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Abstract The results of a study of the content of natural radionuclides (NRN)
(226Ra, 232Th, 40K) and technogenic 137Cs in soil samples formed on red-brown
clays collected at the period of time from 1927 to 2017 are presented. Soil sections
were laid on the territory of the «Kamennaya Step’» wild life sanctuary and the
island oak grove “Shipov Les” under three types of land: arable land, fallow and
forest (forest protection belt. For the first time, data on the specific activity of NRN
(226Ra, 232Th and 40K) was obtained in the soils of the “Kamennaya Step™” wild
life sanctuary and the island oak forest “Shipov Les” before the first nuclear tests
(before 1954). The highest specific activity of NRN, as well as technogenic 137Cs,
is observed in soils under forest, and the lowest: for radium-226 and cesium-137 in
arable soils, and thorium-232 and cadium-40 in fallow soils. 137Cs was found in
modern soil samples (0-20 cm), as well as in the 1962 sample (at a depth of 0-5 cm).
Its specific activity varies in the range of 26.9-124.4 Bg/kg, with the highest content
in soils under forest.
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1 Introduction

Cosmic radiation and radiation of natural radionuclides contained in soil, water and
air constituted the natural background radiation before 1950s. In connection with
nuclear tests for military purposes in the second half of the XX century, technogenic
radioactive contamination has become one of the most pressing environmental prob-
lems. Regardless of the source of pollution, it always appears in the soil. Currently,
considerable factual material has been accumulated on the radioactive contamina-
tion of soils in Russia and the world [1, 2]. However, this data is either strongly
averaged and does not take into account territorial features (relief, landscape auto-
morphism/hydromorphism, type of land, etc.), or relates to specific soils and regions
without taking into account the lithological types of parent rocks (PP)—carriers of
radionuclides [3-5].

Bioresource collection (BRC) of soil monoliths (SM) of the Central Museum of
Soil Science named after V.V. Dokuchaev (CMSS) provides a unique opportunity to
study environmental pollution of soils, the content of natural radionuclides (NRN)
in soils under different types of land, as well as spatial and temporal variability. SM
is a volumetric soil prism of an undisturbed structure with standard dimensions of
100 x 20 x 5 cm.

The purpose of this work is to study the content of NRN (**°Ra, 2*2Th, 4°K) and
technogenic *’Cs in soils sampled from 1929 to 2017 in the Voronezh region using
the Bioresource collection of the CMSS.

2 Materials and Methods

The objects of this study were soils of different sampling periods from 7 SM and 4
sections, taken in 1929, 1947, 1952, 1960, 1970, 2011, and 2017 and included in the
BRCCMSS.

Radionuclides were studied in the soils of the Voronezh region on the territory
of the “Kamennaya Step’” wild life sanctuary under three types of land: arable land
(3 sections), protective forest belt (2 sections) and fallow (4 sections), as well as on
the island oak grove “Shipov Les” (2 sections). The classification diversity of soils
is represented by 4 taxonomic types [6]: chernozems (points 768, 926, 767, 1001,
1.11, 2.11), chernozems aric (points 718, 969, 3.11) in the “Kamennaya Step’”, as
well as molic umbrisols (point 746) and umbrisols (point 6.17) in “Shipov Les”. All
soils are formed on red-brown clays.

The “Kamennaya Step’” wild life sanctuary is a unique object that has been
studied by specialists of various profiles for over a century. At the initial stage, the
area was comprehensively and versatile explored by an expedition headed by V.V.
Dokuchaev. The natural features of the “Kamennaya Step’” reflect the specificity of
the Chernozem region. There are developed soils that form under meadow-steppe
and steppe vegetation on carbonate red-brown clays. The plowing of the territory



Content of Radionuclides in Soils of the Voronezh Region 3

began with the settlement of the area in the eighteenth century. The protective forest
belt in the sanctuary was created in 1903 to combat drought, and the fallow—in 1912
to study the dynamics of vegetation without the influence of economic activity [7].

The “Shipov Les” is the largest insular oak forest in the Chernozem zone, located
on the right bank of the river Osered. The forest was intensively cut down for ship-
building purposes. In 1848, its first forest inventory was carried out and systematic
forest management began. Modern old-growth stands are the second coppice genera-
tion of oak, and young and middle-aged stands are the third. In the “Shipov Les”, soils
are formed on carbonate-free red-brown clays with minimal anthropogenic impact
compared to the “Kamennaya Step’”.

The first nuclear test on the European territory of Russia was carried out in 1954
at the Trotsky test site, 40 km from the city of Buzuluk. In this regard, all soil samples
taken up to this time are conditionally referred to as “clean” — not contaminated with
technogenic radionuclides.

NRN are inherited by soils from SM, and their distribution in the profile is related
to soil processes, pH value, amount of fine fraction (fraction < 0.01 mm) and humus
[8,9].

Samples from SM and sections were taken layer by layer from depths of 0-5,
5-10 (or 0-10 cm), 10-20 and 90-100 cm. Sample preparation and subsequent anal-
ysis of the samples were carried out in the same type and according to generally
accepted methods [10]. The specific activity (Ra, Bg/kg) of ERH (**°Ra, 23?Th,
40K) and technogenic '3’Cs was determined in an air-dry sample by gamma spec-
trometry at the All-Russian Research Institute of Radiology and Agroecology. The
measurements were carried out on a GAMMA-1P spectrometer for two measuring
paths with semiconductor detectors made of ultrapure germanium manufactured by
EG&G ORTEC (USA) [11]. Statistical processing of the obtained data was carried
out by the method of descriptive statistics: arithmetic mean (M), standard deviation
(0), coefficient of variation (V) and correlation analysis [12]. Vo was calculated for
the entire set of samples, separately for the samples: soils of “Kamennaya Step’” and
“Shipov Les”; timing of sampling (soils sampled before 1954 and after); by depths
of sampling (taking into account the type of land). Based on the literature data and
statistical processing of the obtained material, V, exceeding 30% was taken as an
indicator of the inhomogeneity of R4 of natural radionuclides (NRN) [1]. Correla-
tion relationships were considered significant for a sample of 43 samples at r > 0.3
(tr sheoretical = 2.02 and confidence level 0.95) [12].

3 Results and Discussions

General Characteristics of Soils. All soils are characterized by a heavy particle size
distribution. In the “Kamennaya Step’”, they are light and medium-loamy, and in the
“Shipov Les”, they are heavy-loamy and medium-loamy. Coarse and fine dust and
silt are the predominant fractions of the granulometric composition in all studied
soils. The content of physical clay (<0.01 mm) in soils of the “Kamennaya Step”
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(group I) averages 65.2 + 5.8%, and the silt fraction (<0.001 mm): 32.5 &+ 8.0%
(Table 1). In the soils of the “Shipov Les” (group II), the content of these fractions is
58.0 £ 10.0% and 29.0 = 9.0%, respectively. In the soils of both groups, a lightening
of the granulometric composition in the upper part of the profile (0-20 cm, humus
horizons) is observed in comparison with the SM. The largest difference between
the humus horizons and the SM is observed in the point 969 (26%) and point 746
(27%) soils, and the smallest—in the soils of the “Kamennaya Step’” (points 926,
767, and 3.11). In the upper part of the soil profile (point 718, 746, 969, 1001, 1.11,
2.11, 3.11, and 6.17), the content of the sand fraction (1-0.25 and 0.25-0.05 mm)
reaches 17%.

In accordance with the grouping of D.S. Orlov [13], the humus content in the
upper part of the profile (0—20 cm) of soils of group I is high and very high (Table 1).
The exceptions are soils: point 718 (under arable land) and point 926 (under forest).
In these two soils, the humus content does not exceed 6.1%. The amount of humus
in the soils of the “Kamennaya Step’” varies from 5.6 to 12.8% (M = 8.0 &= 2.3%).
The average humus content in the soils of the “Shipov Les” is higher (M = 9.3 £
7.6%) than in the soils of group I, with a wider range—from low (3.3%) to very
high (17.9%). In PP samples, the amount of humus varies within 0.3—1.6%, with the
highest amount in the soil under the forest (point 2.11).

The soils of group I have a neutral and alkaline reaction of the environment, and
soils of group II are slightly acidic and neutral. In all soils, with the exception of the
modern soil from “Shipov Les” (point 6.17), the pH values in the upper part of the
profile are lower in comparison with the parent rock. The pH at a depth of 90-100 cm
varies between 7.8-8.4 in the “Kamennaya Step’” and 6.5-6.6 in the “Shipov Les”.

The Content of Radionuclides. Radium-226. The range of specific activity (Ry)
?26Ra in the soil samples of the Stone Steppe is wider (7.5-59.5 Bg/kg) than in the
soils of the “Shipov Les” (23.7-41.4 Bq/kg), with a higher average Ry in the latter
(Table 1). The range in soil samples taken before 1954 turned out to be narrower
(7.5-35.0 Bg/kg), and the average Rp value is lower (M = 20.4 £+ 8.8 Bg/kg) in
comparison with soils sampled after 1954. The lowest average content is observed
in soils under arable land. In soils under fallow and forest, the average R values are
similar.

In samples from SM of “Kamennaya Step’”, Ry of radium-226 is less (7.5—
31.9 Bg/kg, M = 19.1 £ 7.4 Bg/kg) than in the “Shipov Les” (26.0-34.4 Bqg/kg,
M = 30.2 £ 5.8 Bq/kg). This nature of the radium content is retained in the humus
horizons (0-20 cm) of soils at wider ranges: 7.6-59.5 Bq/kg, M =26.2 + 11.5 Bg/kg
for group I and 28.3—41.4 Bg/kg, M = 31.0 £ 7.6 Bg/kg—group II. The average R
of radium-226 in the humus horizons is higher than in the SM for the soils of both
groups, with a minimal (insignificant) difference between the values in the soils of
group II.

The coefficient of variation (V) for 2?°Ra exceeded the 30% threshold in almost
all considered samples. It was below 30% only for soils sampled after 1955 (total
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sample, depths 0—10 and 10-20 cm), in soils under fallow at a depth of 90-100 cm
and soils under forest (total sample, depths 0—10 and 10-20 cm).

Thorium-232. The range of 23>Th content in samples from “Kamennaya Step’” is
wider (17.0-59.1 Bg/kg) than in samples from “Shipov Les” (38.0-63.9 Bg/kg),
with a higher average R value in soils of group II (Table 1). The Ra range of the
radionuclide in soil samples taken before the first nuclear tests is narrower (25.5—
59.1 Bg/kg) than in soils collected after 1954 (17.0-63.9 Bg/kg). At the same time,
the average radionuclide content in soils of group I, soils before 1954 and modern
soils are similar (the difference does not exceed 3.5 Bqg/kg) (Table 1). In the soils
of the “Shipov Les”, the average Ry is significantly higher. According to the type
of land, the lowest average content is observed in soils under fallow lands, and the
highest in soils under forest.

The Ry of thorium-232 in SM samples from the “Kamennaya Step’” varies in
a wider range than in samples from “Shipov Les” (24.3-48.4 Bq/kg, M = 37.4
4 10.3 Bg/kg and 45.0-63.9 Bg/kg, M = 54.5 + 11.6 Bg/kg, respectively). The
average specific activity is lower in soils of group I. This character of the content
of thorium-232 is retained in the humus horizons: 17.0-59.1 Bg/kg, M = 39.9 +
11.2 Bg/kg and 38.0-55.5 Bg/kg, M = 46.7 & 13.9 Bg/kg, respectively. In the soils
of the “Kamennaya Step’”, the higher average R, is confined to the humus horizons,
and in the soils of the “Shipov Les”, on the contrary, to the parent rock.

The calculation of V, for 2*>Th showed an excess of the 30% threshold only in
the samples: modern soils (the entire population and depth of 0-5 cm), fallow (total
sample and depth of 0—10 cm) and arable (90-100 cm depth) soils.

Potassium-40. The range of Ro*K in soil samples of group I is wider (154—
728 Bg/kg) than in group II (591-830 Bg/kg). The average radionuclide content
is higher in the soils of the “Shipov Les” (Table 1). The ranges and mean values of
RA*K in soils of different sampling periods (before and after 1954) are close. In
absolute terms, in soils sampled before the first nuclear tests, the range is narrower,
and the average content is higher (290-728 Bq/kg, M = 556 & 118 Bg/kg) than in
modern soils (154-740 Bg/kg, M = 514 + 154 Bq/kg). The lowest average content
of potassium-40 is observed in soils under fallow lands, and the highest in soils under
forest.

299

In samples from SM of “Kamennaya Step’”, the range of Ry*°K is wider, and
the average content is lower (290-517 Bq/kg, M = 440 £ 74 Bqg/kg) than in the
samples from “Shipov Les” (591-740 Bg/kg, M = 666 £ 90 Bg/kg). In the humus
horizons of group I, the range is wider, and the average content is lower than in the
“Shipov Les”: 154-728 Bqg/kg, M = 528 £ 135 Bqg/kg and 593-830 Bg/kg, M =
686 £ 101 Bg/kg, respectively. The average specific activity of potassium-40 in the
humus horizons is higher than in the SM. The difference between the average R in
humus horizons and SM in the soils of the “Shipov Les” is only 20 Bq/kg.

V, by “K exceeds the indicator by 30% only in 2 samples: Soil samples taken
after 1955 from a depth of 10-20 cm and fallow soils (samples from a depth of
0-10 cm).
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Fig.1 The specific activity of 137Cs in the humus horizons* of the studied soils. * The graph shows
data only for samples in which 137Cs was detected

Cesium-137. The technogenic radionuclide was found only in modern soils (2011
and 2017) at a depth of 0-5, 5-10 (or 0—10) and 10-20 cm, as well as in the soil from
the “Shipov Les” of 1962 (point 746) at a depth of 0-5 cm (Fig. 1). The activity of
the radionuclide in this sample is one of the lowest. The range of Ry 137Cs varies
within 26.9—124.4 Bq/kg (M = 66.1 & 35.3 Bg/kg), while the soil from the “Shipov
Les” (point 6.17) has the highest R compared to all soils, see Fig. 1.

Calculation of V,, in samples in which the content of technogenic '*’Cs was noted
showed significant spatial heterogeneity for the entire set of data (53.4%) and for a
depth of 0-10 cm (40.9%). At a depth of 10-20 cm, it is below 30%. In soils under
forest, V, is the highest—58.2%. V,, in fallow and arable soils is less than 30%.

4 Discussion

The study of R4 NRN in various types of soils of the “Kamennaya Step’” and “Shipov
Les” is a difficult task due to the peculiarities of the conditions of soil formation and
anthropogenic impact on them. Soils, with a close location of the study areas and the
same genetic type of SM, differ in the content of NRN.

The relationship between the content of NRN and the fractions of the granulo-
metric composition is manifested in 2 aspects: firstly, the mineralogical composition
is associated with the granulometric composition—a potential carrier of NRN, and
secondly, the sorption capacity is associated with it. Coarse fractions (physical sand)
are represented by primary minerals, and silty fractions are secondary clay minerals—
the main sorbents of the NRN [3, 8]. The content of NRN in soils correlates with



8 E. Mingareeva et al.

the fractions of the granulometric composition. A significant inverse relationship for
226Ra was revealed only with a fraction of 1-0.25 mm (r = —0.35), 232Th with a
fraction of <0.001 mm (r = —0.31), and 40K with <0.01 mm (r = —0.31). For radium-
226 and potassium-40, a non-linear relationship was also noted with the content of
fractions 0.05-0.01 mm (power-law, r = 0.41; linear, r = 0.26) and silt (logarithmic,
r = —0.30; linear, r = —0.29), respectively. A direct relationship between the RA
of thorium-232 and potassium-40 was noted with the coarse dust fraction (r = 0.31
and 0.57, respectively). A good illustration of the relationship is the combination of
particle size distribution and RA NRN in soils in the graph (Fig. 2, 3, 4).

Soils under the fallow: Nos. 1-4—point 768 (1929), samples 0-5, 5-10, 10-20
and 90-100 cm; 5-8—point 767 (1947); 9—12—point 1001 (1970); 13—15—point
1.11 (2011), samples 0-10, 10-20 and 90-100 cm. Soils under arable land: 16—
19—point 718 (1929); 20-23—point 969 (1952); 24-27—point 3.11 (2011). Soils
under forest: 28-31—point 926 (1947); 32-35—point 2.11 (2011); 36-39—point
746 (1962); 40-42—point 6.17 (2017).

The distribution of radionuclides in the soil profile is associated with soil acidity.
According to [8, 14, 15], the strongest sorption of 232Th is observed in soils with
neutral and weakly alkaline medium reactions, and the least in acidic ones. The reac-
tion of the environment in the studied soils varies over a wide range (5.6-8.4). It is
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Fig. 2 Specific activity of 226Ra in soils and the content of the main fractions of particle size

composition and humus. * The scatter of the values indicated on the histograms characterizes the
value of the standard deviation calculated for the population of data for a particular horizon
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Fig. 4 Specific activity of 40K in soils and the content of the main fractions of particle size
composition and humus

associated with the presence of carbonates in the SM and soil processes. Calcula-
tions of the correlation relationships between R4, NRN and pH showed a significant
relationship for ?°Ra (r = —0.40) and *°K (r = —0.33). No significant relationship
was found for 2*2Th. Probably, this is due to the fact that all the samples under study
have a pH above 3.5 [9].
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Humic substances affect the NRN activity by sorption and the formation of
organic-mineral complexes. They either themselves are collectors of radionuclides,
or act as sorbents and form mobile compounds with them [8]. In their presence, the
mobility increases and the efficiency of radium absorption decreases, complexation
of thorium with organic ligands takes place [8]. Probably, this is due to the ratio
of humic acids and fulvic acids in humus. Humic acids are soluble in alkalis and
inactive, while fulvic acids are soluble in water and easily migrate along the profile.
The soils of the “Kamennaya Step’” are characterized by the humate type of humus,
and the “Shipov Les” is of the fulvate-humate type [16]. A significant relationship
(direct) between the humus content and R4 NRN is noted only for radium-226 (r =
0.45). This can be explained by the fact that ??°Ra is present in nature in a dispersed
state and is practically not included in the composition of individual minerals, and
in soils it has the greatest migration ability [3, 8, 9].

Comparison of data on ranges and average values of activity in the studied soils,
sampled before and after 1954, with the data given in Sources and Effects of lonizing
Radiation (**’Ra—average specific activity 35 + 4 Bq/kg, with a typical range of
17-60 Bq/kg; >Th—30 + 3 Bg/kg, 11-64 Bg/kg; 40K—400 + 24 Bq/kg, 140
850 Bg/kg) [1, 5], showed a difference only in average R,. Thus, the content of 2>°Ra
in the studied soils is lower, while *>Th and *’K are, on the contrary, higher.

The soils sampled before the first nuclear tests have narrower ranges of NRN
content compared to those taken after 1954.The difference in the average values of
R, between soils of different sampling periods for >?°Ra is 9.9 Bq/kg, 232Th—
3.1 Bg/kg, and “°K—42 Bq/kg. The difference in the average R,?*’Th and *°K for
the soils sampled before and after 1954 is within the limits of o. The soils sampled
before 1954 have V,; > 30% only in terms of the radium-226 content (Vo = 43.4%).
In modern soils (sampled after 1954), V, in *Ra decreases (33.7%), while >*Th
(32.7%) and “°K (29.9%), on the contrary, increases.

According to the content of NRN in soils under different types of land, the
following features are noted. The highest average R,?*°Ra is characteristic of soils
under forest, and the lowest, under arable land. At the same time, the average content
in soils under fallow and arable land is similar. The highest average R, 2*>Th and
40K is also observed in soils under forest, but the lowest for fallow lands. Probably,
this is due to the removal of NRN and other elements in arable soils, a change in the
type of humus from humate to fulvate-humate in soils under protective forest belts
and the restoration of natural processes in fallow soils [3, 8, 9, 14-16].

The average content of the technogenic radionuclide '*’Cs changes in the same
sequence as that of ?°Ra. Its widest range, as well as the highest content, is noted
in soils under forest (M = 74.2 + 43.2, 26.9-124.4 Bq/kg), and the lowest—under
arable land (M = 40.7 £ 7.3, 36.1-47.7 Bq/kg). The soils under the fallow occupy
an intermediate position (M = 60.5 £ 16.8, 46.2-74.8 Bq/kg). This may be due to
the return of the technogenic radionuclide with litter in the forest and its constant
removal with agricultural products.



Content of Radionuclides in Soils of the Voronezh Region 11

5 Conclusion

For the first time, data on the specific activity of NRN (*?Ra, 2*>Th and *°K) was
obtained in the soils of the “Kamennaya Step’” reserve and the island oak forest of
“Shipov Les” before the first nuclear tests (before 1954): 226Ra:20.3 + 8.8 (7.5-35.0)
Ba/kg;

22Th;: 42.5 £ 10.6 (25.5-59.1) Bg/ke;
0K 556 + 118 (290-728) Ba/ke.

EED)

The specific activity of NRN in the studied soils of the “Kamennaya Step’” (cher-
nozems and chernozems aric) and “Shipov Les” (molic umbrisols and umbrisols)
differs from the averaged data (without division into genetic soil types) given in the
report “Sources and effects of ionizing Radiation” [1, 5]. The soils of the “Kamen-
naya Step’” reserve differ most strongly in radium, and the soils of the “Shipov Les”
oak forest differ in thorium and potassium.

Comparison of the average RANRN in the upper part of the soils (0-5, 5-10 or
0-10 and 10-20 cm) and in the parent rock (90-100 cm) revealed a higher content
of NRN in the upper part of the profile in the soils of the “Kamennaya Step’”. In
the soils of the “Shipov Les”, the difference between humus horizons and SM is
insignificant (within o) for 2?Ra and *°K. The specific activity of 2*?Th is higher in
SM.

Comparison of the NRN content in soils sampled before and after 1954 showed a
higher average R in modern soils only for radium-226. At the same time, in modern
soils, the ranges of all NRNs are wider than in soils sampled before 1954.

The highest specific activity of NRN, as well as technogenic '*’Cs, is noted in
soils under forest, and the lowest: for radium-226 and cesium-137 in arable soils,
and thorium-232 and cadium-40 in fallow soils.

Significant correlations between the NRN content were revealed for 2°Ra with a
humus content (r = 0.45) and a fraction of 1-0.25 mm (r = —0.35), as well as with
pH (r = —0.40). RA>3?Th correlated only with fractions of particle size distribution—
coarse dust (r = 0.31) and silt (r = —0.31). For *°K, significant relationships were
manifested with pH (r = —0.33) and fractions of coarse dust (r = 0.57) and physical
clay (r = —0.31). Nonlinear correlations were found for ?°Ra with coarse dust
(power-law, r = 0.41; linear, r = 0.26) and 40K —with silt (logarithmic, r = —0.30;
linear, r = —0.29).

Technogenic '37Cs was found only in the humus horizons of modern soils (2011
and 2017), as well as in the soil (point 746) from the “Shipov Les”of 1962 selection.
R, "37Cs varies in a wide range of 26.9-124.4 Bq/kg (M = 66.1 + 35.3 Bg/kg), with
the most severe contamination of soils in the Spike Wood (point 6.17).
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Abstract In this article authors discuss a design of static shading that has its aim
to fulfill several important requirements in order to provide a building’s envelope
design optimization. The demonstrated shading system design meets all the necessary
requirements for comfort conditions in the space, that include efficiency of shading
for mitigation of harmful (excessive) solar gains (that may lead to space overheating
and increase in cooling loads) and acceptable amount of useful light entering the
space. To design such static shading authors followed several crucial steps that are
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inside the space under investigation by the use of specific software. The importance
of introduction of digital twin technology to the passive energy-efficient design of
buildings by means of passive control of thermal and visual conditions with the use
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1 Introduction

The nowadays trend of energy-efficient buildings design is driven by the need of
sustainable architectural design that may solve different important environmental
and ecological issues, such as decrease in CO, emission rates, decrease of water and
soils contamination [1-3] that may influence soil hydro-physical properties [4—10]
and many others. Building fagade is the main component that regulates heat and
mass transfer between indoor and outdoor environments, proper design of which is
the key parameter to sustainable energy-efficient design. All the loads, that buildings
are subjected to, such as heating, cooling and ventilation are regulated by building
envelope [11-13].

Based on the orientation of the fagade, curtain wall systems or large glass windows
can be significantly affected by direct solar radiation [14]. Effective daylighting
saves energy and improves the quality of the visual environment; reducing reduces
operating costs and enhancing occupant satisfaction. Daylight can reduce the amount
of electric light needed to adequately illuminate a workspace which as well results
in reduction of energy costs. However, allowing too much light associated with solar
radiation can have a negative effect onto space subjected to light. It may result into
undesirable heat gain that may increase cooling loads [15]. Additionally, uncontrolled
solar radiation greatly affects building loads, as well as the visual conditions in the
occupied zone [16—18]. Thermal and visual discomfort can noticeably reduce the
productivity and well-being of occupants [19]. For this reason, shading device design,
that is aimed to control incoming solar radiation, plays an important role in questions
of reducing harmful solar gains [20].

The issue of optimization of a building’s energy performance draws attention to
new types of interactive and adaptive building envelopes—for example, dynamic
facades [21-23]. However, being such an interesting and promising technology for
lowering the building’s energy consumption as well as regulating indoor comfort, it
still remains a challenge to assess the performance of adaptive facades, leading to
difficulties for efficient design, operation, and maintenance [21, 24-26].

The static shading solar control remains a classical and reliable option, However,
its design is a complex procedure that depends on such parameters as efficiency
of shading for mitigation of harmful solar gains, acceptable amount of useful light
entering the space (visual comfort), structural design of shading bearing structures
(cantilever length), control of thermal bridges and other parameters. In this paper
we introduce a design of static shading that meets all the necessary requirements
for comfort conditions in the space. We followed the workflow that would ensure an
adequate static shading design to meet all the important requirements. In our study
we provide a daylight conditions verification for the designed shading system. The
provided methodology would be useful for designers and engineers in static shading
design.
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2 Materials and Methods

In this section we introduce the climatic conditions and the description of the building
as well as the software that we used in the static shading design workflow.

For the purpose of the analysis of visual performance of shading in terms of DF,
we used IESVE (IES virtual environment) 2017, feature pack 04. IESVE is an in-
depth suite of integrated analysis tools for the design and retrofit of buildings, as well
as the investigation of techniques for energy use optimization of buildings [27].

To analyze weather conditions and sun path, we used Climate Consultant
v.6.0.15. Climate Consultant is a simple-to-use, graphic-based computer program
that helps engineers understand the climatic conditions for the development of energy
optimization strategies. It uses annual 8760 h EPW format climate data [28].

2.1 Building Description

The reference building, where we applied the shading strategy is an office building
with daily operating hours from 8am to 6 pm. It consists of 5 floors, 4 m height
each (measuring from the floor level to the ceiling level). The building has 2 blocks
connected with each other by the tunnel. In Fig. 1 we demonstrate the geometry of the

R | i LTI
o (O] 3 Z117] [H
| (] o [

Facadesfor
shading design

Fig.1 The building geometry and orientation (1 and 2 are correspondent Block numbers, T stands
for tunnel)
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building and indicate the facades to which we are going to apply shading strategies.
These facades perceive the most solar gains being southeast oriented.

Block 1 facade under consideration is oriented south-west with an inclination of
16° to west from south; block 2 facade under consideration is oriented south-west
with an inclination of 46° to west from south.

For the daylight availability inside the building’s spaces estimation we are using
a raw building carcass opening, meaning that no windows are modelled in our
geometry.

2.2 Building Site Climatic Conditions

The building is located in Milan, Italy, that is characterized by humid subtropical
climate or mild temperate climate (Cfa) according to Koppen climates classification
[29]. This climate is characterized by hot and humid summers, and cold to mild
winters. In Fig. 2 we demonstrate the shadow and sun position throughout the year
on the building’s site, we can see that the building site is exposed to direct sun with
very little shadow intersection.

Fig. 2 Sun position and shadow analysis on the building site
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Fig.3 Global and diffuse horizontal radiation hourly data of the site location (based on.epw weather
data)

In the graph present in Fig. 3 we provide global and diffuse horizontal radiation
hourly data, the data is taken from.epw weather data [30].

As we can see from the graph, total solar horizontal radiation average value in the
area of Milano is 147.4 W/m? with maximum of 952 W/m?. The diffused horizontal
solar radiation average value is 73.8 W/m?. The area of Milano perceives a good
amount of solar gains that can be either used in the passive strategies design or
become harmful and lead to the increased demand in cooling loads. This data is
needed for further solar control design.

3 Results and Discussion

In our design we tried to apply shading that will mitigate as much harmful solar
gains as possible respecting the adequate dimension of overhang and vertical fins
from structural point of view and without limiting illuminance parameters for comfort
occupancy of the envelope (daylight factor).

3.1 Block 1 South Facing Facade Shading Design

Block 1 fagade under consideration is oriented south-west with an inclination of 16°
to west from south (see Fig. 1 and discussion in Sect. 2.1). Since the block 1 facade
is mostly south oriented, only horizontal shading devices are necessary to mitigate
harmful solar radiation inside the building.

With the use of Climate Consultant and Sun Shading chart (see Fig. 4) we are
able to calculate the horizontal shading angle that allows us to mitigate harmful solar
gains as much as possible.

In Fig. 4 the harmful solar gains and corresponding number of hours when the
shading is needed is indicated with red dots.
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Fig. 4 Sun shading chart for Block 1 fagade (south-facing fagade) shading design

The bearing angle of our facade is 16° from south to west. To guarantee a minimum
exposure to harmful solar gains inside the building (55° from Fig. 3), it is necessary
to adopt a horizontal overhang of 1.40 m. We decided to incline it by 15° to reduce
its length without affecting the efficiency of the shading system. With this system
we guarantee a mitigation of 90% of harmful solar radiation hours in the Block 1
during fall and summer periods.

3.2 Block 2 South-West Facing Facade Shading Design

Block 2 fagade under consideration is oriented south-west with an inclination (facade
bearing angle) of 46° to west from south. According to Fig. 5, since the facade is
facing south and west, the horizontal and vertical shading devices are necessary to
mitigate solar radiation inside the building.

To cut a considerable amount of harmful solar gains coming from west exposure,
we decided to place vertical fins that would shade solar gains coming from west. We
have to cut solar gains coming from bearing angle of 61° onwards towards west. That
gives us information that we have to shade 15° exposure towards west from facade
bearing angle (46° from Fig. 5).

Asin Sect. 3.1, to guarantee a minimum exposure to harmful solar gains inside the
building (55° from Fig. 5), it is necessary to adopt a horizontal overhang of 1.40 m.
Additionally, from Fig. 5 it is required to place 0.55 m long vertical fins rotated 45°
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Fig. 5 Sun shading chart for Block 2 fagade (south and west-facing fagade) shading design

every 1 m, in this case we are able to cut all the harmful solar gains coming from 15°
west exposure.

Finally, we decided to use 1.2 m overhangs inclined 15°, one per floor, and 0.55 m
long vertical fins rotated 45°, one every 1 m. With this system we guarantee a mitiga-
tion of 90% of harmful solar radiation hours in the Block 2 during fall and summer
periods.

3.3 Tunnel South-West Facing Facade Shading Design

The tunnel fagade under consideration is oriented south-west with an inclination
(facade bearing angle) of 30° to west from south. According to Fig. 6, applying the
same logic as in Block 2 (Fig. 5), the horizontal and vertical shading devices are
necessary to mitigate solar radiation inside the building.

The same as in the cases of Blocks 1 and 2, tom mitigate harmful solar gains
coming from south exposure, we have decided to use 1.2 m horizontal overhangs
inclined 15° one per floor. To mitigate harmful solar gains coming from west expo-
sure, we have decided to use 0.45 m long (in plan) vertical fins inclined 45° from
vertical axes in plan view, one every 1 m. In this case we can manage to cut harmful
solar gains coming from 30° exposure towards west from fagade bearing angle to
mitigate as much solar gains as possible (comes from the analysis of Sun shading
chart on Fig. 6).
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Fig. 6 Sun shading chart for Tunnel fagade (south and west-facing facade) shading design

With this system we guarantee a mitigation of 90% of harmful solar radiation
hours in the Tunnel during fall and summer periods.

In Table 1 we demonstrate the schemes of the designed overhangs on the facades
of Blocks 1 and 2 and Tunnel. Overhang is indicated with red line, the transparent
part of the fagade is indicated with blue line. In Fig. 7 the render of the final shading
system solution is present.

Table 1 Shading systems schemes

Blocks 1, 2 and Tunnel Block 2 vertical fins Tunnel vertical fins
horizontal overhang
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Fig. 7 The render of final shading system design attached to building blocks

3.4 Daylight Performance Verification

The above mentioned steps of static shading system design can be very beneficiary
in terms of energy-efficiency management, especially in cases where the mitigation
of solar gains is a must (climates with very high amount of solar radiation). However,
shading system can drastically influence a visual performance of the internal space
of the building. In order to verify whether our design provides an adequate visual
performance, we performed a simulation to determine if the light inside our building
meets the requirements set by EN12464-1 “Light and lighting. Lighting of work-
places”.

For the sake of daylight performance verification, we use a classical daylight
metric that is called “daylight factor” (DF). The daylight factor is conceived as a
means of rating daylighting performance independently of the actually occurring,
instantaneous sky conditions [31]. It is defined as the ratio of the internal horizontal
illuminance E;, at some arbitrary point in a space to the unobstructed (external)
horizontal illuminance E,,, from a hemisphere of sky [32]. The higher the DF, the
more natural light is available in the room. Equation 1 is the DF expression [33]:

DF = 100 Ein/Eout (1)

Where:

Ein is the internal illuminance at a fixed point,

Eou is the external horizontal illuminance under an overcast or uniform sky, as
defined by the Commission Internationale de 1’Eclairage (CIE).

[34] determines the comfortable range of daylight factor between 2 and 5% for
working/studying activities. If DF is lower than 2, the working space is not adequately
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Fig. 8 DF of the analyzed
space (IESVE presentation)

lit—artificial lighting is required; if DF is over 5—Well lit—artificial lighting gener-
ally not required, except at dawn and dusk—but glare and solar gain may cause
problems.

Our goal was to shade the space from harmful solar gains that are associated with
overheating and visual comfort issues such as glare that are predominant in summer.

DF estimation may provide better idea regarding visual comfort conditions, and
its estimation is present in Fig. 8.

As we can see, with the use of the designed static shading the average daylight
factors inside the offices are in the range of 2 and 5. Hence, we can conclude that the
total average DF is within the acceptable limit.

4 Conclusion

In this paper we introduced a design of static shading that meets all the necessary
requirements for comfort conditions in the space: efficiency of shading for mitigation
of harmful solar gains and acceptable amount of useful light entering the space (visual
comfort). To do so, we followed several crucial steps that could be summarized in a
design workflow:

1. Climatic conditions of building site analysis: for shading design it includes solar
radiation analysis and shading analysis.

2. Sun shading chart analysis to define harmful solar gains and approaches for
their mitigation.

3. Shading design that meets the considerations derived from the analysis
mentioned in steps 1 and 2.

4. Check of daylight availability of the space with the use of designed shading. In
case the daylight availability is insufficient, return to step 2.

Additionally, it is important to mention that in cases where it is difficult to meet
both comfortable thermal conditions and visual comfort by means of static shading
system, it may be considered to apply a dynamic shading system to an envelope.
Dynamic facades respond to an environmental condition change (amount of daylight,
outdoor temperature or other environmental conditions) [35, 36]. To control the
performance of such facade, the adoption of digital twin technology [37] might be
useful. Since the comfort inside the building space is a complex multi-parametric
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problem, the design of a system that might forecast changes that might occur in the
space under consideration is beneficiary. It might help to make decisions that would
ensure thermal and visual comfort of the occupants, which is a question of the further
research on digital twins’ applicability.
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Abstract Currently, there is an acute problem of acquiring agricultural land for the
production, storage and primary processing of agricultural products and determining
the value of these sites. The use of the allocation method to determine the value of
land under production facilities is fraught with a number of difficulties. Based on
this, it is proposed to determine the value of the plot as the sum of the value of the
land plot, calculated according to the value of the surrounding land, plus a certain
amount of added value arising from the synergistic effect of joint investments in the
creation of a single real estate object. Several possible variants of such calculations
were considered in the work. As a result, it was found that the market value of the
land is made up of the market value of the surrounding land (as a complete analogue
of the assessed plot) and a coefficient equal to the rate of return on invested capital.
In this case, the market (in this case—cadastral) value of the acquired land can be
obtained from the results of the assessment of the first type of land use.
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1 Introduction

The third type of permitted use includes agricultural land occupied by buildings,
structures, structures used for the production, storage and primary processing of
agricultural products [1-3].

In the rural industrial real estate market, only single objects are circulating (land
plots with buildings and structures located on them), and the overwhelming majority
of objects are located on the settlements lands. Separate plots for industrial real estate
(outside settlements) are not for sale or offered for sale [4-8].

This situation is easy to explain. In the Samara region, outside the settlements,
there is an excess of agricultural land, which is quite simple to purchase for construc-
tion by objects used for the production, storage and primary processing of agricultural
products. That is, there is a buyer’s market here, which, although dictating prices, is
ready to pay for building land somewhat more expensive than the surrounding area
(agricultural land or non-arable land) [9, 10]. The excess of the land value under
production facilities over the value of surrounding land is ensured by the possibility
of supplying communications, lower transport costs, and the availability of labor. In
this situation, it is also necessary to take into account the influence of a nearby large
settlement [11-15].

There are very few such plots on the open land market (both for sale and for rent)
in the Samara region—single offers of agricultural land for building near large settle-
ments. This implies a low possibility of determining the market value by compar-
ative or income approach. This forces the appraiser to turn to indirect methods for
determining the land market value [16—19].

The use of the allocation method to determine the land value under production
facilities (the value of the building itself is deducted from the value of a single
object, the remainder of the value refers to the land) faces the following difficulties
that cannot be eliminated in the cadastral (mass) valuation:

— establishment of the exact full replacement cost of construction of buildings on the
estimated site (there is no information about the design features of the facilities);
— determination of the exact value of physical and economic wear and tear [20-22].

If we assume that the minimum market value of buildings outside settlements in
rural areas fluctuates in the range of 500—1000 rubles/m?2, then the estimated cost
of the occupied land (for example, in the Bezenchuksky district) in the amount of
2-3 rubles/m? is far beyond the calculation accuracy of both full replacement cost
of construction (PVS) and all types of wear.

2 Methods and Materials

Based on the foregoing, we suggest, it was decided not to use the allocation method
to establish the market value of the third type permitted use land plots.
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In this regard, the following calculation logic is used:

— historically, before the formation of a building or structure, there was free land
(most often near the settlement border);

— on this land, an entrepreneur performed work to create an improvement and a
single object was formed.

Thus, the assessment consists subject of a land plot (part of the surrounding area),
as well as buildings and structures as part of the future business [23].

The owner who provided (sold) a land plot for this object can rightly claim a
part of the future profit, which arises from the synergistic effect when two assets are
added—Iland and improvements [24, 25]. A fair distribution of this asset-sharing gain
can be estimated by the amount the parties contribute to the joint venture [26-29].

Thus, the value of the land plot under the object (improvement) can be estimated
as the sum of the land plot value, calculated from the value of the surrounding land,
plus a certain amount of added value arising from the joint investments synergistic
effect in the single real estate object creation [30, 31].

In addition, abstract-logical and statistical methods were used in the study. In
particular, we used absolute, relative and average values. The research results are
presented in tabular and graphical forms.

3 Results and Discussion

In an active market, the value of the synergistic effect is defined as the difference
between the initial investment in the project and the object selling cost on the market.
In the market absence (i.e., the opportunity absence to sell an object), the synergetic
effect can, in a first approximation, be equated to the entrepreneur’s profit—theoret-
ically, the object being sold should bring some kind of profit, otherwise it was not
worth building.

Calculation of the entrepreneur’s profit. Option 1. The value of the enterprise’s
profit can be calculated by analyzing the economic results of the agricultural enter-
prises activities in the Samara region. According to the official data of the territorial
body of the Federal State Statistics Service for the Samara region on the enter-
prises profitability engaged in agricultural production, the following information
was revealed.

The overall profitability (by the type of activity “Agriculture, hunting, forestry in
2010, taking into account small businesses) is 5%.

The profitability (loss ratio) of non-current assets is 1.4%.

In addition, we studied the annual balance sheets, forms No. 2 and profit and loss
statements for 2008-2010 for a number of agricultural enterprises in the Samara
region.

Based on these documents, the activities of these enterprises were analyzed
and conclusions about profitability were drawn. The return on net assets indicator
reflects the return on capital invested in the company. In fact, this is similar to the
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Fig. 1 Net profit (loss) of the reporting period, thousand rubles

entrepreneurial profit concept. Information on these enterprises is shown on Fig. 1
and 2.

Analyzing the data of balance sheets and profit and loss statements, the enterprises
net assets profitability for 2008-2010 was calculated. From the data on Fig. 1 and
2, it can be seen that enterprises numbered 2, 6, 11, 13, 14, 21 are either clearly
unprofitable, or gross errors were made in the financial statements.

Enterprises numbered 4, 7, 8, 9, 16, 17, 18 have very low profitability. A prudent
entrepreneur with such a profitability will abandon the activity, preferring an alterna-
tive investment of funds, for example, in a bank deposit, which is more profitable and
carries less risks, therefore the analysis includes the following enterprises indicated
on Fig. 3.

The average return on net assets left over for the analysis of the nine businesses
is 27%.

The entrepreneur’s profit (return on net assets) according to the first calculation
method is 27%.
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m JSC "Pavlovsky-Dairy Plant" mJSC "Pestravsky HPP"
= OJSC "Podstepkinsky" = JSC "Russky Pole"
0JSC "Selkhoztekhnika" = OJSC "Sernovodsky elevator"
0OJSC "Surgutsky" OJSC "Chagrinsky elevator"
Chelno-Vershinsky MTS OJSC OJSC "Chelno-Vershinsky elevator"
OJSC "Shentalinsky elevator" JSC "Utevsky HPP"

Fig. 2 Return on net assets, %

Option 2. The magnitude of the entrepreneur’s profit can be determined quite
well according to the scheme proposed by the scientists of the St. Petersburg State
Technical University.

An entrepreneur’s profit scoring scheme, based on the assumption that an investor
hiring a contractor has the ability to invest in another project that has a return certain
rate. At the same time, cash flows representing the costs of acquiring a site, carrying
out construction and full-scale commissioning of an object, in terms of distribution
dynamics over time, coincide with cash flows for an alternative project.

The amount of the entrepreneur’s profit, obtained by this method, satisfies the
principle: it makes sense to invest in new construction only if the profit from the
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Return on net assets,%

m OJSC "Bezenchuksky HPP" m OJSC "Bolsheglushitsky HPP"
u JSC "Borskagrokhimservice”  mJSC "Mukomol"

m JSC "Pestravsky HPP" m JSC "Selkhoztekhnika"
= Chelno-Vershinsky MTS OJSC = OJSC "Chelno-Vershinsky elevator"
JSC "Utevsky HPP" = Average value of profitability

Fig. 3 The average return on net assets

construction project is not less than the profit from an alternative project that has the
same level of risk and the same duration as and new construction [15].
The formula for calculating the entrepreneur’s profit can be calculated:

Y, 2Y, 2 5,
PP=n*7(1+n* 3 + Co 1+§*n *Y)) (D

where PP—the developer’s profit, %;

C,—the share of the advance payment in the total amount of payments;

n—the number of construction years (period);

Y.—the annual rate of return on invested capital.

The construction period n is determined according to Building Codes and Regu-
lations 1.04.03-85 “Standards for the duration of construction and backlog in the
construction of enterprises, buildings and structures”, for an approximately identical
object.

The calculation method for determining the duration of the construction of objects
n is based on the functional dependence of the construction period on the cost of
construction and installation works.

For the main industries, this dependence is expressed as functions:

n=A1/C+AC; @

n=A/C+ As; 3)
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Table 1 Calculation of the investment risk premium

Risk factors Recommended Accrued premium Explanations
premium range
Clientele diversification | 0-4% 2.00% The circle of buyers and

users of real estate is
wide, the risk is not high

Industrial and territorial | 0-3% 3.00% The industry is strictly
diversification tied to the territory, the
range of services is
narrow—the risk is

maximum
Revenues: profitability 0-4% 4.00% In crisis and post-crisis
and predictability periods, the uncertainty

is great, the risk is
maximum i

Financial structure 0-5% 2.50% Depends on the
company, the average is
used

Company size 0-3% 1.50% Depends on the
company, the average is
used

Quality of management | 0-5% 2.60% Affects all areas of
company activity, the
premium is calculated as
the average of the
previous awards

Other risks 0-5% 2.50% Depends on the
company, the average is
used
Total premium 18.10%
n=AC+ A, “4)

where C—the volume of construction and installation work, million rubles, at
prices in effect since 1984;

Ay, Ap—parameters of the equation, determined from statistics.

The ratio of C, is assumed to be 0.50 based on the assumption that the investor
initially advances in construction 50.0% of the work total cost. The annual rate of
return Y, is set at 30%, which roughly corresponds to the estimated capitalization
ratio for similar properties, taking into account the typical investment risks and the
10-year return on capital (Ring method).

The rate of return on invested capital for the construction industry was calculated
on a cumulative basis. In this case, to build the rate, the risk-free rate of return is
taken as a basis, and then premiums for special risks of the activity are added to
it. The long-term GKO-OFZ rate was taken as the risk-free rate, the list and range
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30
25.57
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20 M Risk-free rate
(http://www.cbr.ru/hd_base/)
15 M Risk premium
M Total rate of return
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Fig. 4 Calculation of the rate of return on invested capital

of risk premiums—based on research materials from the Institute for Economic
Development of the World Bank.

Based on the calculations performed, we take the rate of return on invested capital
to calculate the entrepreneur’s profit an in the construction industry at 25.57% (Table
1, Fig. 4).

Both methods of calculating the entrepreneur’s profit magnitude showed similar
results, therefore, for further calculation, we take the average value—26.28%.

Thus, a project each co-investor for the agricultural facility construction can count
on receiving its part of the synergetic effect (equal to the entrepreneur’s profit) in the
amount of 26.28%.

To confirm this assumption, we will carry out two simple calculations of the
construction cost of conditional agricultural production facilities and determine the
share of the synergistic effect attributable to each co-investor.

The cost calculation was performed using Consolidated Indices of Construction
Costs. The aggregated indicators given in the collections are compiled in prices and
rates of the base period—1969.

The calculation is carried out according to the formula:

CC=Cy*VyxlixhxIzx PPxVAT ®))

where: CC—replacement cost (construction cost) at the date of assessment;
C,—the replacement cost of 1 m? of the assessed object in the base period 1969;
V,q—the volume of the evaluated object;

I;—index of the rise in construction and installation costs by 1.01.84—1.2;
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Table 2 Calculation of the cost of building a cowshed

Assessment object

Double row cowshed

Capital group 2
Climatic region 2

Total area of the assessment object, m? 1 000.00
Construction volume of the assessment object, | 4 600.00
m3

Year built 2010

No. of Consolidated Indices of Construction
Costs collection and tables

Col. Ne 26, table 3

An analogue characteristics from Consolidated
Indices of Construction Costs

DOUBLE ROW COWSHED. Buildings
without an attic space (combined coverage).
Roofing roofing material for reinforced
concrete. Capital group II. Central heating,
ventilation, plumbing, sewerage, hot water
supply, electric lighting and concrete feeders
with a wooden stall frame are taken into
account

3

Unit of measurement m-
Replacement cost according to the collection, 14.1
rubles/m?

Correction factor for climatic region 1.00
Correction factor for capital group 1.00
Correction factor for building volume 1.00
Other amendments 1.00
Adjusted cost of the aggregated indicator, 14.1
rubles/m> in 1969 prices

The same, in prices of 1984 (Resolution of the | 16.92
State Construction Committee of 11.05.83,

coefficient 1.2)

The same, in 1991 prices (Letter of the State 27.07
Construction Committee of 6.09.90, No. 14-D.

Coefficient 1.6)

Construction and installation work index from | 63.687
1991 to the date of assessment (Index of rise in

the cost of construction and installation works as

of the assessment date. Data from the Center for

Pricing in Construction)

Aggregated indicator at current prices, rubles/m> | 1 724
Total for the subject of assessment, rubles 1724 134
The same, taking into account unforeseen costs | 1 758 617
2%, rubles

The same, with VAT (replacement cost 2075 168

excluding depreciation), rubles
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Table 3 Calculation of profit for the owner of the land under the cowshed

Ne Parameter Indicator
1 Density of construction of cowshed 46%

2 Built-up area under the cowshed, m? 1 000.00
3 The area required for the normal functioning of the cowshed, m? 2174

4 The cost of agricultural land, rubles/m? (conditionally) 2.0

5 Cost of land under the cowshed, rubles 4 348

6 Cowshed construction cost, rub 2075168
7 Total cost of creating a single object, rubles 2079 516
8 Share of land in the total value of the property 0.002090787
9 Investor profit 26.28% as a synergistic effect, rubles 546 497
10 Share of profit for the land owner, rubles 1143

11 Market value of the land allocated for the cowshed, rubles/m? 2.53

I,—index of the rise in the cost of construction and installation work on 1.01.91—
1.6;

Is—the index of the rise in the cost of construction and installation work on the
date of assessment—63.687;

PP—the entrepreneur’s profit;

VAT—value added tax (Table 2).

For the normal functioning of this building, a land plot is required, the area of
which is determined taking into account the normative building density (Building
Codes and Regulations 1I-97-76 “General plans of agricultural enterprises”). For
cowsheds, the ratio of the building area and the standard area of the required land
plot is on average (for buildings for cattle keeping) 46%.

The increase in the value of land due to the influence of the synergistic effect was
26.28% (Table 3).

Second calculation. For the normal functioning of this object, a land plot is
required, the area of which is determined taking into account the normative building
density (Building Codes and Regulations 1I-97-76 “General plans of agricultural
enterprises”).

For greenhouses, the ratio of the building area and the standard area of the required
land plot is on average 55%.

The increase in the land value from the influence of the synergistic effect was also
26.28% (Tables 4, 5).
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Table 4 Calculation of the cost of building a greenhouse

Assessment object Greenhouse
Capital group 2

Climatic region 2

Total area of the assessment object, m? 1010.00
Construction volume of the assessment object, |4 000.00
m3

Total building area, m> 1010.00
Construction volume of the building, m3 4 000.00
Year built 2010

No. of Consolidated Indices of Construction
Costs collection and tables

Col. Ne 26, section 2, table 149 a

Characteristics of an analogue from
Consolidated Indices of Construction Costs

Greenhouse for growing vegetables. Belt
foundations made of concrete blocks and
monolithic concrete; precast concrete slab
walls; roof-covering-metal glazed structures;
dales asphalt and unpaved; concrete pools.
Capital group 1. Central heating, air heating,
underground pool heating, humidification
system, irrigation water supply system,
technological pipelines and electric lighting are
taken into account

2

Unit of measurement m
Replacement cost according to the collection, | 45.3
rubles/m?

Correction factor for climatic region 1.00
Correction factor for capital group 1.00
Correction factor for building volume 1.00
Other amendments 1.00
Adjusted cost of the aggregated indicator, 45.3
rubles/m? in 1969 prices

The same, in prices of 1984 (Resolution of the |54.36
State Construction Committee of 11.05.83,

coefficient 1.2)

The same, in 1991 prices (Letter of the State 86.98
Construction Committee of 6.09.90, No. 14-D.
Coefficient 1.6)

Construction and installation work index from | 63.687
1991 to the date of assessment (Index of rise in

the cost of construction and installation works

as of the date of assessment. Data from the

Center for Pricing in Construction)

Aggregated indicator at current prices, 5539

rubles/m?

(continued)
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Assessment object

Greenhouse

Total for the assessment subject, rubles

5594 633

The same, taking into account unforeseen costs
2%, rubles

5706 526

The same, with VAT (replacement cost
excluding depreciation), rubles

6733 700

Table 5 Calculation of profit for the owner of the land under the greenhouse

Ne i/t | Parameter Indicator
1 Density of construction of greenhouse 55%

2 Built-up area under the greenhouse, m? 1 010.00
3 The area required for the normal functioning of the greenhouse, m> |1 836

4 The cost of agricultural land, rubles/m? (conditionally) 2.0

5 The cost of the land under the greenhouse, rubles 3673

6 Greenhouse construction cost, rub 6 733 700
7 Total cost of creating a single object, rubles 6737373
8 Share of land in the total value of the property 0.000545128
9 Investor profit 26.28% as a synergistic effect, rubles 1770 582
10 Share of profit for the land owner, rubles 965

11 Market value of land allocated for a greenhouse, rubles/m? 2.53

4 Conclusion

As aresult of the study, it was found that for agricultural land used for the production,
storage and primary processing of agricultural products, the use of the allocation
method to determine the value of a given land plot is associated with a number of
difficulties. Based on this, it is proposed to determine the value of the plot as the sum
of the value of the land plot, calculated according to the value of the surrounding
land, plus a certain amount of added value arising from the synergistic effect of joint
investments in the creation of a single real estate object. Several possible variants
of such calculations were considered in the work. As a result, it was found that the
market value of the land is made up of the market value of the surrounding land (as
a complete analogue of the assessed plot) and a coefficient equal to the rate of return
on invested capital.

We have confirmed the assumption that the land owner that will be built up, as a
co-investor of the project, has the right to add to the value of the land in the amount
of the rate of return on invested capital—26.28%.

In this case, the land market value is made up of the market value of the surrounding
land (as a complete analogue of the assessed plot) and a coefficient equal to the rate
of return on invested capital, i.e. for this assessment—1.2628.
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Ccad = Csur e 1,2628 (6)

The market (in this case, the cadastral) value of the surrounding land can be

obtained from the results of the first type use lands assessment (arable land, pastures,
hayfields).
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Forecasting of Thermal Regime in an Oil = @)
Mine e

Aleksandr Galkin® and Vladimir Pankov

Abstract The aim of the present work was to assess the influence of oil freely
flowing in a groove on the formation of the thermal regime of the haulageway of
the oil mine and to justify the necessity (in case that this source of heat proves to be
significant) of development of new technical solutions to decrease its intensity. To
assess the significance of this heat source in the mine working on the increase of the air
temperature, the gradients of thermal stream in the mine working with the presence
of the oil flowing in the soil of the mine working and without it were compared.
For the purpose of describing the process of formation of thermal conditions in
the mine, a mathematical model was built and a system of differential equations was
analytically solved. The absolute and relative error in predicting the magnitude of the
thermal stream and temperature at the end of the mine was determined. The thermal
stream and temperature at the end of the mine working was determined. According
to the formulas obtained, variant calculations were carried out, the results of which
are presented in the form of 3D graphs. It was found that errors in determining the
thermal stream gradient, i.e. degree of heating of the mine air can reach significant
values in practically important cases. If the thermal exchange of the oil flow with the
air is not considered, the error in determination of the thermal flow gradient can be
as high as 1.5-2.2. Importantly, the error cannot be included in the safety factor.

Keywords Error - Forecast + Heat sources - Mining + Oil mine - Temperature
conditions

1 Introduction

A significant attention is dedicated in the scientific and engineering community to
the issue of thermal regime regulation in deep mining drifts and mine workings. This
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issues is especially relevant for the coal mines in China, Poland, Ukraine and gold
mines in South Africa. For example, in some South African mines mining works are
conducted on levels where the natural temperature of the rocks exceeds 50 °C. In
these countries a sufficient amount of experience of mitigating the negative effects
of high temperatures in mine workings has been collected. Usually, social methods,
such as decreasing the length of the workers’ shifts, and technical methods, such as
increased ventilation, use of cooling devices, thermal insulation of the mine work-
ings, special individual protection means for the underground workers, are applied
to reduce the adverse effects of high temperatures. To coordinate the research and
exchange the experience on normalization of microclimate in the deep coal mine
workings and drifts the specialists in this issue are united in various international
mining thermal physics bureaus. The issue is also current for Russia. In the last
decades, the Russian mining industry has been going in the direction of moving
underground works and mining to greater depths. The temperature of rocks in some
of these mine workings reaches up to 30 °C. This is typical for the diamond mines
in the Republic of Sakha (Yakutia) and for mine workings in Norilsk which mine
polymetallic and nickel ores. In these mines, the works take place at the depths
of 1200-1300 m in adverse climatic conditions. It is known that adverse climatic
conditions at the workplaces not only decrease the productivity of the personnel but
also have negative effects on the health of the workers [1-5]. All the researchers
note a significant decrease in the labor efficiency of the underground workers at high
surrounding environment temperatures. The radiative heat exchange of the human
with the environment poses the highest danger for the work in underground condi-
tions. Special devices were developed fully assess the degree of influence of the
convective and radiative components of heat exchange on the human at different air
humidity levels. On the basis of complex scientific research, the normative require-
ments which determine the permitted parameters of the mine air, usually temperature,
humidity and speed of the air, were developed. If the actual parameters in the mine
workings do not correspond to the normative parameters, conducting mining works
is prohibited. Different countries apply different normative requirements. In Russia,
the maximum speed of air is set at 8 m/s and the temperature should not exceed 26 °C.
The Yaregskoye viscous oil reservoir serves as the object of research in the present
article. It is located in central Russia in the Republic of Komi, a region of Russia. The
deposit is located at the depth of 130-220 m in sandstone grounds. The oil reservoir
of a stratal type has a height up to 87 m and the dimensions are 36 km length and
3-6 km width. Despite the fact that the reservoir is located in a temperature zone
where the rocks temperature does not exceed 10-12 °C, the temperature conditions
in the mine workings themselves are very adverse. It is a unique reservoir developed
using a shaft method with a preliminary heating of the rocks of the oil strata with
water vapor whose temperature is around 170-190 °C. The technology of viscous oil
mining has been in use for around 80 years and consists of the following. At the first
stage, the part of the stratum to be developed is treated with vapor until it reaches
temperature of 70—80 °C. At the second stage, water is used to push the oil out of the
heated stratum into the undeground mine workings from where it is delivered to the
surface through a vertical shaft. The duration of the first stage is 6-8 months. The
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average temperature of the stratum increases to 30—40 °C. The technology currently
used to extract the viscous oil of the Yaregskoye oil field, whereby the oil is extracted
employing a tunnel method of oil mining, permits a free trickling (flow) of the oil in
an open groove in the soil of the tilted surface of the oil field mine working to the
point of collection from where the oil is pumped further. During this process, both
because of the thermal exchange between the mine air and the rocks, which contain
the haulageway, and the thermal exchange between the air and the oil stream, the air
is heating intensively and at the end of the haulageway, the air temperature exceeds
the values permitted by safety norms and sometimes reaches temperatures of up to
30-35 °C. The principal difference of the oil shafts thermal regime from the deep
coal shafts is the absence of the thermal equalizing wrapper around the transportation
mine workings.

These conditions require introduction of energy-expensive measures for cooling
the air and normalization of the parameters of microclimate in the mines. An analysis
of literature on the topic confirms that normalization of thermal conditions in the mine
workings is an important and a current task for the oil mines of the Yaregskoye oil field
[6-9]. For the purposes of justification and choice of rational technical solutions to
normalize the thermal conditions in the mines it is necessary to determine the impact
of individual components of thermal exchange on the rise in air temperature [9—12].

The aim of the present work was to assess the influence of oil freely flowing in a
groove on the formation of the thermal regime of the haulageway and to justify the
necessity (in case that this source of heat proves to be significant) of development of
new technical solutions to decrease its intensity.

2 Methods

For the assessment of the importance of this heat source in the mine working for
the overall rise in air temperature the following mathematical model was used. The
gradients of thermal stream in the mine working with the presence of the oil flowing
in the soil of the mine working and without it were compared. Based on the previously
determined dependencies [13, 14], equations of thermal balance for the two cases
considered can be written in the following form:

0(GJ) = ayu (T, — t)dl + arur (T, — 1)l (1)
0(GJ) = ayu (T) — t)dl + apuyr (T, — t)dl 2)
I(GJ) = ayuo(T) — 1)dl 3)

The following designations were chosen: G—mass air expenditure in the working,
kg/s; G,—mass oil expenditure in the working, kg/s; J—enthalpy of the humid air,
J/kg; J,—enthalpy of the oil, J/kg; a;—heat reflection coefficient from the air to
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the rocks, W/(m?/kg); an—heat reflection coefficient from the air to the oil flow,
W/(m?/kg); up— perimeter of the mine working, m; u;—perimeter of the mine
working without accounting for the width of the groove for their oild flow, m;
u,—width of the groove for the oil flow, m; T,—temperature of the wall of the
mine working, K; T,—temperature of the oil inside the mine working, K; t—air
temperature inside the mine working, K; I—the length of the mine working, m.

The first equation characterizes the thermal exchange of the air in the mine working
with the presence of the flowing oil. The second equation describes the change in
the temperature of the flowing oil due to the thermal exchange with the air. The third
equation describes the thermal exchange in the mine working without including the
thermal exchange with the oil flow. The relative error, received during the determi-
nation of the gradient of the thermal stream in the mine working if the oil flow is not
accounted for, can be determined according to the following formula:

e = abs(k(1 —0)) 4
where
0= —1)/(T\ —t) and k = us/u; )

In this case, there is no need to solve the Egs. (1) to (3). In order to determine
the error itself in determination of the temperature at the end of the mine working
it is necessary to solve the Eqs. (1) and (2). The temperature of the oil flow will
be considered nearly constant along the length of the mine working, equal to the
average of the temperatures at the beginning and the end of the mine working. For
the purposes of the aims of this work, there will be no effect on the result, since we
are interested in the possible range of the change in the error values which will be
received as a result of variant calculations. The left part of the Eqgs. (1) and (2) can
be written in the following form [10, 15]:

(GJ) = G(c, + rnp)at (6)
The solution of the equations will be presented in the form:

ta =T+ (ty — T1) exp (—=B)
tvo =T + (to — T3) exp (= B). @)

where 8 = alul [/ G(cp + rny); ®)
L=k(T) —T)

Here, the following designations are used: t;;—temperature of air at the end of
the mine working with presence of the oil flow, °C; t,,—temperature of the air in the
end of the mine working without the oil flow, °C; t)—temperature of the air at the
beginning of the mine working, °C; c,—the total thermal capacity of the air, J/(kg K);
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r—temperature of steam creation, J/kg; n—coefficient of linearization determined
according to the tables in [10], 1/K; ¢—relative air humidity in the mine working,
without units. B, T3 are intermediary parameters determined according to the formula
(8).

The relative error in determination of the temperature, or, in other words, the
precision of the forecast of the temperature without accounting for the effects of the
oil flow on the formation of the thermal regime in the mine working, was determined
according to the following formula:

3 =abs(1 _tKZ/tKl) (9)

3 Discussion of Results

On the basis of the formulas established, variant calculations were conducted. The
results of these variant calculations are presented in the form of 3D charts in the
Figs. 1 and 2. Figure 1 shows the change in the error in determination of the thermal
flow gradient dependent on the coefficient k, characterizing the width of the oil flow
groove relative to the perimeter of the mine working and the parameter 6, which is
a unitless temperature value determined using the formula (5). As can be seen in
the graph, the error significantly increases as the value of the unitless parameter 6
increases. The value of the parameter 6 is dependent on the temperature of the flowing
oil: the higher is the temperature of the oil, the bigger the value of the parameter.
Similarly, the higher is the value of the parameter k, that is, the wider the groove, the
higher the value of the error. In general, those can be viewed as obvious facts that
follow from an elementary analysis of the formula (4).

In this case, however, we are interested not in the qualitative view but a quantitative
one. What applies is that the errors in determination of the thermal flow gradient, that
is, the degree to which the temperature of the air in the mine working can rise, can

Fig. 1 Change in error in

determination of the thermal 120

flow gradient in the mine 120 90

working dependent on the 90

width of the groove and 60

temperature of the oil 60 30
30 0
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Fig. 2 Change in the error
in determination of the air
temperature in the working
when the thermal exchange
with the oil flow not
considered

0 4" \-..:,/Zﬂ)/ 60
20 T2

reach significant values in practical cases. As follows from the graph, if the thermal
exchange of the oil flow with the air is not considered, the error in determination of
the thermal flow gradient can be as high as 1.5-2.2. Importantly, the error cannot be
included in the safety factor.

That is, we are underestimating the value of the thermal stream, which means
the temperature of the air in the mine working is also underestimated. Because the
deviations of these values are significant, there is a risk of allowing a mistake in
justification and choice of the methods and means of normalizing the parameters of
microclimate in the oil mine workings.

On Fig. 2 are represented the 3D graphs showing the error in determination of the
air temperature in the mine working when the influence of oil flow on the change in
the air temperature along the length of the mine working is not considered. The calcu-
lations were conducted for the typical parameters, which are a part of the formulas
(7) and (8).

It can be observed from the graphs that the error in determination of the tempera-
ture at the end of the mine working can reach values significantly higher than those
permitted in the engineering practice (typically, the value of the error permitted is up
to 10%). Different planes in the picture relate to the different values of the parameter
B which characterizes the air expenditure in the mine working and its length.

The given parameter was changing from 0,1 to 0,9 in the calculations and, as can be
seen in the graphs, it has a significant influence on the relative error in determination
of the air temperature in the mine working. This parameter also has an influence on
the air temperature in the end of the mine working and is decisive. However, the task
here was not to find the absolute temperature but a relative error in determination of
the temperature. Thus, if the error is 25%, then, at the end of the mine working, if
the temperature is, for example, +10 °C, the value of the error will be +2,5 °C. In
case that the temperature is +20 °C, the absolute error will be 5 °C. To demonstrate
how important this is: using a simplified model that does not include the influence of
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the oil flow on the thermal exchange processes, using formula (7), it was determined
that the temperature at the end of the haulageway is equal to 426 °C. That is, it
corresponds to the safety standards and there is no need to employ any measures
for the normalization of microclimate in the mine working. But based on the graphs
it can be determined that the relative error in these conditions is 25%. This means
that the expected air temperature will be 32.5 °C. This is almost 7 °C higher than
permitted by the safety standards. It becomes obvious that the accurate forecast and
assessment of the influence of separate heat sources, determining the formation of
the thermal regime in the mine workings, is an important scientific and practical task.
Its solution allows to make correct engineering decisions to normalize the thermal
regime in the mine workings of the oil shafts. In particular, in this specific example,
it is necessary to reduce the level of impact the oil flowing in open grooves has on
the heat exchange with the ventilation stream. It is possible to achieve this through
a change in the technology of oil transportation itself, for example to change to
transportation in thermally insulated pipelines laid in the mine workings. The other
option is to insulate the grooves themselves using thermal protective screens. The
choice of one or the other solution should be made on the basis of comparison of
economic costs of their practical implementation.

4 Conclusion

In forecasting thermal conditions in the oil mines it is necessary to carefully analyze
the influence of all heat sources on the final result. Dependencies to determine the
relative error in determination of the temperature gradient and the temperature itself
at the end of the haulageway, caused by not considering the thermal exchange of the
mine air with the oil flowing in an open groove, were established. It was established
that transportation of oil in open grooves in the soil of the mine working has a
significant influence on the level of thermal exchange with the ventilation air. For
typical cases, this heat source can constitute up to 30% of the total thermal exchange
in the mine working. An important factor in normalization of the parameters of
microclimate is the development of technological and technical solutions to decrease
the influence of this heat source (for example, thermal insulation of the grooves) or
exclusion of this heat source (for example, transportation of oil in insulated pipes)
from the thermal exchange processes in the mine workings. Further research should
be directed towards the assessment of energy and economic efficiency of the use
of various methods of normalizing thermal conditions in the mine workings of oil
mines.
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on the Pressure Distribution Inside Gt
the Curved Ventilation Ducts

of the Brake Disc

Pavel Polyakov @, Artem Litvinov @, Ruslan Tagiev(®, Alexey Golikov(®,
Nina Zadayanchuk @, and Ivan Yaitskov

Abstract To control the processes of reducing the thermal load in the working
vapors of the friction unit, it is necessary to understand the influence of the criteria
on the cooling process. For the use of forced cooling systems, it is necessary to
systematize and evaluate the effect of its design and operational parameters. These
parameters include system pressure and angle of attack. In addition to these factors,
the location of the air supply can be directly an optimization parameter. The paper
presents a theoretically grounded model of pressure distribution inside the curved
ventilation ducts of the left and right brake discs. The distribution model justifies the
use of forced cooling systems, since the inversion of pressure inside the ventilation
ducts during forced cooling does not make it possible to make frequent changes in
air masses. This pressure distribution model offers a choice of air source location
with minimal resistance to braking.

Keywords Ventilation device - Pressure - Brake disc - Angle of attack - Pressure
coefficient

1 Introduction

A fairly wide range of studies has been devoted to friction units. Special attention is
paid to the problem of the influence of the geometric parameters of the ventilation
apparatus on the deformation and on the mass of the brake disc [1]. The stresses and
mass in the brake disc are important parameters that affect the reliability and metal
consumption of the entire assembly as a whole. The team of the author proposed a
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thermal model of a friction pair of a ventilated brake disc, which gives an under-
standing of the thermal loading of the friction unit, taking into account long-term
operation [2]. In [3], a method for designing the profile of friction pairs of friction
units with the task of uniform distribution of contact stresses over the contacts of
the friction lining is proposed. The solution to this problem makes it possible to
subsequently obtain a uniform temperature distribution over the area of the friction
pad, but it does not solve the problem of heat removal from friction pairs. Works that
analyze thermal loading and methods for its reduction using heat pipes [4] or using
a developed ventilation apparatus with a porous medium core [5, 6] received wide
coverage. These works deserve attention, but the application of the results obtained
is possible when using forced cooling. In [7], an improved modification of the blades
of the brake disc ventilation apparatus is proposed in order to increase heat removal
from friction pairs. In work [8], the analysis of various configurations of curved
channels of a ventilated brake disc at the speed of air flows with forced cooling is
carried out. Curved ventilation ducts in brake discs are becoming more common, but
the most widespread is the ventilation apparatus with radial ducts. In [9], a method
was proposed for evaluating the brake disc cooling system. It would be advisable
to consider how its parameters change in the context of one ventilation duct of the
brake disc.

Modern ventilated disc brakes are available with and without a variety of venti-
lation duct configurations. The configurations of the ventilation ducts of the brake
disc can be radial and curved (Fig. 1 a, b, ¢).

As a ventilation device of the brake disc, ribs connecting the two halves of the
working surfaces of the disc are used. These ribs have different cross-sectional
geometries and locations inside the ventilation apparatus (Fig. 2 a, b). The most
widely used radial ventilation ducts (for cars from economy to business class).

Brake discs with curved ventilation ducts are used for sports cars, wheel friction
assemblies that accumulate a huge amount of thermal energy. It is the ventilation
device that helps dissipate the thermal energy that is generated as a result of braking.

With forced cooling, air flows from the gap between the brake disc and the wheel
hub. Passing through the ventilation device, it cools the non-working surfaces of
the brake disc and exits between the gap of the brake disc and the wheel disc.
Depending on the direction of action of the ambient air currents, the outflow process

Fig. 1 Configurations of ventilation ducts of brake discs: a - radial; b - curvilinear; ¢ - with a
complex configuration
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Fig. 2 The ribs of brake discs with different cross-sections: a - round; b - in the form of “kangaroo
paws”

may be insufficiently intense. To increase the intensity of air permeability through
the ventilation device of the brake disc, various devices are used to inject cooling
air into the cavity of the ventilation device. The cooling mode of the brake discs is
called forced cooling. An example of such a cooling mode is the mono-air supply
system through the brake shield to the ventilation apparatus (Fig. 3).

The disadvantage of this system of forced cooling of the brake disc is the uneven
loading of the ventilation ducts with cooling air. It is possible to correct this drawback
by using a distributed cooling air supply system to the vehicle ventilation apparatus.
Numerous studies in the field of forced cooling of friction units allow us to speak
about the effectiveness of the developed systems. However, there is a significant gap
in the study of the effect of forced air supply location on the performance of the
ventilator.

Optimization parameters for forced cooling systems of friction units are the
number and location of air supply nozzles, as well as the angle of its attack. This
article examines the influence of the nozzle position of the forced cooling system
and the angle of attack on the pressure distribution in curved ventilation ducts. The
main elements of the developed model are ventilation ducts and a partition between

Fig. 3 Forced cooling by
means of a mono-supply of
cooling air to the brake disc
ventilator
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Fig. 4 Scheme of operation of the forced cooling system of the ventilation device for the left (a)
and right (b) brake discs

them. The baffle is a thin, freeform profile placed in the air stream. Let us take the
angle of attack equal to a.

The forced cooling system of the ventilated brake disc is divided into four sectors.
Each sector has a source for air supply. For a ventilator with curved ventilation ducts,
the configurations of the left and right brake discs are different. A diagram of a
ventilation device with a forced cooling system for the left and right brake discs is
shown in Fig. 4 a, b. We represent each sector using a polar coordinate system, where
the polar radius is limited by the radius of the outer surface of the brake disc. For
simplicity, we will assume that the brake disc sectors are limited to 90°.

2 Materials and Methods

One of the main operating parameters of the ventilation device is pressure. Assuming
that, from all sources of forced cooling, air comes out with equal pressure. To deter-
mine the most efficient location of the air supply source, it is necessary to develop a
pressure distribution model within the ventilation ducts and between adjacent venti-
lation ducts. Adjacent ventilation ducts were chosen as the central subject of the
study, because with a distributed air supply, air can only enter two adjacent ducts
separated by a partition. When the forced cooling source is removed, the distributed
cooling air supply loses its effectiveness.

To model a complex system with curved ducts, it is necessary to resort to consid-
ering a more simplified system with radial ventilation ducts. To do this, consider two
sectors (from 0 to 90°) and (from 90 to 180°) of the computational model (Fig. 5 a,
b).
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Fig. 5 Calculated pressure diagram on the surface of the brake disc ventilation apparatus a - sector
from 0 to 90° b - sector from 90 to 180°

In each sector of the computational model, two radial channels of the brake disc
ventilation apparatus are considered, opposite which an air flow source is installed.
As an example, consider a sector limited to values from 0 to 90°. When the air flow
passes through the ventilation ducts, a zone of increased resistance to air flow is
formed on top of the rib, while a free flow zone of cooling air is formed under the
rib of the ventilation duct.

The angles of air flow distribution for the upper and lower ventilation duct will
be determined from the condition of the air flow around the plate in the aerodynamic
flow:

(D

where ¥ is the isentrope index; a—angle of attack of the air flow, deg.; Re is the
Reynolds number.

The pressure coefficient in the upper ventilation duct will be positive and equal
to:

7, = 2ap,, @)

Whereas the pressure coefficient for the lower ventilation duct will be negative
and determined by the formula:

P, =-2ap , 3)

Substituting the values of the pressure coefficient in the formula (1), we obtain:
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“4)

®)

Since the pressure in the lower and upper ventilation ducts is distributed unevenly,
the pressure coefficients at all points of the upper and lower ventilation ducts will vary
from the parameter x. To determine the pressure difference between the ventilation
ducts, it is necessary to position the rib of the ventilation ducts in the coordinate axes
with the center O1.

Let us assume that the shape of the partition of the ventilation ducts is given by
the equations: for the left (Fig. 6 a, b) and right (Fig. 7 a, b) brake discs, the geometry
of curved ventilation ducts

Fig. 6 Calculation diagram
of pressure on the surface of
the ventilation apparatus
with curved ventilation ducts
of the left brake disc: a -
sector from 0 to 90° b -
sector from 90 to 180°

direction of forced
flow of cooling air

direction of forced
flow of cooling air
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Fig. 7 Calculation diagram PR
of pressure on the surface of o
the ventilation apparatus

with curved ventilation ducts

of the right brake disc: a - Saiti e e
sector from 0 to 90° b - flow of cooling air
sector from 90 to 180°
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v = filx), (6)
for the right brake disc geometry of curved ventilation ducts:

y2 = fa(x), @)

where y1 and y?2 are the ordinates of the surfaces of the partitions of the ventilation
ducts for the left and right brake discs, respectively.

Let us denote the angles of inclination of the surfaces of the partitions of the
ventilation ducts in the section xi with respect to the tangent surface through i.
Similarly to radial channels, we accept the condition that the thickness of the partition
is much less than its diameter 8 < d:

for the left brake disc of curved ventilation ducts:

dy
o 8
Vi e (®)
for the right brake disc geometry of curved ventilation ducts:
d
Yo = -2 ©)

dx’
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The local angles of attack of the air flow on the surfaces of the partitions of the
ventilation ducts are determined by the sum:

ay = o =Y, (10)

To determine the pressure coefficients at the points of the ventilation ducts for the
left and right brake discs, we set the following requirement. We will assume that the
pressure at each point of the baffle of the curved channel will be the same as on the
surface of the baffle of radial ventilation ducts, in a streamlined flow with the same
Re number, but substituted at an angle of attack equal to the local angle of attack at
this point.

Therefore, to calculate the pressure coefficients at the points on the surface of the
partitions of curved ventilation ducts, one can use the dependences for the pressure
coefficient of the radial ducts (4) and (5), taking in them the angle o equal to the
local angle of attack axi.

In the sector from 0 to 90° for the left brake disc, the pressure coefficients for
curved ventilation ducts are determined from the dependence:

bottom
2
PR AL (VA L [Ty Y R S (1n
H2 ¢ (z+)(a—y;)Re | |
upper
2
P = P 1| (12)
6 2 ! (}(+l)(0t—l//l-)R6 ’

In a similar sector for the right brake disc, the pressure coefficients for curved
ventilation ducts are:
bottom

2
—__xtl A% 4 (13)
by 2 (aﬂ//l) I 1+[(l+1)(a+wi)Re‘| ’

upper

2
— 2 4
ra=ty o) I{M(WM B o



Influence of Forced Cooling Criteria on the Pressure Distribution ... 55

In the sector from 90 to 180° for the left brake disc, the pressure coefficients for
curved ventilation ducts are determined from the dependence:

bottom
2
E:%ﬂ(aﬂ//i)z 1+ 1{%1)(01%)%] , (15)
upper
2
g:*}%l(a%)z 1{%1)(;%)%1 b (16)

In a similar sector for the right brake disc, the pressure coefficients for curved
ventilation ducts are:
bottom

2
Pl 53 TOREAY. I S 17)
Py 2 (a l//l) I l{(z-p-l)(a—y/i)Re] ’

upper

2
I’f;‘zgl(a—v/i)zk l{(ﬂl)(:%)k} —1} (18)

In dependencies (13), (14), (15) and (16), it is shown that the local angles of attack
of curved ventilation ducts are the sum of the angle of attack of the air flow and the
angle of inclination of the surface of the partitions of curved ventilation ducts. It can
be clearly seen from the design diagrams that the closer to the periphery of the brake
disc, the more value will be exerted by the angle of inclination of the surfaces of the
partitions.

From dependencies (11), (12), (17) and (18) the local angles of attack are formed
by the difference between the angle of attack of the air flow and the angle of inclination
of the surface of the partitions of curved ventilation ducts. Analyzing the design
schemes, it can be concluded that the local angle of attack to the periphery of the
brake disc decreases, due to the increase in the angle of inclination of the surfaces
of the partitions.

The pressure drop between the lower and upper ventilation ducts is expressed as
the difference:
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— d
dp,~p,) = @ — B T, (19)

where v is the speed of the cooling air flow during forced cooling, m/s; p is
the density of the air flow during forced cooling, kg/m?; dk—the diameter of the
ventilation duct in the section X.

Substitute dependencies (11), (12), (13), (14) into formula (6) and we obtain that
the pressure drop is determined for the left brake disc:

A, =) =2 G+ D=9 [1+ [ 7] @
for the right brake disc:
A, ~p) = LB G+ D@+ 90" [1+ [mimm 7] @Y

If we take into account the sector limited from 90 to 180°, then the value of the
pressure drop for the left brake disc will be determined from the formula:

A, ~p,) = ~E2 G+ D+ 9 1+ [ 7] @

for the right brake disc:

A, ~p) = ~E2 G+ D= 1+ [mimmm 7] @

The minus sign indicates the inversion of the pressure drop when the position of
the partition of the ventilation ducts changes relative to the center of rotation of the
disk.

To determine the direction of action of the pressure drop in the ventilation ducts,
it is advisable to turn to the vector value, namely the resulting force (Fig. 8 a, b).

Then the elementary resulting force of the air flow Pres is determined by the
formula:

dx pv

APres d(p -pP, )S = __S(X + 1)am\/1 + [(}(+1)4axiRe []2] .

where S is the area of the partition of the ventilation ducts, m2.

It is expedient to expand the elementary force along the projection along the axes.
Taking at small angles of attack, the projection of the elementary force (Y) on the Y
axis:

dY =dP,,coso; =dP,,. (25)
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Fig. 8 The resulting force from the sector of the left brake disc (a - from 0 to 90°; b - from 90 to
180°; ¢ - from 180 to 270°; d - from 270 to 360°)

Whereas the horizontal projection (X) will be determined by the formula:
dX =dP,,sino = dP,.o. (26)

If the direction of action of the projection of the elementary force on the Y-axis
coincides with the direction of action of the braking torque, then it is auxiliary to
braking (Pb). In the opposite case, the projection is the resistance force (Pr).

In a similar way, it is possible to construct the resulting forces for the sectors
limited by values from 180 to 270° and from 270 to 360° (Fig. 8 c, d).

For the right brake disc, an inversion of the resultant force is also observed, which,
when passing through a sector limited to 90°, is converted from an auxiliary force to
a resistance force.

To confirm the theoretical studies, a model of the ventilation apparatus of the
right brake disc was developed, consisting of several curved ventilation ducts of a
passenger car brake disc (Fig. 9).
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Fig. 9 Investigated part of the disk during blowing

The ICEM-CFD ANSYS module was used to generate the mesh and simulations
were performed in ANSYS Fluent. The main goal of this study is to understand
the pressure distribution in radial ventilation ducts. As an example, the right brake
disc with curved channels was chosen; for a complete picture, the ventilation chan-
nels had an unequal cross-sectional diameter along the entire length. Ambient pres-
sure and temperature are assumed to be 101,325 Pa and 300 K. The simulation is
carried out under the assumption that the outer surfaces of the brake disc have a
constant temperature of 700 K. The angular rotation speed of the brake disc segment
is 800 rpm.

A three-dimensional model with three cooling vanes was selected to analyze the
pressure drop across the ventilation ducts. As in the calculation model presented
above, the position of the ventilation ducts in two sectors of the right brake disc
was considered (a—from 0 to 90°; b—from 90 to 180°). The air flow source was
brought to the inlets of the ventilation ducts at an angle of attack equal to 5°, with a
speed equal to 40 m/s. The pressure drop in the first sector varied from —1.37 MPa
to 0.954 MPa (Fig. 10 a).

3 Conclusion

The results of computer simulation clearly show when the ventilation ducts are in
the sector from 0 to 90°, the pressure at the inlet of the upper ventilation duct will
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a b

Fig.10 Model of pressure distribution inside the ventilation ducts of the right brake disc, depending
on the location of the air flow source (a - sector of the brake disc from 0 to 90°; b - sector from 90
to 180°)

be excessive and along the length of the ventilation duct towards the periphery of
the ventilation disc will gradually decrease. In the lower ventilation duct, a vacuum
is observed along the entire length of the ventilation duct. At the beginning of the
lower ventilation duct, a zone of increased vacuum is formed.

In the sector from 90 to 180°, the pressure distribution is inverted, as a result of
which there is a rarefied air zone in the upper ventilation duct (Fig. 10 b). The largest
partis concentrated at the beginning of the channel inlet. Whereas a pressure gradient
appears in the lower ventilation duct near the inlet. But throughout the entire length
of the channel, the pressure begins to decrease closer to the periphery of the brake
disc. As in the computational model, the pressure gradient is inverted depending on
the position of the rib of the ventilation ducts, depending on the source of the air
flow.

In general, computer simulations have confirmed theoretical studies on the distri-
bution of pressure in the ventilation ducts of the brake disc, depending on the position
of the baffle of the ducts, depending on the location of the source of forced cooling.

Summing up, we can draw the following conclusion: the criteria for optimizing
the forced cooling system are the angles of attack of the air flow, the geometry of
the ventilation ducts and the location of the air flow source relative to the ventilation
ducts. The result of computer simulation is the distribution of pressure inside the
ventilation ducts, the pressure difference between the lower and upper ducts, and a
constant inversion of the air pressure, which can lead to a deterioration in the filling
of the ventilation duct with cooled air.
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Modeling the Clustering of Dispersed m
Systems Using Dynamic Models er

Alexey Bormotov and Anastasia Gorokhova

Abstract A mathematical method for modeling the processes of structure infor-
mation of dispersed systems and composite materials is proposed using dynamic
models that take account of energy, structural and rheological features of interparticle
interaction. The conditions of the processes of spontaneous formation of floccules
and clusters are considered. Mathematical models of clusters structure formation in
dispersed systems are constructed, the parameters of clusters and the prescription-
technological conditions of their formation are determined. Control possibility of
the processes of disperse systems structure formation in order to obtain the optimal
parameters of the structure and properties of composite materials on the basis of the
proposed models and mathematical methods is shown.

Keywords Composite materials - Mathematical modeling - Rheology *
Optimization of properties

1 Introduction

Composite materials (CM) by their nature are referred to dispersed systems, which are
obtained by combining a viscous matrix (binder) and finely ground dispersed phases
of various nature (fillers). This circumstance must be considered in the mathematical
modeling of the processes of structure formation of CM. Composite materials with
special or extreme properties are just such systems. Using the optimal recipe and
technological parameters, the fabrication of products requires low energy costs.
The structure formation of composites filled with dispersed minerals is deter-
mined by interactions between structure-forming elements—floccules and clusters,
as well as processes occurring on the surfaces of these conglomerates and in binder
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interlayers. The thickness of the binder interlayer and the size of dispersed conglom-
erates have a decisive effect on the rheological properties of composites and on the
structure and performance properties of composite materials [1-7].

The emergence of new systemic properties in composites, as complex technical
systems, is associated with the emergence of new formations—floccules (clusters),
which distinguishes composites from a mechanical mixture of components, and is
the main factor in the quality of modeling the composites structure formation [3].

One of the most important scientific and technical problems of great practical
importance is the development of methods for mathematical modeling of the mech-
anism of structure formation (flocculation) in order to obtain the specified structure
and properties of CM.

2 Research Methods and Principles

In order to perform adequate mathematical modeling of the processes of structure
formation of composite materials, it is necessary to have an adequate mathematical
description of the physical and technological parameters of the formation of the
structure of composite materials in a formalized form.

Obtaining a mathematical description of the processes of structure formation of
composite materials was carried out by the analytical method and by the method of
computer modeling. Methods of modeling dynamic and kinematic modes of floccule
formation were used as analytical methods. Such methods are characterized by the
presence of a cumbersome mathematical apparatus. At the same time, these methods
can be used to assess the adequacy of the numerical modeling results. The advantage
of analytical methods is the possibility of mathematical and imitation modeling of
flocculation processes, which largely determines the operational properties of the
composite material [4].

To model the structure formation of dispersed filled systems, the methods of
system analysis and the theory of optimal control were used on the basis of analytical,
rheological, energy, structural, cybernetic and informational approaches. To simu-
late many combinations of structure-forming factors, the author’s method of joint
solution of analytical dependences of interactions of structure-forming elements and
numerical computer modeling of the mathematical description of the conditions of
flocculation was used.

3 The Main Results

As known, the evolution of structure formation of dispersed systems is determined by
interphase interactions between structure-forming elements [5]. In a composite filled
with dispersed minerals one of the basic structural units is a spontaneously arising
floccular or cluster conglomerate. The article proposes a mathematical description
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of filled composites, the structure formation processes of which can be described by
a system of equations:

2= 5
wdrm—w,(mﬂ)—m)=—AwJ=IW’ (1)
dr? dt

here m; — mass of the i-th particle; r; = (x;, y;, z;) — radius vector of coordinates
of the i-th particle; N—number of filler particles; k — efficient determined by the
dissipative properties of the dispersed filler, v; — the velocity of the dispersion environ
at the point r;; U; — energy potential at point r;, in the general case, is depended
on the parameters of the dispersion environ and on the relative position of all other
particles of the system.

The left side of Eq. (1), which is the difference between the forces of inertia and
viscous friction, is unchanged in shape for any dispersed system. The expression for
the gradient on the right-hand side of (1) turns out to be complex and ambiguous for
each individual case.

The potential of interparticle interaction in Eq. (1) includes many terms, but the
contribution to the overall result of most of them is one or two orders of magnitude
less than the contribution of the first two [6]. Let us take a binary potential for a
system with a single equilibrium in the form:

o B

U(ry,r) = -
2 6
lry — 71| |ry — 7]

a>0p>0 )

Expression (2) contains two independent parameters, the numerical values of
which depend on the following parameters (Fig. 1):

Fig. 1 Accepted binary
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e The distance r,, = |r, — ry|, corresponding to the equilibrium coordinate for
which it characteristically is VU|,_, = 0;
e The size of potential well U,, = —U (r,,), measured from zero energy level.

The values of the parameters in Eq. (2) are related to the indicated quantities by
the following relations:

o = Umryilza ,3 = 2Umr,?1~ (3)

The physical and mechanical properties of a binder—a matrix obtained by
combining mineral or organic binders with finely ground fillers—depend on the
formation of their optimal structure. An increase in the macro-properties of the
binder matrix depends on the parameters of the binder structure, on the type and rate
of surface phenomena at the interface, as well as on the amount of filler vy, its disper-
sion Sy, and the physicochemical activity of the surface of fillers and aggregates.
For lyophilic systems, optimization of the CM filling can be carried out by changing
vr and S, the ratio of which makes it possible to calculate the average thickness
of the interlayer of the binder between the filler particles 4. The achievement of the
calculated thickness of the binder layer depends on the duration of the dispersion
process, and is not determined by surface phenomena [7]:

6 v 1
h= (s/”—f—l),hz o )
PrSsp \V vf vr o Swppys

here py, S, vp—density, specific surface area, volume fraction of filler material
respectively; 1 ;-—maximum packing density of particles.

Researches show that the boundary or solvation layer of a binder is formed when
the components of the binder are combined at the interface. This layer is characterized
by a dense and ordered arrangement of the structural elements of the binder and
large oligomer molecules. The rheological properties of mixtures and the physico-
mechanical properties of CMs depend on the thickness of the solvation layer, the
structure of the layer, and the strength of adhesion of the solvation shell to the
surface of the particles of the dispersed phase. However, the boundary layer also
determines the aggregate stability of the dispersion system, on which the possibility
of the formation of clusters in the structure of the composite depends. As the studies
of the authors show, if the thickness of the binder layer is many times greater than
the thickness of the solvation shell, then spontaneous formation of clusters is not
possible due to the negligible effect of the surface energy of the particles of the
dispersed phase.

It is proposed to determine the thickness of the solvation shell on the basis of
rheological, energetic, structural approaches.

Rheological approach is based on Einstein’s law:

un 3 1 K
he =240 2 orp = (—1—1>, (5)
2, Sl)f Sun,Of ,OfSun Ko
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here 1,100 = —reduced viscosity; K;, Ko—coefficients determined by the
viscosities of a dispersed system in which the environ doesn’t form at all or forms a
solvation shell of an infinitely small thickness on the particle surface.

The energy approach is to take into account the Van der Waals interaction of
molecules:

N —M0
7]

1
TTPm Xm Bm - Bm m T e
he =] P | B, o5 = Bup andh,=cf1-—) ', ©)
6C, T.,
here C, = L "p_p = pm—binder density; p,—binder density at thickness &; x,—

isothermal con{bressibility of the binder; B, and B,,—Van der Waals interaction
constants of the binder molecules with each other and with the structural elements
of the other phase respectively; T .,—critical temperature of structure formation.

The structural approach is based on taking into account the processes occurring
at the interface:

872c, const
,and h; = > :
RT(IOf - lom) 11‘1(5—;) (pf - pm) ln(%)

h; = ; (7

here o,,—surface tension of the binder.

From (5)...(7) it follows that at a noticeable distance from T values of A
are in the interval 10~7...10~° m. Moreover, for substances consisting of complex
molecules, the thickness #; is close to 10~7...10~% m; for substances consisting of
simple molecules—close to 1077,

As practice shows, the use of formulas (5) ... (7) is associated with difficulties
in instrumental determination of quantities. The processes occurring at the phase
interface cannot be estimated.

The authors propose a method for determining 4;, devoid of these disadvantages.
It is based on an energetic approach. Namely, when the surface of a solid is wetted,
energy is released equal to:

Upyer = So;cos 6 ®)

here o;—surface tension; 6—contact angle of solid surface wetting; S—wetted
surface area. This energy is spent on the formation of a solvation layer with a number
of molecules N = UR“’;’ Ny, here Ny—Avogadro’s constant; RT—thermal energy of
1 mol of binder.

The thickness and mass of the solvation layer are determined as:

my

N
=ﬁ7ml=_M7 (9)

hy
Ny

here m., p.—layer mass and density respectively, M—molecular weight of the binder.



66 A. Bormotov and A. Gorokhova

Table 1 Maximum thickness of the solvation layer 4 max, nm [8]

Binder type Temperature, °C

25 50 75 125 150
Sulfuric astringent - - - 2.12 2.02
Epoxy phenolic aldehyde resin 14.6 13.4 12.5 - -
Phenol formaldehyde resin 13.4 12.4 11.5 - -

Relations (8) and (10) determine the coefficients in the expression for the potential.
From (7), (8) and (9), we obtain:

o;cosd M

=200
RT p

(10)

From (10) we find that the thickness of the binder interlayer increases with an
increase in the molecular weight, molecular size, and surface tension of the binder.
Also, an increase in the wettability of the filler surface with a binder affects the
increase in the thickness of the solvation layer. A decrease in the thickness of the
binder layer is observed with an increase in the temperature and density of the layer.
These provisions are confirmed by experimental data. [8, 9].

With preliminary calculations, it is possible to take p; = p,. The maximum
thickness of the solvation layer is then determined by (10):

o;cosd M

11
RT Pm l,max ( )

The values of the thickness of the solvation layer for some binders are given in
Table 1.

The calculated values of A .x coincide with the experimental data, and formula
(11) can be used to study the processes of structure formation (flocculation) of CM
[8,9].

4 Discussion

For a theoretical system of two particles in the absence of external forces, taking into
account their significant distance from each other (|| >> r,,), in expression (1) the
second term is significant for the potential; the first can be discarded.

Modeling of structure formation was carried out in a rectangular coordinate
system. The origin of coordinates was located at the place of the first particle, and
the direction of the abscissa axis was chosen in the direction of the vector r,. With
low friction, equal (2) can be written in the form:
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¢y, (o (12)
mi =U,— | —&
dx \ x6
here U,,—potential well depth (U,, > 0), x,,—its position.
Next:
a2 6
mat Um(x—’“) +C (13)
2 X

We take the moment of particle contact as the reference point, and change the
reference direction to the opposite. Then the constant of integration x|,_., = 0 and

mit Um(x—’”)6 (14)

X

As you can see, with increasing time ¢, both parts of (14) increase (the potential
energy of interaction of particles transforms into kinetic energy), the distance x

between particles decreases.
12U,
x* =4x,3n —t+C (15)
m

From (14) we have:
Consequently, the time of “spontaneous” formation of floccules in the CM (the
time of movement of a particle from point x = x; to point x = x, (x| > xp)) is

determined in the form:
t= L i(xf—x;‘) (16)
4x3\ 2U,

which rapidly increases with the increase in the initial distance between the particles
(in proportion to the fourth power of the distance).

The calculated values of Az, obtained in accordance with (16) for particles with a
diameter of 1 mcm, are shown in Table 2. Was accepted: x,, = h¢ oy, Un = N k T,
here h; ;,,,—determined by (4) the maximum thickness of the solvation layer, N—
number of molecules in the solvation layer, k—Boltzmann constant, T—temperature.

Table 2 Estimation of clustering time, years

Binder type Initial distance between particles, mcm

1 5 10 50 100
Sulfuric astringent | 1 500 [10,000 |5-10° |10®
Epoxy resin 3 days 5 100 5.10% | 106
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The values given in Table 2 are the lower limit of the clustering time (without
taking into account the repulsive forces and dissipative properties of the system).
The exact experimental values will be higher than those given in Table 2.

Let us show the possibility of the formation of a linear cluster due to the capture of
particles in the process of mixing the composition. We choose the coordinate system
so that the only nonzero term remains on the right-hand side. Neglecting the forces
of inertia, the law of motion of a particle can be represented as:

kG — i) = _%U (17)

here X and x,—particle velocity and dispersion environ respectively.
The point corresponding to the maximum force value |VU |:

0 92 X\ 12 X\ © x0 X\ ©
vu=u,L (-) —2(—> — 120, 13(-) —7) s
ox ax2 X X x8 x

Equating the derivative to zero, we get:

Xp=Xuy/13/7 (19)

The value of the force acting on a particle at a point x = x:

Flx=x; =120mq T (20)
N T 13, V 13

Equating the force of viscous friction acting on a particle from the side of the
dispersion environ with the force acting on the particle from the side of the field of
another particle, we obtain the limiting value of the velocity of the dispersion environ
at which cluster formation is still possible:

27 U, Un
=9 ___Zm
13V 13 nnRx,, nRx,, e,max

21

here R—particle radius, n—environ viscosity. Limiting speed values calculated in
accordance with (21) are given in Table 3.

Table 3 Estimation of the limiting velocity of the dispersion environ, mm/sec

Binder type Particle diameter, mcm

0.1 0.5 1 5 10
Sulfuric astringent | 1.3-10° 26-10° [13.100 |2.6-10* |1.3-10%
Epoxy resin 1.7 0.34 0.17 0.03 0.02
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5 Conclusions

From the presented results it follows that the formation of clusters in the process of
mixing the composition due to the capture of particles in high-viscosity systems does
not occur, because the forces of viscous friction acting on the particle from the side
of the dispersion medium lead to the destruction of clusters. However, the formation
of clusters in low-viscosity filled systems is possible when energy is supplied from
the outside, i.e. with various methods of energetic pumping of the system—intensive
stirring, heating, shaking, ultrasonic treatment, etc.

Analysis of the results allows us to conclude that the spontaneous formation of
flocculas from macroscopic (more than 1 mcm) particles is also not possible. In
systems consisting of particles, the linear dimensions of which, as well as the inter-
particle distance between which are comparable to the value of £, ,,,,—the formation
of floccules and flocular conglomerates is possible.

Equation (16) is one of the components of the generalized model of structure
formation of dispersed-filled systems [7] and makes it possible to estimate the time
of “spontaneous” formation of floccules in a composite material during controlled
multicriteria synthesis of composites with given structure parameters.

The developed method of simulation modeling of flocculation in dispersed
systems makes it possible to take into account the influence of the main recipe
and technological factors on the process of structure formation of composites. The
adequacy of the obtained analytical solutions is confirmed by numerical solutions
obtained for known composite materials with an error of no more than 5% [8-10].
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Abstract The purpose of the article is to analyze methods for calculating the defor-
mation modulus of subgrade soils based on the results of stamp tests. To perform a
comparative analysis, stamp tests of a subgrade model built in a soil channel were
carried out. During the tests, the load was applied in steps, and the stamp settle-
ment was measured upon completion of deformation stabilization from each step.
The criterion for the stabilization of deformation was a decrease in the speed to
0,02 mm/min and the time of application of the load, which should be not less than
120 s. Further, the calculations of the soil deformation modulus were carried out
using various methods regulated by the standards of the Russian Federation. The
results of calculating the deformation modulus are grouped into data samples, which
are processed by methods of mathematical statistics. During data processing, each
sample is checked for gross errors. The data samples were checked for belonging to
the same general population. To check whether three samples belong to one general
population, the Kruskal W.H. and Wallis W.A. criterion was applied. Based on this
comparison, we obtained judgments about the significance of the differences in the
samples. As a result, to determine the deformation modulus of soil and road pave-
ments made of granular materials, a way for calculating the deformation modulus
by a method that assumes a non-linear dependence of deformations from pressures
described by a polynomial of the second degree is recommended.

Keywords Road pavement - Soil-crushed-stone loayer + Deformation modulus

1 Introduction

Currently, the preliminary standards of the Russian Federation divide automobile
public roads into two groups: public roads and low-traffic intensity roads. Two
different techniques are used to design road pavements for low-traffic intensity roads.
For the design of non-rigid road pavements of the capital and lightweight type with
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an improved surface, the traditional method is used, according to which the strength
calculation is performed using three criteria. These criteria are the calculation of
the structure as a whole for the permissible elastic deflection and checks for the
resistance to fatigue failure from bending of monolithic layers and shear resistance
in the subgrade soil. Non-rigid road pavements of transitional and lower types are
designed according to the criteria of strength and operational reliability. Strength
calculation is performed on the basis of elastoplastic deformation, ensuring the total
deformation modulus on the coating surface is not less than the required value. The
calculation for operational reliability is performed by determining the depth of the rut
and comparing its value with the permissible value. The need for differences in the
calculations of layers made of monolithic and granulated materials of elastic deflec-
tion was discussed in the work [1]. In this paper, it is noted that the traditional method
for calculating the total modulus of elasticity is based on solving the theory of plate
bending. Therefore, both layers of grainy materials and layers of granulated materials
and sands are endowed with the ability to work for bending. In reality, granulated
materials and soils operate under triaxial compression, which requires calculating
the displacement of their surface by integrating vertical deformation over the layer
thickness or the depth of the soil half-space [1-4].

Of course, solving the problems of improving calculation methods, bending
asphalt concrete layers, and layers of granulated materials, as well as subgrade soils,
it is necessary to use the knowledge of different sections of mechanics. Calculations
of pavements with asphalt concrete pavement and layers of monolithic materials
develop:

— by creation of methods for calculating changes in evenness under the influence
of frost heaving of soils [5];

— by improvement of fatigue theories by applying models of nonlinear damage
accumulation in concrete [6] and asphalt concrete [7-9];

— by development and improvement of mechanical-empirical methods for calcu-
lating the depths of ruts [10-12].

The problem of pavement layers made of granulated materials is the formation
of ruts, which are formed due to the accumulation of residual deformations in these
layers and soils of the subgrade. Therefore, the improvement of calculations of pave-
ments with layers of such materials is carried out by the development of methods for
calculating residual deformations [13-16] or improvement of calculation methods
for shear strength [17] with the refinement of the parameters of the Mohr—Coulomb
criterion and the development of mathematical models linking cohesion and the angle
of internal friction with humidity [18].

The problem of rutting is relevant for pavements on roads with low traffic intensity.
Such roads have pavements, usually of a transitional or lowest type. The pavements
of such roads are often made of granulated materials. To reduce the intensity of
accumulation of residual deformations in crushed stone layers, they are reinforced
with geosynthetic materials [19-24].

For the construction pavements of transitional types, local materials are used [25],
including industrial waste [26, 27] and reused materials [28], soils and materials
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stabilized and reinforced with polymer additives and binding material [29-34]. In
pavements of the lowest type, it uses soil-crushed stone mixtures [35, 36].

The design of lowest and transitional type road pavements on roads with low traffic
intensity requires the use in calculation the deformability parameters of materials and
soils. This parameter is the modulus of deformation, which is similar to the modulus
of elasticity, but characterizes elastoplastic deformation. To calculate the value of
the modulus of deformation of materials, the data of tests of the road structure,
performed on the surface of the layer from the test material and on the surface of
the layer underlying the test layer, are used. Often the underlying layer is a soil
half-space, that is, a subgrade.

Several methods of testing road structures are currently in use. In [37], it was
shown that some methods are well suited for testing pavements with asphalt concrete,
while others are good for testing soils and layers from granulated materials. More-
over, to calculate the deformation modulus of soils and the total deformation modulus
on the surface of a layer of granulated material, different methods are used, according
to which different values of the calculated deformation characteristic are obtained.
Therefore, the works aimed at substantiating the method for calculating the defor-
mation modulus are acquiring acute relevance. This justification is the goal of our
study.

2 Materials and Methods

To solve the set tasks, stamp tests of the subgrade soil, fill up in the tray of the soil
laboratory, were performed. The tests used a standard stamp setup with a hydraulic
jack, an electronic dynamometer and a rigid round stamp with a diameter of 33 cm.
In the course of the experiment, five points of the subgrade soil were tested. The
thickness of the subgrade model is 1,2 m, which is comparable to four stamp diam-
eters. In order to avoid the influence on the values of the settlement of the soil
massif, the concrete bottom of the tray, the maximum value of the pressure from the
stamp is limited to 0,25 MPa. Such a limitation is permissible by the preliminary
national standard of the Russian Federation PNST 311-2018. The requirements of
this standard were taken as the basis for performing experiments, in accordance with
the requirements, the size of the steps was assigned during loading and subsequent
unloading of the subgrade model. In Fig. 1 shows a stamp setup which includes a
load plate (stamp) a hydraulic jack, a deflectometer equipped with an indicator, as
well as an illustration of the application of a load with control of its value using an
electronic dynamometer.

Table 1 shows formulas for calculating the modulus of deformation and elasticity,
regulated by the standards of the Russian Federation.

The load from each stage was maintained for the time required to stabilize
the settlement. This time was determined by reducing the deformation rate of the
subgrade to a value of 0,02 mm/min, but not less than 2 min. Upon completion of
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Fig. 1 Stamp tests: a—placement of a stamp, jack, deflectometer and dynamometer; b—load
application and control of its value using a dynamometer

Table 1 Formulas for calculating settlements and deformation modulus of soils, regulated by state
and preliminary national standards of Russia

Standard Characteristic Calculation formulas
GOST 20,276-2012 | Deformation modulus Ed E; = (l — ,uz) ~Kup - K1 - DAA—g
PNST 371-2019 Relative settlement of the PR

subgrade soil

Modulus of deformation of the | Eq = £;

subgrade soil Ed

PNST 311-2018 Subgrade soil settlement S;=ap+a1-po+a- p%;
Deformation modulus Ed E; = %
Elastic modulus Ed E, = &‘ls)e‘,mm

where Kj/p—coefficient depending from the relative value of the penetration of the stamp during
the test (at h/D = 0, as well as when tested in pits and faces, Kj/p = 1); K1—coefficient taken for a
rigid round stamp equal to 0,79;Ap and ASz—increments of pressure and settlement respectively;
where A—the required amount of relative deformation, the value of which is taken in the range
=0,01...0,02 for subgrade soils and A = 0,04...0,08 for road pavement; ag, a; and ao—constant
of polynomial of the second degree; p.x—the maximum value of the pressure transmitted by
the stamp to the subgrade or road surface when measured, MPa; p,,,x1—maximum pressure value
reached during loading stage, MPa

the deformation stabilization, the next load step was applied, waiting for the settle-
ment to stabilize. The load was applied until the pressure from the stamp reached
0,25 MPa. Then unloading was performed.

The test results at each of the five points were presented as a graphical dependence
of elastoplastic and reversible deformation from pressure. Such dependences are
shown in Fig. 2.

The calculation of the deformation modulus was carried out according to the
formulas presented in Table 1. Explanation of the calculation of the modulus of soil
deformation according to the formulas of Table 1 are shown in the form of graphic
illustrations in Fig. 3. In Fig. 1a shows the dependence of settlement from pressure
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Fig. 3 Tllustrations for calculating the deformation modulus: a—dependence of settlement from
pressure at test point 5; b—dependence of the relative settlement from pressure and determination
of the pressure corresponding to the value of the relative settlement 0,01; c—approximation of the
dependence of settlement from pressure by a polynomial of the second degree; d—illustration of
determining the increment of settlement and pressure from the i-th stage of loading
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for test point 5. This dependence is identical to the dependence shown in Fig. 2. To
calculate the deformation modulus according to the PNST 371-2019 method, it is
necessary to calculate the relative settlements A, determined by the ratio of settlement
S, to the diameter of the stamp D. The calculated values of the relative settlements
are used to plot the graph, illustrating the dependence of such relative settlements
from pressure. This graph is shown in Fig. 1b. Using such a graph, the pressure is
determined that corresponds to the required value of the relative settlement, which
is taken in the range A = 0,01...0,02. In Fig. 1b, it is assumed that the required value
of the relative settlement is A = 0,01. Then the pressure corresponding to the value A
= 0,01 can be easily determined from the graph, it is approximately p =~ 0,15 MPa.
Further, according to the formula Table 1 the value of the deformation modulus is
calculated. Analyzing this method, we note that with a nonlinear dependence of the
relative settlement from pressure with an increase in the required value of the relative
settlement X from 0,01 to 0,02, the calculated value of the deformation modulus will
decrease.

When calculating the deformation modulus by the PNST 311-2018 method, the
dependence of the settlement from pressure must be approximated by a polynomial
of the second degree, as shown in Fig. lc. In this case, the first two points of the
graph are not taken into account in the approximation. Of these two points, the first
point is the origin, and the second connects the least settlement with the minimum
pressure applied to load the subgrade at the start of the test. As a result of the
approximation, the values of the coefficients of the second degree polynomial are
calculated. According to the data in Fig. 1c, the values of these coefficients are: ay =
8-1073, a; = 0,0062 anda, = 0,106. The values of the coefficients a; and a, are used
to calculate the deformation modulus, and the calculation is performed according
to the corresponding formula of Table 1. In Fig. 1d illustrates the determination of
the deformation modulus according to the GOST 20,276-2012 method. According
to this technique, it is first necessary to determine the pressure increments from the
load steps Ap; and the corresponding increments of the settlement AS;. Further,
for the corresponding pressure increments Ap; and settlement AS; according to the
formula in Table 1, the deformation modulus E; are calculated. This technique is
characterized by a decrease in the value of the modulus of deformation when using
in the calculation increments of pressure Ap; and settlement AS,;, corresponding to
an increase in settlement.

Taking into account the specifics of calculating the deformation modulus
according to the methods GOST 20,276-2012 and PNST 371-2019, which consists
of the dependence of the deformation modulus value from settlement, we have calcu-
lated the average values of these deformation characteristics. When using the PNST
371-2019 technique, the maximum value of the deformation modulus E ., was first
calculated, which corresponds to a relative settlement . = 0,01. Then the minimum
value of the modulus of deformation E,,,;, was calculated, it is obtained either at a
relative settlement A = 0,02, or at the maximum value of the relative settlement 4,
measured during testing, less than 0,02, but greater than 0,01, that is 0,01 < N\jex <
0,02. The calculation of the average value of the deformation modulus by the PNST
371-2019 method was carried out according to the formula:
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_ Edmin + Edmax

Ey 7

ey

When calculating the deformation modulus according to the GOST 20,276-2012
method, the deformation modulus were calculated for each stage of the load E4;, using
the increments of settlement and pressure corresponding to this stage. At the final
stage, the calculation of the deformation modulus value averaged over the settlement
was performed. In this case, we used the formula:

E, = Z;l'=1 Eqi - AS; @)
Z’;:l AS]

3 Results

The test results were presented as samples of deformation modulus. The total number
of samples is equal to the number of methods for calculating the deformation
modulus, that is, 3 samples. Each sample consisted of five private values of the
deformation modulus obtained by calculation using experimental data at the corre-
sponding measurement points. Each data sample was checked for gross errors using
a standard dropout criterion. In addition, by comparing the coefficient of variation
with its limiting value, a rough estimate of the applicability of the normal distribu-
tion law of a random value was made. At the final stage, the calculated values of the
deformation modulus are determined, calculated by different technique. The results
of statistical processing are shown in Table 2.

From the analysis of the data Table 2 it follows that the average and calculated
values of the deformation modulus calculated by the formulas of different standards,
differ significantly. Therefore, when determining the deformation characteristics, it
is necessary to substantiate the method for calculating the deformation modulus from
the measured settlements and pressures.

For such substantiate, let us check three samples for belonging to the same general
population. Since the number of private values of the deformation modulus in all
samples is the same, for our purposes we can use the rank criterion W.H. Kruskal,
W.A. Wallis [38]. The criterion W.H. Kruskal, W.A. Wallis [38] is a nonparametric
alternative to the Fisher criterion. This criterion is based on the assessment of the
differences betweenc medians (¢ > 2) and is a generalization of the Wilcoxon rank
criterion [39].

When applying the criterion [38], it is necessary to replace the observations in
the samples with their combined ranks. The first rank corresponds to the smallest
observation, and the last rank corresponds to the largest observation. If some values
are repeated, they are assigned the average of their ranks.

Application of W.H. Kruskal, W.A. Wallis [38] is based on the calculation of the
statistics H. The calculation is made according to the formula:
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Table 2 Results of statistical processing
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Statisticalcharacteristic The value of the characteristic when applying
the method of calculating the deformation
modulus
GOST PNST PNST
20,276-2012 371-2019 311-2018

Private value of the deformation 1 9.9 16.5 12.1

modulus by test points Ez;, MPa 2 9.7 16.3 11.7

3 74 14.2 9.2
4 7.8 14.6 10.2
5 7.1 13.2 8.7

Average value E4, MPa 8.4 15.0 104

Standard deviation S, MPa 1.3 14 1.5

Highest value |E;—E 41, MPa 1.5 1.8 1.7

The value of the statistical criterion v at the 1.92 1.92 1.92

number of determinations n = 5 and two-sided

confidence coefficient F = 95%

Criterion value v-S 2.5 2.7 2.9

Criterion fulfillment |IE ;—E 4;I>v-S No No No

Conclusion about the presence of gross errors | No mistakes No mistakes | No mistakes

in the sample

The coefficient of variation V, % 15.7 9.4 14.4

Criterion fulfillment V < Viim, Viim = 30% Yes Yes Yes

Conclusion on the applicability of the normal | Yes Yes Yes

distribution law of a random value

Coefficient #, with the number of degrees of | 2.78 2.78 2.78

freedom K = 4 and two-sided confidence

coefficient F = 95%

Calculated value Minimal 6.7 13.2 8.5

Maximum 10.0 16.7 12.2
2
12 ¢ T;
J
— = . L1 =3+, 3)
n-(n+1) Zj:l n;

where n—total number of observations in samples, n;—number of observations
in the j-th sample (j = 1, 2, ...,c), Tj—sum of ranks j-th sample.

The private values of the deformation modulus and the corresponding ranks are
given in Table 3, in which also calculates sums of rank for each sample.

After assigning the ranks presented in Table 3, and calculating their sum in each
sample: T} = 19; T, = 36; T3 = 65 ranks are checked. To do this, check the fulfillment

of the equation:
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Table 3 Private values of deformation modulus and their corresponding ranks

Sample 1 (GOST Sample 2 (PNST 311-2018) Sample 3 (PNST 371-2019)
20,276-2012)

E i, MPa Rank E i, MPa Rank E g, MPa Rank
7.1 1 8.7 4 13.2 11
7.4 2 9.2 5 14.2 12
7.8 3 10.2 8 14.6 13
9.7 6 11.7 9 16.3 14
9.9 7 12.1 10 16.5 15

T 19 T> 36 T3 65

c .
ijl L= L;_l) @

After checking, make sure that

: 15-(15+1
> T, =19 436+ 65 = 120; %:120

J=l
Therefore, the ranks are assigned correctly, you can calculate the statistics H.

_[ 12 (192 36> | 657

15.(15+1)' = )}—3-(15+1):10,82

5 + 5 + 5
The critical value of the Kruskal—Wallis criterion at a significance level of o =
0,05 for the case of comparing 3 samples with five private values of observations in
each sample is H, = 5,78.
Since the condition H > H, (10,82 >5,78) is satisfied, we reject the null hypoth-
esis about random differences in the samples according to the level of the studied
sign. Therefore, the samples cannot be combined into one population.

4 Discussion

As a result of the performed experiments and statistical processing of their experi-
mental data, it was found that the samples of the private values of the deformation
modulus calculated using three different methods, have significant differences. Appli-
cation of the Kruskal—Wallis criterion showed that the compared samples cannot
be combined into one population therefore, it is necessary to choose a method for
calculating the soil deformation modulus. From the analysis of the methods for calcu-
lating the modulus of deformation, it follows that the calculation according to the
formulas PNST 311-2018 is based on the nonlinear dependence of settlement from
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pressure, which is a polynomial of the second degree. The constant coefficients of
this polynomial are easily determined by regression analysis.

In this regard, to calculate the deformation modulus, we recommend using the

methodology regulated by PNST 311-2018. Statistical processing of the experimental
data allows us to define the mathematical expectation of the deformation module and
its calculated value. In this case, in order to improve the reliability of the calculation
of road pavements, the minimum calculated value of the deformation modulus can
be taken.
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Abstract Analysis of roll products at the final stage of production is the main stage
for identifying defects, disrupted integrity or homogeneity, etc. Paper production is a
typical example of such an operation in an industrial setting. It is proposed to use the
results of the assessment for opacity, described by several standardized and statistical
estimates, as the main characteristic for the quality of paper products. Studies of the
dependence of the quality of the paper web on the production conditions and the
properties of raw materials produce considerable variance, so that it is impossible
to make accurate predictions. For this reason, we used a neural network modeling
technology to develop an intelligent system for monitoring the quality of the paper
web. Online quality control allows to assess the efficiency of the paper machine
and rapidly adjust the manufacturing execution system. Special technologies such
as computer vision systems can be introduced for this purpose, making it possible to
make a transition from subjective assessment of the structure and defects of the paper
web to obtaining objective quantitative estimates of these indicators. We considered
a procedure for determining the estimates of structural heterogeneity of the paper
web at the final stage of its production. We suggest to expand the classification of
finished product samples by using neural fuzzy interpolation of linguistic values of
such indicators. The approach introduced is aimed at improving the efficiency of the
production process.
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1 Introduction

Forming and dewatering a paper web is one of the most critical stages in the produc-
tion of quality paper. The main goal of the process is to obtain a paper web with a
mostly homogeneous structure. Studies on this subject were carried out by numerous
scholars and research teams. We considered the main approaches to tackling the
problem of increasing the accuracy and stability of the technological process of
paper production at the stages of preparation and forming, as well as the issue of
obtaining an extremal dependence for non-uniform opacity of the paper depending
on the rate of mass filling on the pulp feed rate [1]. Our study was aimed at obtaining
the physico-chemical and physico-mechanical characteristics of raw materials that
can improve the binding capacity of fibers and stabilize the formation and dewatering
of the paper web [2]. The homogeneity of the opacity was assessed by different tech-
nical methods of control [3], and a system for visualizing and analyzing the homo-
geneity of the structure of a paper sheet was tested [4]. Several studies discussed the
applications of neural network modeling technologies, including diagnostic systems
[51, decision support systems [6], forecasting systems [7], and monitoring and fault
detection systems [8].

Considerable attention is paid to the problems faced by industrial enterprises in
the field of paper production and the results achieved in eliminating these problems.
Diverse solutions were offered for real issues in the paper industry, including math-
ematical approaches, experience and challenges [9]. A typology was constructed
for cutting and packaging problems [10]. A procedure for optimizing the cutting
plan for the paper industry was proposed [11], as well as an integrated solution for
assignment, sequencing and cutting problems in paper production planning [12].
Optimization of the complex problem of lot sizing and cutting stock in the paper
industry was offered in topic [13]. Integration of two-dimensional cutting stock and
lot sizing problems was carried out in article [14]. For example, a study by Sahno
J., Shevtshenko Ed., Karaulova T., Tahera Kh. [15] introduces a novel approach to
using the Six Sigma DMAIC (Define, Measure, Analyse, Improve, Control) method-
ology. This approach combines different tools and techniques into a single structure
consisting of five steps. As another example, Rajnoha R., Gdlovd K., R6zsaZ. [16] is
dedicated to searching for industrial engineering practice that can affect the overall
economic performance, making it possible to understand whether the effect of these
practices is extended to all sectors in the Czech Republic or only to specific ones.
An algorithm for problems with constrained extrema is presented in topic [17]. The
problems, modeling methods, and potential solutions are described in [18]. The
impact of digitization on the development of modern metrology is considered in
[19], while a paper by Okrepilov V.V., Kuzmina S.N., Makarov V.L., Bakhtizin A.R.
[20] ideals with the peculiarities of using supercomputer technologies for modeling
socio-economic systems.

At the same time, the most crucial issues involving the quality of paper production
are related to the quality standards imposed by regulatory documents.
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Heterogeneity of the structure is largely a subjective indicator of the quality of the
paper web, as it is often assessed by opacity. According to GOST R 53,636-2009,
opacity is an indicator characterizing the uniformity of distribution of the constituent
components in paper in the form of areas with unequal opacity, visible on a sheet of
paper in transmitted light. The GOST does not define the numerical characteristics of
the opacity. From a technological standpoint, ‘poor’ paper opacity is due to uneven
distribution of the paper pulp over the area of the sheet, which is a consequence of
flocculation of fibers during the forming process. Paper with an unsatisfactory opacity
is usually uneven in thickness and is characterized by low aesthetic properties, poor
printability and an increased tendency for surface warping [21].

The opacity is determined by brightly illuminate the paper sample, and then
capturing its digital image. Such criteria OST 13-299-87 are used for numerical
assessment:

Forming index is the ratio of height to width of the histogram of points (ordinate)
with different brightness (abscissa);

Heterogeneity of opacity is the standard deviation of the brightness of the points;

Light transmission is the ratio of the mean brightness to the brightness of the light
source;

Directional heterogeneity is the dependence of the luminous flux on the coordinate
along the web. It is calculated in the longitudinal and transverse directions;

Heterogeneity of pulp distribution is the sum of excess (flocs) and deficiency
(voids) of pulp in the sample.

Another term adopted to characterize the heterogeneity of the structure of the paper
web is formation, which is assessed by two indicators, namely, intensity and scale.
The intensity is characterized by the magnitude of the change in the local mass of the
paper, and the scale is characterized by the size of the zones of increased (flocs) and
reduced (voids) mass. Flocs mainly contain long fibers, while densely compressed
‘fines’ are concentrated in the voids. Uneven filling of the paper sheet with respect to
density generates secondary defects, for example, low mechanical strength, reduced
air permeability, low absorbency, printing defects (such as spotting), low whiteness
[1], uneven surface coloration of the paper. There is currently no GOST for assessing
formation as an indicator of the quality of the paper web. This confirms that this
indicator is extremely difficult to objectively describe and digitize.

2 Generation of the Data

Analyzing several studies on the subject [1], we found that formation depends both
on the operating modes selected at different stages of the paper production process
(speed of the paper machine, drying parameters, slope of the hydrofoils, dewatering,
the degree of beating of the paper pulp, etc.), and on the parameters of the raw
material (composition of the paper pulp, such as needles, leaves, wood pulp, rejects,
the type of semi-finished wood product; presence of flocculating and deflocculating
agents).
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The reason for growing research in this area is that technical means for monitoring
the heterogeneity of the structure of the paper web need to be introduced in the
industry, which is to say that a transition has to be made from subjective assessment
of formation to potentially obtaining objective quantitative estimates of this indicator.
Various companies offer analysis of opacity and formation based on a number of
specific estimates, such as: forming index, specific perimeter, standard deviation,
coefficient of variation, average size of heterogeneity, correlation function.

The relationship of the structure of and the operating parameters that govern
it with the quality achieved was established in several studies. For example, [2]
established the connection between quality, firstly, with the number of fibers of
different lengths: samples with higher quality have a very high quantitative content
of fine fibers (up to 1 mm), about 80%; secondly, with the degree of beating (DB)
and the composition of the species, since samples with higher degrees of beating
and higher contents of hardwood have higher quality, which, as we can observe, also
contributes to production of finer fibers.

The opacity can be used to characterize the structure of the finished product.
This is confirmed by [3], assessing the influence of such parameters as the degree of
beating (DB), the content of the filler and the sizing agent on the quality indicators
for the opacity of cardboard and paper web. The relationship between DB (measured
in Schopper-Riegler degrees) and several key indicators for the quality of the paper
macrostructure, expressed in relative units, is show in Table 1.

As indicated in the studies on statistical assessment of the quality characteristics
of the paper web, as well as in other works, the form of correlation dependences
for different types of roll products does not allow an unambiguous classification
from unsatisfactory to good opacity, ranking the qualit