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Abstract – we present the results of studies of vermiculite 

concrete composites with various silica components such as cinder, 

tuff sand and volcanic ash for fire protection of building 

structures. The study shows that introduction of saponified wood 

resin into the vermiculite concrete mixture improves its 

rheological properties and reduces the average density of the 

composite. Portland cement can replace up to 20–25% of the mass 

of ash, tuff sand and cinder without significant deterioration of the 

properties of vermiculite concrete. Dispersed basalt fiber 

reinforcement of cement vermiculite concrete increases the 

strength and fire-resistant properties of the initial matrix. 

Keywords – vermiculite, cinder, tuff sand, volcanic ash, 

saponified wood resin, basalt fiber, vermiculite concrete composite, 

reinforced cement, fire-resistant properties, fire resistance rating. 

I.  INTRODUCTION 

The statistics show annual growth in number of fires in 
Russia and abroad. About 10 million fires are reported each 
year. Fires cause the death of more than 65 thousand people and 
the injury of 250 thousand people per year. Property damage 
from fires amounts to hundreds of billions of rubles. 

The collapse of building structures is the main cause of the 
death and damage from fires. This is due to the fact that thin-
walled reinforced concrete structures made of high-strength 
concrete are increasingly being used in the construction of 
modern buildings [1–3]. An effective way to increase the fire 
resistance of building structures is the application of heat-
shielding coatings with exfoliated vermiculite and perlite [4–7]. 
Their efficiency for fire protection of building structures 
increases with simultaneous performance of thermal, acoustic 
and decorative functions. 

The disadvantages of fire-resistant compositions are high 
consumption of binder, a relatively high coefficient of thermal 
conductivity at high temperatures, and low heat resistance. 

Various silica components, including cinder from the heat 
and power plant, volcanic tuff sawing waste, and volcanic ash 
can be an effective replacement of part of the binder and 
aggregate for fire-resistant compositions.  

The study aimed to develop effective fire-resistant 
vermiculite concrete composites with improved physico-
mechanical properties using various silica components. 

II. METHODS AND MATERIALS 

The following materials were used as binders in the study: 

 Portland cement PC 500-DO of Belgorodsky Cement 
JSC; 

 gypsum binder (G4–II–A); 

 air quicklime calcium powder of the 3 grade of 
Zayukovsky deposit. 

The exfoliated vermiculite of 0.16–5 mm fraction of the St. 
Petersburg mica factory was used in the study. 

Cinder waste of the thermal power plant, volcanic ash with 
a maximum grain size of 0.16 mm of Zayukovsky deposit, and 
volcanic tuff sawing waste with a maximum grain size of 5 mm 
of Zayukovsky deposit were used as silica components. 

Table 1 presents the chemical composition of volcanic tuff 
sawing waste of Zayukovsky deposit and cinder.  

TABLE I.  CHEMICAL COMPOSITION OF TUFF SAWING WASTE AND 

CINDER  

Material 

Ratio of main components in the mixture, %  
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Tuff sand 73.1 13.75 1.75 1.65 1.12 0.23 3.87 0.12 2.0 

Cinder 58.7 17.6 7.7 5.7 2.9 – 4.4 0.4 2.0 

 

Table 2 presents the granulometric compositions of 

vermiculite, tuff sand and volcanic pumice. 
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TABLE II.  GRANULOMETRIC COMPOSITIONS OF AGGREGATES 

Material 

Individual particles retained on 

the sieves, % 

Passed 

through 

0.14 sieve  2.5 1.25 0.63 0.315 0.14 

Vermiculite 26.7 21.9 31.4 14.7 5.3 – 

Tuff sand 10 5 18 21 11 35 

 

Surface-active air-entraining admixture is saponified wood 
resin (SWR). 

Fiber reinforcement is basalt fibers RVB-9-1200-4c of 
Ivotsteklo JSC with the following characteristics: diameter of 
the elementary fiber d = 9 μm; elastic modulus Е = (91-110) • 
103 MPa; breaking strength P = 40 kgf. 

Ferrocement was reinforced with woven mash No. 8–07 
(GOST 3826–82) with a mesh size of 8×8 mm and a wire 
diameter of 0.7 mm. 

Production of vermiculite concrete specimens from the raw 
mixture involves preparation of vermiculite, volcanic ash, tuff 
sand and quicklime; preparation of the mixture; molding and 
natural-air drying of products. 

Air lump lime was pre-crushed in a jaw crusher and then 
finely ground in a ball mill. Volcanic ash was sieved through 
0.16 sieve and dried in a drying cabinet to constant mass. 
Preparation of the mixture was carried out in a forced action 
concrete mixer. Vermiculite was introduced into the pre-
prepared mixture of Portland cement, ash (cinder, tuff sand) and 
water. The specimens of 4x4x16 cm were molded using casting 
and vibrating methods and then exposed to natural-air drying. 
The specimens were tested in accordance with GOST 23789–
79. 

The flowability of the vermiculite concrete mixture was 
determined by immersion of the reference cone (GOST 5802-
78) and using a Suttard's viscometer. 

The study employed the methods of mathematical planning 
of experiments and the methods of statistical data processing 
[8–10]. 

To study the fire resistance efficiency of the proposed 
compositions, ferrocement slabs with a fire-resistant layer were 
molded. A 20 mm thick ferrocement layer was molded on a 
standard vibrating plate. The protective layer of the woven 
mesh was twisted and laid prior to reinforcement of the 
underlying layer of fine-grained concrete mixture. The fire-
resistant layer of the vermiculite concrete composite was 
molded using the vibration method and then exposed to natural-
air drying. 

The fire-resistant properties of vermiculite concrete 
composites were studied through testing of the fire resistance of 
190×190 mm specimens on the electric furnace in a horizontal 
position according to the temperature regime of a “standard” 
fire specified in GOST 30247.1–94. The fire resistance limit of 
bearing capacity (R) of ferrocement slabs was determined by 
heating the woven mesh in the structural layer (at the boundary 
of the layers) up to 300°C. The fire resistance limit of thermal 
insulating capacity (I) was determined by the temperature 
increase of the structure on the unheated surface by more than 
140°C compared to its temperature before the test.  

The reinforcing bar temperature was measured using low-
inertia chromel-alumel thermocouples, which were embedded 
with fine-grained concrete. Chromel-alumel thermocouples 
with a copper disc of 15 mm in diameter were placed on the 
unheated surface of the ferrocement specimens, and thermal 
indicators TP 167о С were applied. 

The temperature between the ferrocement and vermiculite 
concrete layers on the unheated ferrocement surface was 
automatically recorded using a KSP-4I potentiometer.   

III. RESULTS 

Preliminary studies of molding the vermiculite concrete 
specimens on the vibrating plate showed that it is possible to 
produce vermiculite concrete with an average density of at least 
400–500 kg/m3 using the vibrating method and to ensure the 
required quality of their placement. 

The effect of flowability of the vermiculite concrete mixture 
on the properties of vermiculite concrete during molding on a 
standard vibrating plate (Table 3) was studied. The flowability 
of the vermiculite concrete mixture during specimen molding 
varied from 3 to 8 cm according to the immersion of the cone. 

TABLE III.  EFFECT OF CHANGES IN THE MIXTURE FLOWABILITY AND 

VIBRATION DURATION ON THE PHYSICO-MECHANICAL PROPERTIES OF 

VERMICULITE CONCRETE 
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1:2 0.89 3.0 45 785 4.5 2.2 

1:2 0.95 4.0 30 750 4.3 2.1 

1:2 1.03 7.0 30 715 3.6 2.05 

1:3 1.32 3.0 45 638 2.2 1.4 

1:3 1.43 4.5 30 595 1.7 1.2 

1:3 1.55 8.8 20 562 1.5 0.95 

1:4 1.65 3.1 45 500 1.3 0.8 

1:4 1.80 4.0 30 485 1.2 0.75 

1:4 2.0 8.2 30 480 1.1 0.7 

1:2 0.95 4.0 30 725 4.3 2.1 

1:2 0.95 4.0 45 735 4.3 2.2 

1:2 0.95 4.0 60 730 4.3 2.1 

 

It was revealed that changes in the mixture flowability from 

7–8 cm to 3–4 cm significantly strengthen the properties of 

vermiculite concrete (1:2, 1:3 and 1:4) with the same vibration 

parameters. Changes in the vibration duration of the vermiculite 

concrete mixture with the flowability of 4 cm from 30 to 60 s 

do not have a noticeable effect on the strength properties of 

vermiculite concrete. 

Table 4 shows the effect of air-entraining saponified wood 

resin to reduce the average density of vermiculite concrete, to 

improve its workability and to prevent stratification.  
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TABLE IV.  EFFECT OF SAPONIFIED WOOD RESIN ON THE PROPERTIES OF 

VERMICULITE CONCRETE  
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1:2 - 0.96 742 71.5 4.2 2.2 

1:2 0.1 0.87 742 75.1 4.4 2.3 

1:2 0.2 0.86 703 81.6 4.1 2.2 

1:2 0.3 0.86 722 78.5 3.9 2.1 

1:2 0.5 0.84 711 72.5 4.3 2.3 

1:3 – 1.39 605 103.2 2.2 1.3 

1:3 0.1 1.31 574 102.7 2.1 1.4 

1:3 0.2 1.20 551 103.5 2.1 1.5 

1:3 0.3 1.12 570 95.8 2.1 1.5 

1:3 0.5 1.06 550 82.3 2.2 1.6 

1:4 – 1.80 507 141.1 1.5 – 

1:4 0.1 1.63 503 139.0 1.5 – 

1:4 0.2 1.57 508 114.2 1.5 – 

1:4 0.3 1.5 470 134.0 1.6 – 

1:4 0.4 1.43 470 125.1 1.7 – 

 
The study showed that the air-entraining admixture SWR in 

the amount of 0.3–0.4% of the mass of Portland cement 
significantly reduces water consumption in vermiculite 
concrete mixture: for mixture volume ratio 1:2 – up to 12.5%; 
for mixture volume ratio 1:3 – up to 24%; for mixture volume 
ratio 1:4 – up to 26% (Table 4). The air-entraining admixture 
SWR reduces the average density of vermiculite concrete by 
35–60 kg/m3 (4–9%). At the same time, the compressive and 
flexural strength of vermiculite concrete with and without 
admixtures remain practically unchanged for 28 days. 

Table 5 shows the effect of replacing part of Portland 
cement with cinder on the physico-mechanical properties of 
vermiculite concrete to reduce the consumption of Portland 
cement in vermiculite concrete and to enhance its heat-resistant 
properties. 

TABLE V.  EFFECT OF REPLACING PART OF PORTLAND CEMENT WITH 

CINDER ON THE PROPERTIES OF VERMICULITE CONCRETE 
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1:2 – 0.9 765 68.4 4.6 2.6 

1:2 5 0.9 769 71.0 4.6 2.5 

1:2 10 0.88 765 73.4 4.5 2.4 

1:2 15 0.91 773 74.2 4.5 2.4 

1:2 20 0.89 742 75.8 4.2 2.3 

1:2 30 0.93 691 80.7 3.2 2.1 

1:2 40 0.96 691 86.4 3.1 1.7 

1:3 – 1.35 605 105.8 2.2 1.4 

1:3 10 1.34 605 102.5 2.0 1.2 

1:3 20 1.35 585 108.0 1.7 1.2 

1:3 30 1.40 562 115.3 1.6 1.0 

1:3 40 1.40 562 120.8 1.0 0.8 

 

The fire-resistant properties of the proposed compositions 
of vermiculite concrete composites with cinder and SWR were 
studied (Fig. 1). 

 
Fig. 1. Temperature changes on the unheated surface of specimens without 

thermal insulation during fire tests: 1 is 20 mm thick ferrocement layer; 2 

is 20 mm thick layer of ferrocement and 15 mm thick layer of vermiculite 

concrete at a ratio of 1:2; 3 is similar composition at a ratio of 1:3; 4 is 
similar composition at a ratio of 1:4; 5 is 20 mm thick ferrocement layer 

and 20 mm thick layer of vermiculite concrete at a ratio of 1:3.  

The study showed high fire resistance of the ferrocement 
component with a fire-resistant layer of vermiculite concrete. 
For example, based on heating of the unheated surface by more 
than 160°C, the fire resistance of ferrocement with 15 mm thick 
layer of vermiculite concrete (1:3) was 90 minutes. 

In further studies, the effective fire-resistant gypsum 
concrete composites were produced using the following 
materials: semi-aquatic gypsum; calcium air lime; exfoliated 
vermiculite; volcanic tuff sawing waste of Zayukovsky deposit; 
surface-active air-entraining admixture SWR (Table 6). 

TABLE VI.  MAIN PHYSICO-MECHANICAL PROPERTIES OF THE 

GYPSUM LIME VERMICULITE CONCRETE COMPOSITE  
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1 2 3 4 5 6 7 8 9 10 

1 41.3 13.7 15.2 29.8 – 1.25 760 1.55 1.1 

2 41.3 13.7 15.2 29.8 0.05 1.2 750 1.55 1.1 

3 41.3 13.7 15.2 29.8 0.1 1.15 740 1.6 1.05 

4 41.3 13.7 15.2 29.8 0.15 1.1 725 1.65 1.1 

5 41.3 13.7 15.2 29.8 0.2 1.1 720 1.65 1.1 

6 41.3 13.7 15.2 29.8 0.25 1.08 715 1.6 1.05 

7 41.3 13.7 15.2 29.8 0.3 1.08 715 1.60 1.05 

8 35.8 11.9 13.2 39.1 – 1.55 570 0.75 0.55 

9 35.8 11.9 13.2 39.1 0.05 1.5 570 0.75 0.55 

10 35.8 11.9 13.2 39.1 0.1 1.45 560 0.8 0.55 

11 35.8 11.9 13.2 39.1 0.15 1.35 540 0.85 0.6 

12 35.8 11.9 13.2 39.1 0.2 1.3 540 0.85 0.6 

13 35.8 11.9 13.2 39.1 0.25 1.25 535 0.85 0.55 

14 35.8 11.9 13.2 39.1 0.3 1.25 535 0.8 0.55 
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The developed compositions with similar density and 

compressive strength of the fire-resistant concrete can 

significantly reduce the consumption of gypsum. The use of 

quicklime as a causative agent of latent hydraulic activity of tuff 

sand makes it possible to reduce the consumption of gypsum by 

26.3–30.6% without reducing the strength of fire-resistant 

concrete. In addition, the setting time is slowed down, and the 

coefficient of water resistance of gypsum concrete composites 

increases when the content of the surface-active admixture 

SWR is 0.15–0.2% of the binder mass, water consumption in 

the mixture significantly decreases, the average density of the 

concrete composite decreases by 30–40 kg/m3. After 28 days, 

the strength properties of the gypsum lime vermiculite concrete 

composite with and without admixtures remain practically 

unchanged. 

Figure 2 presents the test results on the fire resistance of 

ferrocement slabs with a fire-resistant layer of the gypsum lime 

vermiculite concrete composite. 

 
Fig. 2. Experimental curves of temperature changes on the unheated surface 

(a) and at the level of the woven mesh (b) of two-layer ferrocement 

specimens: 1, 3 – gypsum vermiculite concrete composites with an 

average density of 750 kg/m3 and 560 kg/m3, respectively, with 15 mm 
thick layer; 1*, 3* - similar thickness of 25 mm; 2, 4 – gypsum lime 

vermiculite concrete composites with an average density of 720 kg/m3 and 

540 kg/m3, respectively, with 15 mm thick layer; 2*, 4* - similar thickness 

of 25 mm. 

Figure 2 shows that the developed gypsum lime vermiculite 

concrete composites ensure higher fire resistance of reinforced 

cement slabs compared to gypsum vermiculite tuff concrete 

ones. This is due to the formation of the tobermorite group of 

hydrosilicates, iron wollastonite and allophane, which have 

higher heat-resistant properties compared to calcium sulphate 

dihydrate. In addition, SWR makes the gypsum lime 

vermiculite tuff concrete composite air-entrained, which 

contributes to the improvement of fire-resistant properties. 

Compositions with an average density of 540 kg/m3 exhibit the 

highest fire-resistant properties. 

The study of vermiculite concrete composites was carried 

out using volcanic ash and air-entraining admixture SWR. 

Table 7 summarizes the results obtained. 

TABLE VII.  PROPORTION OF COMPONENTS IN THE MIXTURE AND 

PHYSICO-MECHANICAL PROPERTIES OF VERMICULATED CONCRETE 

COMPOSITES  
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1 2 3 4 5 6 7 8 9 10 

1 71.9 29.1 – – – – 750 6.2 2.7 

2 50.3 29.1 21.4 – – – 762 5.9 2.5 

3 22.5 28.3 25.8 22.5 0.9 – 750 6.0 2.4 

4 22.5 28.3 25.8 22.5 0.9 0.1 720 6.2 2.6 

5 22.5 28.3 25.8 22.5 0.9 0.2 710 6.15 2.5 

6 22.5 28.3 25.8 22.5 0.9 0.3 710 6.0 2.4 

7 62.1 37.9 – – – – 595 2.9 1.6 

8 43.5 37.9 18.4 – – – 600 2.7 1.5 

9 19.6 38.1 21.9 19.6 0.8 – 590 2.8 1.4 

10 19.6 38.1 21.9 19.6 0.8 0.1 570 2.9 1.35 

11 19.6 38.1 21.9 19.6 0.8 0.2 560 2.8 1.3 

12 19.6 38.1 21.9 19.6 0.8 0.3 540 2.7 1.2 

13 56.2 43.8 – – – – 500 1.8 0.65 

14 39.3 43.8 16.7 – – – 510 1.7 0.6 

15 17.9 44.3 19.2 17.9 0.7 – 500 1.7 0.65 

16 17.9 44.3 19.2 17.9 0.7 0.1 480 1.8 0.7 

17 17.9 44.3 19.2 17.9 0.7 0.2 470 1.7 0.6 

18 17.9 44.3 19.2 17.9 0.7 0.3 460 1.6 0.5 

 
Table 7 shows that the proposed compositions with less 

consumption of Portland cement and less density have the 
compressive and flexural strength equal to those in the control 
compositions, which is due to the porosity and hydraulic 
activity of volcanic ash, as well as the SWR air entrainment. 
The use of quicklime and gypsum as a causative agent of latent 
hydraulic activity of volcanic ash significantly reduces the 
consumption of cement without reducing the strength of the 
fire-resistant composite. The introduction of the surface-active 
admixture SWR in the amount of 0.1–0.3% of the binder mass 
significantly reduces water consumption in the mixture. The 
average density of the concrete composite is reduced by 40–50 
kg/m3.  

The developed vermiculite concrete composites with 
volcanic ash have disadvantages such as brittleness, and 
relatively low flexural and compression strength. The effect of 
reinforcement parameters of basalt fibers on their properties 
using a rotatable plan of the second order of the type of regular 
hexagon was investigated to obtain composites with the 
improved strength and fire-resistant properties.  

444

Atlantis Highlights in Material Sciences and Technology (AHMST), volume 1



Table 8 presents the composition of the initial concrete 
matrix and its physico-mechanical properties for reinforcement 
with basalt fibers. 

TABLE VIII.  PROPORTION OF COMPONENTS IN THE MIXTURE AND 

PHYSICO-MECHANICAL PROPERTIES OF VERMICULATED CONCRETE COMPOSITE 
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19.6 38.1 21.9 19.6 0.8 0.1 570 2.8 1.4 

 
The main parameters of dispersed reinforcement were 

studied: 
1

X is percentage of volume reinforcement 
v %; 

2
X is 

the ratio of fiber length to its diameter dl . The following 

parameters were considered as optimization ones: 
1

Y  

compressive strength Rb, MPa; 
2

Y  is flexural strength Rf, MPa. 

Table 9 presents the experiment matrix. 

TABLE IX.  EXPERIMENT MATRIX 

No. Full-scale 

variables 

Experiment level 

1
x  

2
x  1

X  
2

X  2

1
X  2

2
X  

21
XX  

1 0.30 1444 -1 0 +1 0 0 

2 0.9 1444 +1 0 -1 0 0 

3 0.75 2221 +0.5 +0.87 +0.25 +0.75 +0.43 

4 0.75 667 +0.5 -0.87 +0.25 +0.75 -0.43 

5 0.45 2221 -0.5 +0.87 +0.25 +0.75 -0.43 

6 0.45 667 -0.5 -0.87 +0.25 +0.75 +0.43 

7 0.6 1444 0 0 0 0 0 

 

The following regression equations in the encoded form are 

obtained after processing of the experimental data: 

2 23,6 0,2 0,3 0,9 0,12 ;
1 1 1 2 1 2

2 22,6 0,2 0,65 0,65 .
2 1 1 2

Y X X X X X

Y X X X

    

   

 

According to the regression equations, the response surfaces 
are constructed (Fig. 3). 

Analysis of the obtained equations and response surfaces 
showed that the highest values of compressive strength can be 

observed in the plan area for 0,35 0,65%    and 1444l
d
 , and 

those of flexural strength are observed for 0,6 0.85%   and

1444l
d
 . A further increase in the reinforcement proportion 

leads to a decrease in strength, which is due to violation of the 
structure of fiber vermiculite concrete composites. 

Further studies were aimed to investigate the fire-resistant 
properties of fiber vermiculite concrete composites using 
volcanic ash (Fig. 4). 

As can be seen in Figure 4, the developed fiber vermiculite 
concrete composites ensure higher fire resistance of 
ferrocement slabs compared to cement vermiculite concrete. 
This is due to better integrity of the fire-resistant layer when 
exposed to high temperatures as a result of dispersed 
reinforcement with basalt fibers. In addition, SWR makes fiber 
vermiculite concrete composites air-entrained, which 
contributes to the enhancement of fire-resistant properties. 
Compositions with an average density of 480 kg/m3 exhibit the 
highest fire-resistant properties. 

 

Sunflower

Rb, MPa

Rf, MPa

 
Fig. 3. Response surfaces: Rb is compressive strength, MPa; Rf  is flexural 

strength, MPa; l d is the ratio of fiber length to its diameter; v is 

percentage of volume reinforcement. 
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Fig. 4. Experimental curves of temperature changes on the unheated surface 

(a) and at the level of the woven mesh (b) of two-layer ferrocement 
specimens: 1, 4, 7 are cement vermiculite concrete with an average 

density of 500 kg/m3, 595 kg/m3and 740 kg/m3, respectively; 2, 5, 8 are 

vermiculite concrete composite with an average density of 480 kg/m3, 570 
kg/m3and 730 kg/m3, respectively; 3, 6, 9 are fiber-vermiculite-concrete 

composite with an average density of 470 kg/m3, 560 kg/m3and 720 

kg/m3, respectively 

IV. CONCLUSION 

Thus, the compositions of fire-resistant vermiculite concrete 
composites were developed using silica components (cinder, 

tuff sand and volcanic ash) for fire protection of building 
structures. The introduction of the admixture SWR into the 
vermiculite concrete mixture improves its rheological 
characteristics and reduces the average density of the 
composite. Up to 20–25% of the mass of Portland cement can 
be replaced by cinder, tuff sand and ash without significant 
deterioration of the properties of vermiculite concrete. 
Dispersed reinforcement of cement vermiculite concrete with 
basalt fibers increases the strength and fire-resistant properties 
of the initial matrix. The highest values of compressive strength 

are found in the plan area for 0,35 0,65%    and 1444l
d


, and those of flexural strength  can be observed for

0,6 0.85%    and 1444l
d
 .  

References 
[1] T.A. Hezhev, A.V. Zhurtov, A.S Tsipinov, S.V Klyuev, “Fire-

resistantfibre reinforced vermiculite concrete with volcanic application”, 
Magazine of Civil Engineering, vol. 80, iss. 4, 2018, pp. 181–194. 

[2] T.A. Khezhev, A.V. Zhurtov, G.N Hadzhishalapov, “Heat-resistant 
cement composites using volcanic pumps and vermiculite”,  Materials 
Science Forum, vol. 931 (IMS), pp. 489–495, 2018. 

[3] Ye.N. Mitrofanov, The Ferrocement. Leningrad, 1973, p. 208. 

[4] P.P. Gedonov, V.S. Spirana, “Cement-vermiculite plaster solutions for 
residential and public buildings, Building materials based on vermiculite, 
toxins and evils”. Collection of works UralNIIStromproekt, pp. 24–30, 
1975. 

[5] I.G. Romanenkov, F.A. Levites, Fire Protection of Building Structures. 
Moscow: Stroyizdat, 1991, p. 320. 

[6] K.N. Dubenetsky, A.P. Pozhnin, Vermiculite. Leningrad: Stroyizdat, 
1971, 175 p. 

[7] K.N. Dubenetsky, A.P. Pozhnin, Yu.M. Tikhonov, “Advanced Insulating 
Material”, Fire Business, no. 6, pp. 30–31, 1967. 

[8] S.L. Akhnazarova, V.V. Kafarov, Experimental Optimization Techniques 
in Chemical Technology. Moscow: Higher School Publishing House, 
1985, 327 p. 

[9] V.V. Karpov, A.V. Korobeynikov, V.F. Malyshev, V.A. Frolkis, 
Mathematical processing of the experiment and its planning. Moscow: 
Manual, ASB Publishing House, 1998, 100 p. 

[10] V.B. Nalimov, G.I. Golikova, Logical Foundations of the Experiment 
Planning. Metallurgy Publishing House, 1976, 128 p. 

[11]  

446

Atlantis Highlights in Material Sciences and Technology (AHMST), volume 1




