor experimental designs that ensure complete coincidence
of experimental and calculated values at the nodal points of the factor space. This makes
it possible to move from an approximate statistical description to interpolating polyno-
mial modeling suitable for a physically meaningful analysis of the effects of individual
technological factors and their interactions.

The implementation of this purpose is aimed at obtaining scientifically substantiated
recommendations for optimizing concrete mix compositions, taking into account the
type and dosage of plasticizers, the water-to-cement ratio, and the characteristics of
binding materials. This contributes to increasing the efficiency of concrete application
in modern construction, particularly in structures operating under increased loads and
stringent service conditions.

Presentation of the main material.

1. Theoretical Foundations of Statistical Experimental Design

Within the framework of the statistical theory of experimental design, polynomial
models are widely used, as they make it possible to describe the dependence of an out-
put parameter on a set of influencing factors. A polynomial is defined as an analytical
expression that contains variables and coefficients connected by addition and multipli-
cation operations, where the powers of the variables are natural numbers.

For multifactor experiments, factor coding is applied, which ensures their dimen-
sionless form and convenience for mathematical processing. The transition from the
natural values of factors z to the coded values x is carried out using well-known linear
relationships, which makes it possible to unify the experimental space.

A distinctive feature of the proposed experimental designs is that the polynomial
coefficients are determined in such a way that the calculated values exactly coincide
with the experimental values at the nodal points of the design.

In modern scientific research related to the experimental analysis of complex engi-
neering systems, methods of the statistical theory of experimental design are widely
applied. However, despite the significant advantages of this methodology, it is not free
from certain conceptual and practical limitations. One of the key problems is the assess-
ment of the reliability of the obtained analytical description, namely, determining the
degree of correspondence between experimental results and values obtained through
mathematical modeling.
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Traditionally, this task is solved by applying statistical criteria that allow analyzing
the nature and regularities of error distribution between calculated and experimental
data. At the same time, such an approach requires additional computational procedures
and does not always ensure unambiguous interpretation of the results.

Taking these difficulties into account, specialized experimental designs have been
developed within the theory of experimental design, the distinctive feature of which
is the exact coincidence of experimental and analytically calculated values at specific
design points. This makes it possible to abandon further statistical analysis of model
adequacy within the factor space, which significantly simplifies the interpretation of
results.

A key role in implementing this approach is played by the use of polynomial math-
ematical models. In this context, a polynomial is considered an analytical expression
consisting of one or more variables and corresponding coefficients interconnected by
addition, subtraction, and multiplication operations. Each term of the polynomial con-
tains a variable raised to a non-negative integer power. Due to their universality, poly-
nomials are widely used to formalize processes in physics, economics, and engineering
sciences and serve as a fundamental tool of algebra and mathematical analysis.

Let us consider the implementation of the described approach using the example of
an experimental design with two coded factors, x; and x2, which vary at three levels:
(+1); 0; (- 1) by transforming the natural values z1 and z2 using the following formulas.

This ensures the symmetry of the experimental design and facilitates further analyt-
ical description of the results.

¥ = 2Zl _(Zlmax + Zlmin) (1)
1
(zlmax +Zlmin)
v = 2z, _(szax + ZZmin)

2
(ZZmax + ZZmin)

where z,,, maz,, are the maximum and minimum values of the factor z within its range
of variation., When z=z,_, equation (1) yields the coded value (+1); when z=z,, , the
coded value is (—1); and at the mean value

Zmax + Zmin

2

z=
the coded value is (0).

The procedure for calculating the polynomial coefficients, as well as the possibility
of performing calculations using analogous formulas, has been presented in our previ-
ous publications [2].

2. Experimental design with different numbers of factors

2.1. Two-factor experiment

For two coded factors varying at three levels (-1, 0, +1), a symmetric experimental
design is constructed. The analytical description of the results is performed using a
second-order polynomial:

y = bo + bixi + b2X2 + biaxiXz + buixi? + baxe?

The polynomial coefficients are calculated directly from the experimental data,
which ensures an accurate description of the results within the scope of the experimen-
tal design.

2.2. Three-factor experiment. For experiments involving three factors, a full fac-
torial design is employed, which makes it possible to obtain a second-order polyno-
mial that accounts for pairwise interactions between the factors. Model verification
confirms a complete agreement between the analytical and experimental values at all
design points.
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2.3. Four-factor experiment

In the case of four factors, the experimental design is supplemented with a central
point. The polynomial model includes all linear, quadratic, and interaction terms. The
coefficients are determined in a manner analogous to the previous cases, which enables
the methodology to be scaled to complex multifactor problems.

The proposed methodology is applied to investigate the influence of plasticizers on
the properties of concrete:

1. Definition of the experimental objectives. The main objective is to establish the
relationship between the dosage and type of plasticizer, the water-to-cement ratio, and
the workability of the concrete mixture, as well as the compressive strength of concrete
at different curing ages (7 and 28 days).

2. Selection of factors and their levels. To construct a multifactor experimental
design, the following main variables are selected:

x1 — type of plasticizer (lignosulfonate-based, naphthalene-formaldehyde-based,
polycarboxylate-based);

x2 — plasticizer dosage (% by mass of cement, e.g., 0.3; 0.6; 0.9);

x3 — water-to-cement ratio (w/c) (0.4; 0.5; 0.6);

x4 — type of cement (Portland cement, slag Portland cement).

The factor levels are coded according to the following scheme: —1 (minimum value),
0 (mean value), and +1 (maximum value).

3. Experimental design.

For two factors, a central composite design is applied (Table 1), which allows a sec-
ond-order polynomial to be obtained:

y = Bo + Bixi + Baxz + Buxi? + B2x2? + Biaxixe
where y denotes the indicator of workability or compressive strength of concrete.

Table 1
No 1 2 3 4 5
x, +1 -1 +3 -1 0
E +1 +1 -1 -1 0
¥ N ¥a Y3 Ya Yo

For three factors, a full factorial design 32 or 3° is applied (Table 2), which yields the
following equation:
y = Bo + Bix1 + Baxz + Bsxs + Buxi? + B22Xo? + B3sxs? + Bizxixe + Bisxixs + Bsxoxs
+ Bi23X1X2X3

Table 2
Ne 1 2 3 4 5 6 7 8 9
+1 -1 +1 -1 +1 -1 +1 -1 0
xs +1 +1 -1 -1 +1 +1 -1 -1 0
Xg +1 +1 +1 +1 -1 -1 -1 -1 0
¥ N Yo ¥ Y ¥s Vs ¥z Ve Yo

For four factors, the experimental design is constructed according to Table 3, with
additional terms included in the model. x1 X2 X3 Xa.
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Ne | =z, Xq Xg Xy 3 Ne Xy Xa Xg Xy ¥
1| +1 +1 +1 +1 ¥y 9 +1 +1 +1 -1 Va
2 =1 | +1 +1 +1 ¥ 10 | — +1 +1 -1 Yo
3041 — +1 +1 ¥ 11 +1 -1 +1 -1 Yu
4| — -1 +1 +1 Wy 12 -1 -1 +1 -1 Yz
5| +1 +1 -1 +1 Vs 13 +1 +1 -1 -1 Yiz
6| — +1 -1 +1 Vg 14 -1 +1 -1 -1 Vi
7 | +1 -1 -1 +1 Vo 15 +1 -1 -1 -1 ¥is
8l =1 =1 | =1 | * | ¥ [ 16 ] =1 | =1 ~1 -1 | Y
17 0 0 0 0 Yz

The polynomial providing an exact description of this design has the following form:
¥ =B, +Bx, + Byx, + Byx, + Byx, + B, X} + B,x3 + By,xi + B, X; + B,x,x, + B,x,X, + B, x,x, + B,yx,x,
+ ByyXy Xy + By Xy Xy + By XX, + By Xy XXy X,

3. Conducting the experiments: Concrete mixtures are prepared using different com-
binations of the selected factors. The workability indicators (slump and flow spread) are
determined. Control specimens are produced to determine the compressive strength at
7 and 28 days.

1. Analytical description of the results: The polynomial coefficients are calculated
using the formulas presented in the methodological framework:

Bo=yo; Bi=1/4(yi—y2+tys—ya); Bu=1/8(yi+y2+ys+ys) — 1/2 yo

By substituting the experimental data, an exact analytical description is obtained
without the need for statistical analysis of deviations.

4. Analysis and optimization. Using the obtained equations, optimal combinations
of factors (for example, the type of plasticizer and its dosage) are determined, ensuring
maximum workability of the mixture with minimal loss of strength.

Model verification is carried out using control experiments.

Expected results:

Quantification of the influence of plasticizers of different types on the workability of
concrete mixtures.

Development of analytical models describing the relationships between dosage and
concrete properties.

Determination of optimal parameters for producing concrete with enhanced worka-
bility and high strength.

Practical recommendations for the application of plasticizers in construction.

5. Application of the statistical theory of experimental design to the study of spe-
cial-purpose concrete mixtures.

5.1. Formulation of the experimental research problem.

Modern operating conditions of concrete structures, particularly civil defense pro-
tective facilities (shelters), impose increased requirements on the complex of properties
of concrete properties. The key requirements include high compressive strength (not
lower than C30/37—C40/50), enhanced impact and crack resistance, sufficient plasticity
of the concrete mixture to ensure proper placement under confined-space conditions,
high density and reduced permeability to provide protection against fragment and
shock-wave loads, as well as stability of properties under varying curing conditions.
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The objective of the experimental study is to quantitatively determine the influence
of plasticizers of different chemical nature and dosage on the komrutekc of properties
of concrete mixtures and hardened concrete using methods of the statistical theory of
experimental design.

Selection of experimental factors

Four main factors were selected for modeling:

x1 —type of plasticizer: lignosulfonate-based (LS), naphthalene—formaldehyde-based
(NF), polycarboxylate-based (PC);

x2 — plasticizer dosage, % by mass of cement (0.4—1.2%);

x3 — water-to-cement ratio (w/c) (0.38-0.48);

x4 — cement class (CEM 142.5R; CEM I 52.5N).

Response variables (system outputs).

The following performance criteria were selected:

Y1 — slump (plasticity), cm;

Y2 — compressive strength of concrete at the age of 7 days, MPa;

Y3 — compressive strength of concrete at the age of 28 days, MPa;

Y4 — average density of concrete, kg/m?;

Y5 — water impermeability (indirectly assessed through the w/c ratio and density).

5.2. Experimental methodology.

Experimental design. A full second-order factorial design was used, which makes it
possible to account for the individual effects of each factor, quadratic effects, and pair-
wise interactions between factors (for example, plasticizer type x w/c ratio).

The factors were coded within the ranges [—1; 0; +1], which ensured the universality
of the mathematical model.

Preparation of concrete mixtures. Concrete mixtures were prepared under laboratory
conditions in strict accordance with standard procedures: cement — Portland cement of
the specified class; aggregates — crushed stone with a fraction of 5-20 mm and quartz
sand; plasticizer — according to the experimental design; water.

After mixing, the following were determined: workability (slump) using a standard
method, as well as visual homogeneity and segregation resistance.

Strength testing. For each experimental series, 100 x 100 x 100 mm cubes were
produced. Testing was carried out at the age of 7 days to assess early strength and at 28
days to evaluate design strength.

Curing was performed under standard conditions simulating real construction con-
ditions of protective shelters.

Example of an experimental result. For a mixture with the following parameters:
polycarboxylate-based plasticizer; dosage — 0.9%; w/c = 0.40; cement — CEM I 52.5N,
the following results were obtained: slump — 18-20 cm (high plasticity); compressive
strength — 42 MPa at 7 days and 62 MPa at 28 days; density — above 2400 kg/m?.

These characteristics are critically important for massive concrete elements of pro-
tective structures.

5.3. Analytical description of results and optimization of concrete properties.

Development of mathematical models.

For each response variable (Yi—Y5s), a second-order polynomial of the following
form was constructed:

Y=bo+XZbxi+ X bix2+X binin
where:

b0 — is the constant term of the polynomial;

bi — are the coefficients of the linear effects of the factors;
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bii — are the coefficients of the quadratic terms representing the nonlinear effects of
the factors;

bij — are the coefficients of pairwise interactions between the factors;

xi, Xj — are the coded values of the factors.

A distinctive feature of the applied methodology is the approach used to determine
the polynomial coefficients. They were calculated in such a way that the analytical
model fully interpolates the experimental data; that is, the values obtained by substitut-
ing the coded factors into the polynomial exactly coincide with the experimental results
at all nodal points of the experimental design.

This implies that the developed model is not an approximate regression relationship
in the classical statistical sense but rather serves as an exact analytical description of
the experimental results within the investigated factor space. Under these conditions,
there is no need to apply additional model adequacy criteria, since the error between the
experimental and calculated values at the design points is equal to zero.

The application of polynomial models of this type makes it possible not only to for-
mally describe the obtained experimental data but also to perform an analytical analysis
of the influence of individual factors and their interactions on the properties of concrete
mixtures. In addition, the model enables prediction of the response variables for any
combinations of factors within the investigated ranges of variation and can be used as a
tool for optimizing the concrete composition according to specified criteria.

The polynomial coefficients were determined so that the analytical values exactly
matched the experimental ones at the nodal points of the design, which increases the
reliability of the model.

Analysis of factor effects.

Analysis of the developed models showed that the type of plasticizer has a signif-
icant effect on plasticity and early strength; a reduction in the water-to-cement ratio
is a key factor in increasing strength and density; polycarboxylate-based plasticizers
provide the best balance between plasticity, strength, and density; excessive plasticizer
dosage may reduce early strength, which is taken into account in the model.

Optimization of concrete composition for protective structures.

Based on the developed models, optimal regions of the factor space were identified
that ensure:

concrete mixture workability corresponding to classes S4-S5;

concrete strength > C40/50;

increased density and reduced permeability.

Such compositions are advisable for use in monolithic civil defense protective struc-
tures, where high load-bearing capacity, resistance to dynamic loads, and technological
feasibility of concrete placement are required.

Based on the experimental results, the polynomial coefficients were determined. The
developed models make it possible to quantitatively evaluate the influence of each fac-
tor, determine optimal parameters of the concrete composition, and predict the proper-
ties of concrete mixtures within the investigated factor space.

The study establishes the regularities of the influence of plasticizers on concrete
properties, develops exact analytical models of the “composition—properties” relation-
ships, and formulates practical recommendations for optimizing concrete mixtures.

Conclusions. The application of the statistical theory of experimental design to the
study of the influence of plasticizers on concrete properties makes it possible to obtain
an exact analytical description of the results without the need for additional statistical
error analysis. The proposed methodology is an effective tool for optimizing concrete
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compositions and can be recommended for use in both scientific and applied research
on construction materials.

Modern specialists in various fields (architects, civil engineers, structural engineers,
etc.) are increasingly faced with tasks that, in addition to professional qualifications,
require knowledge of methods for processing observational data, experimental design,
mathematical modeling, and optimization of research processes. Therefore, a contempo-
rary professional should possess not only deep domain-specific expertise but also a cer-
tain level of competence in scientific research, including mastery of the methodological
foundations of research work, the ability to collect and process data, develop research
programs, analyze the obtained results, and present them in the form of a scientific report.

The proposed experimental design allows for an exact description of the data at the
design levels and therefore does not require statistical analysis of deviations between
experimental and calculated values.

The experimental designs presented in Tables 1 and 2 can be applied in the process of
building design, as well as in laboratory work related to technical mechanics, machine
elements, and engineering and computer graphics. The design presented in Table 3 can
be used in the preparation of graduation theses, where, for example, the influence of dif-
ferent plasticizers on the workability of concrete mixtures and the strength of concrete
is investigated.
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