
Citation: Moskalova, K.; Lyashenko,

T.; Aniskin, A.; Orešković, M.
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Abstract: The influence of the components of plaster mortars on their properties is considered in a lot
of studies at a qualitative level without searching for optimal compositions of these multicomponent
composite materials. The purpose of this study was to obtain the experimental–statistical models
based on the results of the designed experiment, allowing the influence of light fillers and polymer
admixtures on the properties of the mortars to be evaluated and analysed; the compositions complying
with specified requirements and compromised optimally by a number of properties should be found.
The quantities of fine limestone and perlite as well as of the hydroxyethyl methyl cellulose and
dispersible polymer were varied in the experiment. The effective viscosity and thixotropy of the
mix, compression, tensile, adhesive strength, frost resistance, and density of hardened mortars were
determined for 18 compositions according to the experiment design. The obtained models have
allowed the individual and synergetic effects of mix components to be evaluated. The fine perlite
has turned out to have the greatest positive effect on the properties. This porous filler increases the
strength while decreasing the density of the mortars. It is shown how the composition complying
with specified requirements—and the best based on several properties—has been found.

Keywords: plaster mix; viscosity; thixotropy; strength; design of experiment; experimental–statistical
model; multicriterial optimisation

1. Introduction

The goal of material science is to make high grade materials that perfectly match
their intended purpose. Therefore, they are generally referred to as High Performance
Materials [1–3], with composites being their special class. Both high-strength concrete
for bridge structures and low-strength quick-hardening mortar for short-term fixing of
rocks can be used as building composite materials. In order to create building composites
which would serve their purposes to the fullest extent, multi-component components are
used. What can be called the “nested” multicomponent is characteristic of binder systems,
complex admixtures, poly-fractional fillers, hybrid fibres, etc. [4–6]. The plaster mortars
considered below are the composites of multicomponent disperse systems.

Nowadays, the studies devoted to the improvement of the properties of these materials
have shifted towards the use of fine dry additives [7–10]. Admixtures are supplied as
powders, the typically used low dosages being 0.3–1.5% of the weight of the cement. The
researchers have established [11–14] that the introduction of additives improves workability
and lowers the water demand of the mix, confers air entrainment, or adds waterproofing
qualities. These changes have the potential to decrease cracking through improvements in
the paste–aggregate bond and to increase the strength of hardened mortars. The type of
additive is a critical aspect governing its effect on cementitious mixes.
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Because of the increasing necessity for reliable heat insulating protection of building
structures, the functions of the heat-insulating layer are performed by lightweight plasters.
Such mixes have an average density of ≤1300 kg/m3 [15] and decreased thermal conduc-
tivity, creating a homogeneous and uniform thermal resistance over the entire surface of the
wall, excluding the so-called “thermal bridges”, which are formed in the masonry joints and
on the joints of fastening heat-insulating materials. Currently, lightweight fillers (expanded
perlite, limestone powder, etc.) are widely used for mortars and made to reduce the heat
transfer coefficient [16,17]. However, due to the porous structure, perlite and limestone
can lead to a decrease in physico-mechanical characteristics, so the choice of the optimal
amount of lightweight aggregates is an important aspect of this study.

This work is a part of an extended study of [18], and its purpose is to better understand
the behavior of lightweight mortars containing lightweight aggregates and admixtures in
order to optimize mortars properties. The mortar mixes should have certain rheological
properties such as fluidity, stability, and viscosity, which affect and define the workability,
pumpability, self-leveling, and compacting. Thixotropy is particularly significant for plaster
mortars [18]. When using the mixes on a vertical surface, it is essential to impede their
slipping and provide its original structure. On the other hand, the mixing process and type
of mixer can influence the mortar’s properties, in particular the rheological parameters
[19–24]. It is important to control particle homogenisation and dispersion in mixes, but
there are no commonly used methods to carry out such studies. Studying the mixing
process would be more effective with the help of various rheological characteristics [25–29].

The introduction of fine limestone powder into the cementitious mixtures increases the
yield stress and plastic viscosity of cement paste [30]. Likewise, the rheological behavior of
the mortars changes with the type and content of fine limestone, as well as by including or
excluding the admixture [31]. Furthermore, Costa et al. [31] demonstrated that the tensile
bond strength of the mortars diminished when the limestone content was raised. Still,
bond strength can be enhanced by the presence of dispersed fine particles and suitable
rheological behavior.

As reported in the study [13], a material with beneficial technical and technological
properties that are relevant for mortars administered by machine can be obtained due to
the rheology of plastering mortars with hydrated lime and cellulose ether. The authors
of [32] have shown that the presence of cellulose ethers in hydraulic lime-based mortars
may decrease the density of mortars in a plastic state and improve their frost resistance due
to higher open porosity. As has been noted in [33], the increase in the contents of cellulose
ether and of lime results in a reduction in compressive strength and adhesion. Hence, it is
important to know that wrong quantity of cellulose ether may lead to the loss of important
physico-technological properties. This is necessary to find the optimal dosage of cellulose
in the presence of hydrated lime.

It has been also noted [34] that an increase in the ethylene-vinyl acetate (EVA) copoly-
mer in mortar decreased the dry density, while the density of the mortar with an EVA
content of 5% was similar to the control (0%). This occurred because of the air-entraining
effect of the EVA, which led to higher porosity. In addition, a small amount of EVA can
enhance the flexural and compressive mortar strength. Nevertheless, this study showed the
effect of EVA in individual presence, while other additives are usually also present in addi-
tion to EVA in mortars. Therefore, in our study, we investigate both the individual effect
of EVA and its joint effects with other commonly used additives. Such a comprehensive
assessment of the mortars gives the right view in relation to the tested one.

The publications mentioned above give useful information (important for the “picture”
as a whole) about the influence of components on this or that property. However, quantity
dependencies are relatively seldom. Sometimes, so-called optimal compositions present
just the result of the choice between the two options.

In order to achieve desirable properties of composite materials at separate phases of
their life (mix, forming structures, hardened composite, degrading material to be utilised),
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the relations of the properties with multi-component composition and process (CP) param-
eters (with operational conditions) have to be quantitatively examined.

The CP parameters, with various set levels, stand for the vector of CP factors,
x = (x1, . . . , xk). The criteria of material behaviour (Y, generally named properties) are
technological and structural features, functional properties, other quality criteria, and
any other responses (including resources and costs) to variations of controllable inputs x.
Additionally, of course, to determine the composition and modes, which would allow us to
form the desired structures, which would result in the specified or upgraded levels of the
properties, mathematical models to describe the relations between factors x and criteria Y
are necessary.

In some studies of building materials where the design of experiment [35] was used,
some regression models were built (not always). However, the obtained data were not
always used effectively, in full degree.

In particular, the 9-point Taguchi design was used in the study presented in a very
informative paper [36]. The values of rheological characteristics were determined for nine
grouts in which all three composition factors varied on three levels. However, “composition–
property” functions were not obtained (or at least not shown). The paper [13] describes
the study based on the three-factor, three-level Box–Bhenken design of the experiment.
Neither the three-factor models with interaction effects nor the optimal contents of the three
components are given. In the article [37], it is surprising that there are no interaction effects
among the 11 in the models, for which the 27-point experimental design was implemented.

When optimization problems are stated, the task generally involves just one optimality
criterion. It may be one of the properties or CP-factor (concretely, minimized should be the
quantity of an expensive component or the process parameter that prolongs accomplishing
certified material). The task can be formulated with a specific “main” criterion as an objec-
tive function, with all other Y as constraints. As the only optimality criterion, the integral
criterion with weighting multipliers can be used as well, such as with the desirability
function [38,39]. The latter is generally used in engineering design when various, often
conflicting criteria play a role. The weights are assigned for every criterion. The use of the
desirability function is the most popular method [40–42].

Still, the necessity to assign weights to selected criteria is the primary drawback of
the method. The “stiffness” of the decision and the lack of options to flexibly alter the
priorities in the process of the search are important disadvantages as well. As observed
well in [43], the potential favourable solutions could “get lost due to enforced weighting
of the multiple objective functions”. The alternative is to look for the compromise (Pareto
optimal solution [43–45]), which could be executed without any preference data.

The methodologies of experimental–statistical modelling and of the property fields
in composition and process coordinates, developed by V.A. Voznesensky with his co-
authors [46–49], present the informative and effective means (by experimental expenses
and the quantity of information mined from experimental data) for obtaining and analysing
the “composition–property” dependencies and for solving a great variety of optimisation
problems.

It is these methods and tools that have been used in the study presented below.
The aim of the study has been to get a sufficiently flowing mix with high thixotropy

and a lightweight hardened mortar of sufficient strength and with good adhesion.
This paper can be considered a sequel of the paper [18] devoted to the rheological

characteristics of the plaster mixes.
The aim of the paper is, firstly, to show the levels of a number of physical and mechani-

cal characteristics of hardened lightweight mortars, determined in the designed experiment,
and to present the models of the dependencies of the properties on the composition ob-
tained for these data as well. It seems natural to show the influence of the components on
the properties, estimated (“measured”) and analysed due to the models, whilst noting the
synergistic effects of the components also.
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Secondly, it seems important to show the way the multicriteria problem of optimizing
the mortar composition can be solved with ES models and the found optimal compromise
composition.

A more general goal is to demonstrate some abilities of the methodologies of experim-
ental–statistical modelling and of the composition–process fields of material properties
in computational materials science, and thus to promote the application of these helpful
methods.

2. Materials and Methods
2.1. Characteristics of Materials

In this study, we tested mortars based on the following materials.
As a binder, the additive-free cement M500 mark was used (PC I-500-N D0), European

quality certificate EN-197-1 [50], CEM I 42.5N; the specific surface is 300 m2/kg and fineness
is 11.3%; the ground lime content of CaO + MgO—73% weight, water demand 70%, and
bulk density—0.5 kg/dm3.

As an aggregate, the quartz sand from the Volnogorsk Mining and Metallurgical
Combine without dust and impurities was used, European quality certificate EN DIN
12904 [51]; the study used sand sifted through a sieve of 0.63. The chemical composition of
the quartz sand is given in Table 1.

Table 1. The chemical composition of quartz and perlite sand.

Name of Sand
Oxide Content, %

SiO2 Al2O3 Fe2O3 CaO MgO

Quartz sand 99.4 0.35 0.05 ± 0.01 0.28 0.16

Perlite send 72.2 12.3 2.23 0.88 0.1

As fillers, the ground limestone with specific surface Ss.d. = 400 m2/kg was used
and sifted through a sieve of 0.63 mm. The chemical and mineralogical composition of
the limestone is presented in Table 2. Another filler used in the study was the expanded
perlite sand from the Beregovsky quarry of the Transcarpathian region, quality certificate
DSTU B V.2.7-157:2011 [52]. Fraction 0.16–1.05, porosity of granules 34.6%, average density
(including pores) 1.56 g/cm3. The chemical composition of the perlite sand is given
in Table 2.

Table 2. The chemical and mineralogical composition of limestone shell rock.

The Chemical Composition in Terms of Dry Substance,% by Weight

SiO2 Al2O3 + Fe2O3 CaO MgO SO3 loss on ignition
2.52 2.02 52.1 1.32 0.22 42.34

As chemical additives, the additives produced by the Shin-Etsu and Wacker companies
were used. Tylose MH60010 [53] water-retaining additive—methyl hydroxyethyl cellulose.
Vinnapas RE5034 N [54], adhesion-improving additive. Hostapur OSB [55], air-entraining
additive. Vinnapas 8031H [54], water repellent. The physical and chemical properties of
the additives are summarized in Table 3.

Table 3. The physical and chemical properties of the additives.

Property Tylose MH60010 P4 Vinnapas 5034N Hostapur OSB Vinnapas 8031H

physical condition and
color white powder white to light beige

powder
white–slightly beige

dry powder
white-to-light beige

POWDER

contains active
substance

90–95% cellulose
methyl ether,

2-hydroxyethyl ether

min. 98% copolymer
powder of vinyl acetate

and ethylene

90–98% olefin
sulphonate, sodium

salt

min. 98% ethylene,
vinyl laurate and vinyl

chloride
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Table 3. Cont.

Property Tylose MH60010 P4 Vinnapas 5034N Hostapur OSB Vinnapas 8031H

bulk density 200–600 kg/m3 400–550 kg/m3 300 kg/m3 400–550 kg/m3

particle size <125 µm: min. 90% >400 µm 72 µm >400 µm

water solubility >10 g/L (20 ◦C) Not applicable 400 g/L (25 ◦C) Not applicable

2.2. Design of Experiment

Four composition factors, the dosages of four components (weight parts, w.p., in
1000 w.p. of dry mix) were varied in the experiment: limestone (marked X1), perlite sand
(X2), cellulose methyl ether Tylose MH60010 (X3), and dispersible polymer Vinnapas 5034N
(X4). The contents of other components were invariable. The values of material properties
Y were established for 18 compositions in line with 18-points of the 4-factor, 3-level experi-
ment design. The design has been synthesised using the D-optimality criterion [35] with
the necessary central point of the experiment. It has already been used in some studies,
including the one presented in [18]. The points of the design in coordinates of composi-
tion factors normalized to dimensionless −1 ≤ xi ≤ +1 are shown in Figure 1, and the
natural levels of the factors (dosages of components, dimensional Xi, Xi.min ≤ Xi ≤ Xi.max)
corresponding to the normalized values are given in Table 4.

Figure 1. Points of the experiment design.

Table 4. Levels of composition factors in the experiment—contents of components in 1000 w.p. of dry
mix).

i Composition Factors (X)
Minimal, Central and Maximal Values

xi = −1 xi = 0 xi = +1

1 Mass parts of limestone, X1 60 80 100
2 Content of perlite, X2 30 40 50
3 Dosage of Tylose, X3 1 1.15 1.3
4 Dosage of Vinnapas, X4 1 1.5 2



Materials 2023, 16, 2846 6 of 20

This design of the second-order models enables a quantitative description of the data
collected; the individual and joint effects of composition factors on properties Y using
second-order polynomial experimental-statistical (ES) models [46] were of kind (1), where
coefficients b have a specific physical sense.

Y(x) = b0 + ∑
i=0

bixi + ∑
i=1

biix2
i + ∑

i<j
bijxixj , (1)

where b are the parameters (coefficients) to be estimated,
x—vector of normalized factors,
xi = (Xi − X0i)/∆Xi, X0i = (Xi.min + Xi.max)/2, ∆Xi = (Xi.max − Xi.min)/2, and
Xi = xi · ∆Xi + X0i.
The main steps of building ES models, the specific features and advantages of experim-

ental-statistical modelling, were briefly presented in the previous article [18] and in more
detail in the literature cited there. Such models obtained for the properties of the mortars
under study are shown below, as well as how useful they can be.

2.3. Methods of Testing

The mixing of all mortars was carried out as follows.

• First of all, there was an accurately measured amount of all dry ingredients using the
laboratory scale; after this, all dry components were thoroughly mixed with a spatula
to ensure a good distribution of all components.

• The water was added into the dry mix and mixed for 60 s with a hand mixer at low
speed.

An amount of water was controlled in order to obtain mortars with the same consis-
tency using the diameter of the spread (Figure 2) from the Hagerman cone (16–17.0 cm)
according to DIN 18555 [56].
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Figure 2. Fresh mixture testing to assess the consistency using the 16–17.0 cm diameter of the spread.

Immediately after mixing the fresh mortar, the samples were put into the rheometer
and the measurements were performed. A rotational rheometer RPE-1M, as seen in Figure 3
(made by “Himpribor-1”, Russia), with a coaxial cylinders measuring system according to
DIN 53.019 [57] was utilized for the purpose of detecting the rheological properties [58].
This is a rheometer with a driven inner cylinder (the rotor) and measurement of the
viscosity-related torque. The external cylinder was kept at the thermostatic chamber and
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remains at rest; the temperature of the mortar during the measurements was 19 ± 1 ◦C.
The outer cylinder has an inner diameter that equals 24 mm. The inner cylinder has an
outer diameter that equals 17.5 mm. The test was run in eight steps with a speed range
from 0.045 s−1 to 5.705 s−1 and repeated, with a repetition of each speed three times. The
average value of the data collected during the experiment was taken as the measurement
of the effective viscosity η (Pa·s). The duration of the measurement for each sample was
8 h. As a measure of thixotropy, the index Ath (Wt/m), equal to the area between upper
and lower viscosity curves [18], was determined.
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The Ostwald–de-Waele Equation (2) was used to express the viscosity curves of
mortars in certain ranges of the shear rate:

η = K·(γ′)m, (2)

The coefficient K is equal to the effective viscosity η1, Pa·s, at shear rate γ′ = 1 s−1,
and the exponent m < 0 represents the rate of fluid structure destruction during shear
deformation; the higher |m|, the less stable the fluid structure during flow [58].

The parameters K and m in (2), which outline a specific disperse system with a liquid
phase (fixed composition), are designated as the so-called “constants” of the physical model.
Still, the values of these parameters of the rheological behaviour of the technological mix
are determined by its composition, as indicated in the logarithmic form (3) of Equation (2):

lnη (x) = ln K (x) + m(x)· ln γ′, (3)

Part of the mixture was used to make the specimens 40 mm × 40 mm × 160 mm
for determining the properties of hardened mortars. The specimens were continuously
cured in a laboratory with a temperature of approximately 23 ◦C and relative humidity of
60 ± 5%; after removing from molds, the specimens were kept in the same conditions until
reaching an age of 28 days. The following mechanical properties were determined: density,
tensile and compression strength, and frost resistance. Another part of the mix was applied
on the concrete surface to determine adhesive strength.

The density was determined on samples of beams with a size of 40 × 40 × 160 mm,
which, after 28 days of hardening at an air temperature of 20± 2 ◦C and a relative humidity
of 65 ± 5%, were dried to a constant weight in an oven. Then, according to the obtained
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results of the geometric dimensions and masses of the samples, the density of the samples
was determined.

Tensile and compression properties of hardened mortars were tested following the
procedures of EN 1015-11:2020 [59]. Three specimens for every composition, according
to the experiment design, were tested (Figure 4). After the rupture of the specimens, the
mechanical resistance was estimated. The average data were accepted as the measurement
of the tensile strength (f t, MPa). The remaining specimens after testing of tensile strength
were used for the determination of compressive strength (f c, MPa), using a hydraulic press
according to the same standard (Figure 4).
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Figure 4. Determination of tensile and compression strength of hardened plastering mortars.

The CEN/TS 12390-9:2006 [60] was used in the determination of frost resistance.
However, some modifications were made, considering the types of investigated materials.
Frost resistance was determined by repeatedly alternating freezing and thawing of the
specimens, which had prisms of 40 × 40 × 160 mm (Figure 5). The specimens were water-
saturated at 18 ± 2 ◦C and placed in a freeze test chamber, not less than 10 mm aside from
each other and at least 20 mm from the walls of the chamber. The temperature was lowered
to −8 ◦C for 8 h. After 8 h of freezing, samples were removed from the freeze chamber and
placed in water at 18± 2 ◦C for thawing. Such a cycle type was chosen in order to stimulate
the damage in the samples but not to simulate realistic frost effects on mortars [61,62].
Samples were weighed and observed to determine weight loss and defections such as
spalling and cracking before each new freezing cycle. The frost resistance was evaluated by
weight loss after conducting a certain number of freezing and thawing cycles (FT, c.). The
permissible value of the mass loss of the samples after alternate freezing and thawing is
not more than 5%.

The adhesive strength at 28 days was measured following the procedures of EN 1015-
12 [63] and using DYNA Z16 pull-off tester, designed to determine the adhesion strength
of stucco mixtures with an accuracy of 0.001 MPa. The mixes were applied on a concrete
surface, and after 26 days of hardening the epoxy adhesive was applied on the samples to
glue steel pull-heads for testing the adhesion strength (f u, MPa). The adhesion strength was
determined after the adhesive had dried and the samples had reached 28 days (Figure 6).
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3. Results
3.1. Effects of Varied Components on the Properties of the Mortars

The values of hardened mortars properties under consideration, determined for 18
compositions, are given in Table 5 together with two rheological characteristics (given
earlier in [18]).
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Table 5. The obtained values of the main characteristics of 18 mortars.

No X1 X2 X3 X4 f c, MPa f f, MPa f u, MPa ρ, kg/m3 FT, c η, Pa·s Ath

1 80 40 1.15 1.5 8.4 3.5 0.3 1180 85 425 215
2 100 30 1 1 5.4 2.5 0.3 1200 85 120 153
3 100 50 1.3 2 6.8 2.7 0.4 1150 85 303 370
4 60 30 1.3 2 5.6 2.5 0.1 1070 85 226 201
5 60 50 1 2 4.8 2.4 0.3 1140 85 200.6 183
6 60 50 1.3 1 6.2 2.5 0.2 1100 75 123.9 132
7 80 50 1 1 5.8 2.1 0.1 1100 85 122.8 98
8 80 30 1.3 1 5.8 2.3 0.3 1200 75 186.3 252
9 80 30 1 2 6.8 2.7 0.2 1200 85 148.5 96

10 60 40 1 1 5.4 2.6 0.1 1300 45 102.5 100
11 100 40 1.3 1 5.2 2.4 0.2 1100 25 97.5 97
12 100 40 1 2 5.2 2.4 0.2 1240 60 190.6 49
13 60 30 1.15 1 6.8 3.2 0.1 1320 45 63.1 60
14 100 50 1.15 1 6 2.3 0.2 1100 85 241.3 230
15 100 30 1.15 2 5.4 2.4 0.3 1100 85 269.3 78
16 60 30 1 1.5 5 2.5 0.2 1200 25 105.5 94
17 100 50 1 1.5 6 2.7 0.2 1200 85 156.9 150
18 100 30 1.15 1.5 4.8 2.1 0.1 1200 35 54.2 55

Nonlinear ES models of kind (4), describing “composition–property” dependences,
have been built on these experimental data, in particular the one for compression strength
(with statistically insignificant effects eliminated at experiment error 0.37%) written in the
structured form of (4).

(4)

The free term b0 illustrates the level of the strength at medium values of all x, equal
to zero, at the center of the experiment. Block (a) assesses the effects of the fillers (fine
limestone and perlite) at median dosages of polymer additives. The effects of the latter
with median contents of the fillers are given in block (b). Block (c) determines the synergetic
(antagonistic) effects of the fillers and additives.

Analogical ES models for all properties under consideration are presented by coeffi-
cients b in Table 6, including two rheological characteristics considered earlier in [18].

Table 6. Coefficients of ES models for seven properties of the mortars.

Y f c, MPa f f, MPa f u, MPa ρ, kg/m3 FT, c η, Pa·s Ath

b0 8.43 3.45 0.304 1182 85.33 406.18 353.8
b1 −0.17 −0.15 0 0 0 0 0
b2 0.34 0 0.035 −29.4 13.33 43.59 84.3
b3 0.32 0 0 −33.4 0 32.96 69.3
b4 0.19 0.078 0.047 −17.3 10.65 70.05 46.8
b11 −1.37 −0.17 −0.056 0 −27.94 −95.08 −118.7
b22 −0.32 −0.25 0 −25.6 15.05 −58.99 0
b33 −0.98 −0.44 −0.038 0 −13.29 −114.2 0
b44 −0.41 −0.24 0 0 11.83 0 0
b12 0.16 0 −0.036 15.7 −6.4 0 0
b13 −0.35 −0.13 −0.023 0 −13.07 −23.48 0
b14 0 0 −0.02 39.5 −4.53 −25.41 −48.8
b23 0.47 0.142 0.038 0 0 21.8 43.6
b24 0.28 0.184 0.07 40.9 3.22 24.77 55.3
b34 0.19 0 0 0 9.88 29.26 56.1
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As can be noted in Table 5 only 5 compositions from 18 are critically lost the weight
before 50 cycles of freezing and thawing. A characteristic feature of these five compositions
is that they contain the lowest or average amount of Tylose and Vinnapas. Obviously, FT
is sensitive to the presence of admixtures methyllcelulose (x3) and vinylacetate (x4) and
less sensitive to porous fillers. Coefficients of ES models (Table 6), b3 = 13.33, and b4 = 10.65
confirm the positive influence of admixtures on frost resistance.

The models describe the fields Y(x) of the material properties in composition coordi-
nates [48,49]. Shown in Table 7 are some numerical characteristics, generalizing indices
(G) of the fields of the properties in the compositions’ domain, estimated using the mod-
els. These are the main results from numerous possible G: minimal (Ymin) and maximal
(Ymax) levels of the field, their coordinates (x{Ymin} and x{Ymax}), and absolute and relative
increases (∆Y and δY).

Table 7. Generalizing indices of the properties’ fields in composition coordinates.

GY f c, MPa f f, MPa f u, MPa ρ, kg/m3 FT η, Pa·s Ath

Ymin 4.08 1.83 0.083 1046 24 18.24 11.92
Ymax 8.80 3.49 0.487 1333 143 511.45 714.2

∆Y = Ymax − Ymin 4.72 1.66 0.404 287 119 493.2 702.28
δY = Ymax/Ymin 2.16 1.91 5.87 1.27 5.9 28.04 59.9

x{Ymin} x1, x2 +1, −1 1, −1 −1, 1 +1, +1 −1, −0.6 −1, −1 −1, −1
x3, x4 +1, −1 −1, −1 −1, −1 +1, −1 −1, −0.14 −1, −1 −1, −1

x{Ymax} x1, x2 −0.06, +1 −0.5, 0.1 −0.64, +1 −1, −1 −0.32, +1 −0.18, 0.6 −0.17, 0.6
x3, x4 0.48, 0.69 0.1, 0.2 0.69, +1 −1, −1 0.5, +1 0.36, +1 0.3, +1

The models “measure” and allow us to visualise and analyse the individual and joint
influence of four components on the properties of the mortars.

The comparison of the generalising indices of the properties (Table 7) shows a signifi-
cant influence of composition on the adhesive strength; f u changes almost six times, while
the f c and f t change two times. With regard to frost resistance, the FTmax/FTmin ratios are
5.9 and the greatest FT = 143 c., which correspond to composition with a high amount of
Tylose and Vinnapas.

The diagram “squares on square” in Figure 7 displays the joint influence of four
composition factors on the compression strength. As is indicated in Table 7 and can be
seen in Figure 7, the highest levels of f c come near 8.8 MPa at the highest content of perlite
(x2) and Tylose (x3) and at a rather high dosage of Vinnapas (x4). The high values of the
individual effects of these components and their synergistic effects can be also noted in
Equation (4) and in Table 6 (coefficients b2, b3, b4, b23, b24).

The effect of perlite on strength can be explained by the formation of close particle
packing and the creation of strong monolithic films. Furthermore, the pozzolanic reaction
between perlite and calcium hydroxide can take place, which could lead to the increasing
of durability [64,65]. The perlite sand increases mixed thixotropy as well; this can be seen
from Table 6, where b2 = 84.3.

It can be seen that the limestone at dosages higher than 80 w.p. (x1 > 0) reduces the
compressive strength (Figure 7). Limestone can impact the multicomponent cementitious
system by physical presence (filler action by dilution, shearing action, and particle packing
effect) and by the chemical activity of limestone powder with carboaluminate phases
formed, with ettringite preservation, pozzolanic reaction, and an increase in hydration
degree. Nevertheless, an overdose of limestone may result in a loss in durability, primarily
because of higher porosity. The diagram in Figure 8 shows the decreasing effect of this
component on the tensile strength of the plaster mortar. The curves in Figures 8–10 show
1-factor local fields of the properties at fixed values of other factors, providing the minima
and maxima levels of the corresponding property. The results indicated above show that
the lightweight aggregates in optimal amounts could be added to mixtures, maintaining the
necessary strength characteristics of the plaster with low density and viscosity of the mix.
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Figure 8. The individual effects of component content on tensile strength in zones of its minimum
and maximum.

Raising the amount of the cellulose ether and the adding of limestone leads to reduced
f t (Figure 8). With the content of methyl hydroxyethyl cellulose (x3) increased from medium
dosages to the maximal, the strength of the mortar decreases 1.5 times. The reason is mainly
because its addition leads to the introduction of excessive bubbles. These bubbles form
higher porosity after the mortar hardens, reducing the mechanical strength but decreasing
the density as well (the latter fact is illustrated in Figure 9).
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The diagram in Figure 9 shows that an increase in the percentage of perlite naturally
reduces the density of the plaster mortar. The density is also decreased due to the porous
structure of limestone. In general, the density changes almost 1.3 times (Table 7); the
minimal density is 1046 kg/m3 at the maximal values of all factors, except for the re-
dispersible powder Vinnapas, the amount of which is minimal.

Figure 10 shows the influence of the factors on the adhesive strength of the mortar.
First of all, as we noted before, the adhesive strength increases considerably, from 0.083 to
0.487 MPa, i.e., almost six times, as can be seen in Table 7. Compared to the compressive
and tensile behaviour of the mortars, the extremes of adhesive strength have the largest
difference, and f umax = 0.487 MPa is achieved at upper levels of two factors x2 = x4 = 1
(Table 7). The main factor influencing the adhesive strength is the amount of Vinnapas,
as expected. Fillers also play an important role in the formation of strong adhesion to the
base, since at high concentrations of modifying additives maximum adhesion values are
achieved, with an increase in the amount of carbonate filler by only 10% from 60 to 70
w.p. However, addition of limestone in amounts from 80 to 100 w.p. can cause decreases
in adhesion.
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3.2. The Statement and Solution of Optimisation Problem

It is quite expected that the best values of different properties cannot be provided by
the same composition. In particular, it can be seen that the coordinates x of the individual
optima of six properties, Ymin or Ymax in Table 7, do not coincide. Therefore, to have
the compositions that would be “rather good” by several criteria and meet the specific
requirements of technology and operation, a compromise must be found.

The models enable this with a straightforward method of the iterative random scan-
ning of the fields of properties in composition coordinates. The method can be realised
with any table processor and for any reasonable number of factors and optimality criteria.
There is no need to create a complex criterion (such as desirability function, with weighting
multipliers) to solve a multi-criterion problem. The algorithm is described formally and in
detail [49,66] and has been used many times (in particular, [67–69]). The method allows for
finding acceptable solutions (complying with specified requirements), the optima via the
individual criteria, and the trade-off optima.

The essence of the algorithm is the following. At each iteration N, uniformly dis-
tributed random variants of compositions (points x) are generated in the search region (the
more factors, the greater N, 104 for 5–9 factors). At initial iteration the region of the search
is the whole factor domain. The values of Y of both the restriction and optimality criteria
at N random points of the multidimensional factor cube and at its vertices are calculated
using the models. The points x (compositions) that do not provide the specified restrictions
are removed.

Next, the area of the remaining admissible solutions is compressed step-by-step,
moving its boundaries to the individual optima of the optimality criteria by turns. As a
result, the compromise ranges are narrowed until only a few points remain in them. This
set of composition variants (reduced by several orders) is basic for the next iteration. To
“compensate” for possible loss of solutions in the intervals between random points, the
compressed search ranges for each xi are somewhat expanded. In the expanded hyperprism,
N variants of composition are again generated, and the next iteration is performed. As a
rule, compromise-optimal solutions can be found in 2–4 iterations.

The formulation and the solution of optimization problems solved with this method
in the study under consideration are shown below.

It is necessary to find the compositions that would provide:

• a compression strength not less than 7 MPa (for classes CS I–CS III, 0.4–7.5 N/mm2 in
accordance with EN 998−1);

• adhesion strength at 28 days 0.3 MPa (f u > 1 N/mm2 in accordance with EN 998-1).
• freeze–thaw cycles not less than 50 c. (in accordance with GOST 5802-86 [70], the

permissible value of the mass loss of the samples after alternate freezing and thawing
is not more than 5%.);

↓minimal possible level of viscosity at shear rate γ = 1 s−1;
↑maximal possible level of thixotropy;
↓minimal possible density; and
↑maximal possible tensile strength.
The statement of the problem is written symbolically in the form (5).

η1→ min, Ath → max, ρ→ min, ft→ max, fc ≥ 7, fu ≥ 0.3, FT ≥ 50 (5)

The following results have been obtained (mixed-component contents being rounded
reasonably):

• mass parts of limestone, X1 = 61 w.p. (x1 = −0.95);
• content of perlite, X2 = 50 w.p. (x2 = +1);
• dosage of Tylose, X3 = 1.30 w.p. (x3 = +1);
• dosage of Vinnapas, X4 = 1.52 w.p. (x4 = 0.04); and
• f c = 7.38 MPa, f u = 0.35 MPa, FT = 50 c.,



Materials 2023, 16, 2846 15 of 20

η1 = 273.7 Pa·s, Ath = 452.1, ρ = 1078.6 kg/m3, f t = 3.02 MPa (Figure 11).
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tima (com).

Thus, the compromise compositions of plaster mortars using rheological criteria
along with the operational properties of hardened composites, acceptable by a number of
requirements, have been found.

4. Conclusions

The purpose of this study was to obtain the quantitative descriptions of the influence
of light fillers and polymer additives on the properties of fresh and hardened plaster
mortars in order to evaluate and analyse the effects of these components and to find the
compositions that would provide the best possible levels of the properties while meeting
specified requirements. The following conclusions can be drawn from the research.

• Seven experimental–statistical models of the dependences of the properties on compo-
sition, obtained using the data of the designed experiment, have allowed the individual
influence of mix components on the properties and their synergetic and antagonistic
effects to be evaluated (“measured”) and analysed.

• The substantial positive effect of expanded perlite on compression and adhesion
strength (especially at high dosages of methyl cellulose) and on frost resistance was
revealed and explained. The perlite sand increases mixed thixotropy as well.

• The decrease in density with the increase in porous perlite content has been expected.
In general, the density changes almost 1.3 times due to changes in the content of the
mortar components.
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• It was found that while overdose of limestone leads to the loss of mortars durability,
the low dosages of limestone (<80 w.p.) may nonetheless increase f c due to the physical
presence and chemical activity.

• Methyl cellulose at high dosage (more than 1.15 w.p.) decreased f t as well as the
density. This effect is attributed to the introduction of excessive bubbles that form
higher porosity, reducing the mechanical strength.

• The minimal and maximal levels of the plaster mortar properties studied were deter-
mined, with the compositions corresponding to them. Other numerical characteristics
(generalizing indices, in particular absolute and relative differences) of the fields of
material properties in composition coordinates were estimated.

• Since the best compositions for different properties do not coincide, the problems of
searching for compromise optima were formulated.

• To find the optimal compromise, an algorithm for iterative random scanning of the
fields of the properties has been applied, using the Monte Carlo method with obtained
ES models.

• The solution of one of the multicriterial problems that could be formulated is shown in
the paper. The sufficiently flowing plaster mix (η1 = 273.7 Pa·s) with high thixotropy
(Ath = 452.1) and the lightweight hardened mortar (ρ = 1078.6 kg/m3) of sufficient
strength (f c = 7.38 MPa, f t = 3.02 MPa), good adhesion (f u = 0.35 MPa), and frost
resistance (FT = 50 c.) has been obtained.

• The obtained results show the abilities of the methodologies of experimental–statistical
modelling and of composition–process fields of the properties.
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