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Introduction

The modern challenges faced by Ukraine constantly
introduce new demands for protecting the population
from military threats. The issues of construction,
reconstruction, and modernization of civil defense
shelters are highly relevant and urgent. State regulatory
documents governing these processes must be
continuously improved, drawing on both contemporary
Ukrainian experience and the practices of other
countries.

Review of the research sources and publications
State requirements for civil defense shelters are
outlined in [1], while Israel’s regulatory documents are
presented in [2-3]. The study [4] examines the
improvement of national legislation in the field of civil
defense under martial law. Several scientific studies
address the legislative regulation of civil defense issues

during the pre-war period, including amendments to
Ukraine’s Civil Defense Code. The authors of [5]
highlighted shortcomings in the approach to forming
the protective properties of civil defense structures and
the criteria defining them. They analyzed statistical
data on the functioning of such structures in Ukraine
and the level of protection provided per one thousand
people.

Definition of unsolved aspects of the problem.
Although the requirements for civil defense shelters in
Ukraine were updated in 2023, numerous unresolved
issues remain. These issues lead to increased time and
resource expenditures for design and construction. In
some cases, they also impose additional financial and
economic burdens on the state budget.
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Problem statement

The aim of this study is to analyze the spatial and
planning solutions for civil defense structures based on
the regulatory requirements of Ukraine and Israel. The
review of Israel’s requirements is conducted with the
goal of potentially adopting certain technical aspects
that could significantly improve and accelerate the
design and construction processes, as well as enhance
cost-efficiency in the implementation of such projects.

Analyzing spatial and planning solutions in both
countries allows for the identification of key
differences and similarities that can be valuable when
adapting modern design methods for various
conditions, particularly in situations with limited
resources and the need for rapid execution of work.

Basic material and results

Let us consider the regulation of certain technical
issues based on Israeli legislation.

In Israel, protective structures are divided into several
types based on volume and area, such as A-1, A-2, B-
1, B-2, C-1, and C-2, as well as into groups by purpose.
These include shelters like K1, K2, K3, "forward
shelters" or "frontline shelters,” "bomb shelters" or
"rear shelters," "protected space," "residential safe
space," "protected premises in healthcare institutions,"
"public protected space,” and "floor-protected
premises." In Fig. 1, a safe space on the premises of a
private house is presented. The type and area of a
shelter are determined according to the building's
purpose and the settlement classification, which is
explicitly stated in regulatory documents.

Each type of shelter has both general and specific
requirements, ensuring the appropriate use of certain
materials or technologies for each type. It is specified
that the design of a shelter, its contents, and the
characteristics of floor-level and apartment-level
protected spaces, including ventilation and filtration
systems,  sanitary  facilities,  electrical  and
communication equipment, must strictly adhere to the
examples outlined in state regulations.

Figure 1 - A safe space on the premises of a private
house.

Clear minimum and maximum area limits are
defined. If a shelter is used as a multipurpose space, the
primary area may be increased to accommodate

equipment or furniture, provided that this additional
space does not exceed 20% of the shelter’s main area
and does not require significant deviations from
standard solutions, except for increasing the number of
ventilation and lighting systems, markings, and
signage.Table 1 provides an example of how area
standards are organized for different building types.
Shelters are typically constructed using B-30 concrete,
with B15 concrete used for flooring. Walls are 20-40
cm thick, and all interior walls are also made of
reinforced concrete. During the casting process,
samples are collected for testing in a licensed
laboratory to ensure the concrete's strength. In Fig. 2,
the method for testing the compressive strength of
concrete is illustrated.

Figure 2 - The method for testing the compressive
strength of concrete.

After casting an underground shelter, a water-
tightness test is conducted by flooding all underground
components of the structure with water up to the
ceiling. The water remains in the structure for 48 hours,
and any detected leaks must be repaired before further
work proceeds.

Special attention is paid to ventilation systems.
During threats, filtered air is supplied, while natural
ventilation is used in peacetime. One supply and one
exhaust air duct are designed for every 25 m? of space.
The equipment is calculated based on a density of
0.4 m? per person and at least 16 air exchanges per
hour.

In Fig. 3, the elements of a ventilation system are
depicted.

In A-1 type shelters, there is no obligation to install
sinks and faucets. In other shelters, one sink and faucet
with running water are installed for every 50 square
meters of the main area or any part thereof. Wastewater
disposal is generally done by gravity, except in cases
where this is not possible. For buildings equipped with
a generator, and where the competent authority
confirms that gravity drainage is not feasible,
wastewater may be removed using pumping systems.
Appropriate measures are taken to prevent backflow,
including mechanical devices.

A drinking water storage tank is installed in each
shelter, calculated at 5 liters per square meter of the
shelter's main area. The capacity of a single drinking
water storage tank must not exceed 500 liters.

6 ISSN: 2518-1106(online)
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A clear categorization of shelter types in Israel allows

implementation of a protected window opening, Fig. 5

Table 1. Shelter Area Standards for Different Building Types in Israel

Minimum Protected

Building Type Required Protected Space Area Space Arca,

Office Building 3% of the main area 10
Laboratories 3% of the main area 10
Banks 2% of the main area 10
Post Offices 4% of the main area 10
- Courtrooms 5 m? per courtroom 10
- Offices 3% of the main area 10
Religious Buildings:

- Synagogues 1% of the main area 10
- Ritual Buildings 1% of the main area 10
- Mosques, Churches 1% of the main area 10
- Prayer Halls 1% of the main area 10

2.5 m? for residential units

Protected Housing and Nursing Homes . 10
with up to 2 rooms

Hotels, Sanatoriums, Guesthouses 1 m? per residential unit 10
Dormitories, Boarding Schools 20% of the main area -
Clinics, Mother and Child Rooms, etc. 3% of the main area 10
Community Centers, Youth Clubs 2% of the main area 10
Industrial Buildings:

- Offices and High-Tech Industry 3% of the main area 10
- Production Workshops 2% of the main area 10
- Warehouses 0.8% of the warchouse area 10

for the standardization of required electrical shows the results of testing doors that do not meet the

connections.

For instance, it is explicitly stated that A- 2 and B-1
type shelters must be connected to a single- phase
power supply with a capacity of 40 amps. B-2 type
shelters must be connected to either a single-phase
supply of 40 amps or a three-phase supply of 25 amps.
C-1 type shelters without central ventilation and
filtration rooms are connected to a three-phase power
supply of 25 amps. For C-1 shelters with ventilation
rooms and C-2 shelters, the power requirements are
determined by the designer. In shelters equipped with
power generators, switching between power sources is
done manually. To monitor the generator's load,
ammeters are installed in the premises, marked with a
red line indicating the maximum allowable current.

Regarding finishing works, the regulations specify
that the concrete surface must be smooth after casting.
Plastering, stone cladding, or the use of tiles of any kind
is prohibited. Only painting or the application of
decorative coatings with a layer no thicker than 2 mm
is allowed. PVC panels are permitted on slopes.

Exterior wall surfaces above ground level can either
remain as painted concrete or be plastered. Stairs,
emergency exits, and access routes, excluding floors,
are whitewashed with lime or synthetic lime or painted
in white or other light shades at the designer's
discretion.

The use of materials other than those specified in the
standard is allowed only with the approval of the
relevant defense ministry authorities. Elements such as
entrance doors, airtight doors, soundproof doors,
windows, steel pipes with a diameter of 4" or more, and
all connecting elements, as well as floor hatch covers,
must be certified and bear approval marks from the
Standards Institute. Fig. 4 presents an example of the

requirements.

The concept of "Owner" in Israeli legislation is defined
as the recipient or the person entitled to receive income
from a property, or who would receive income if the
property generated it, as well as those with ownership
rights or acting as trustees. This applies regardless of
whether the owner is registered. In the case of leased
properties with a fixed lease term of 25 years or more,
the lessee is considered the "Owner."

Figure 3 - The elements of a ventilation system.
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Thus, the responsibility for maintaining shelters falls
not only on property owners but also on those using the
building or deriving income from it. Additionally, if a
building lacks a shelter, the owner is obligated to
arrange one within or near the building at a time and
location specified by the local authority through written
instructions.

Figure 4 — Example of the implementation of a protected
window opening.

Exemptions from the obligation to build or expand a
shelter may be granted if it is proven that construction
or expansion is impossible at the site. In such cases, the
applicant must contribute to a fund dedicated to
creating, improving, or expanding public shelters. The
contribution should not exceed the costs of constructing
or expanding the shelter on-site. Exemptions may also
depend on the presence of an existing shelter accessible
to users of the building or factory.

Expenses incurred by the owner for equipping,
repairing, or reconstructing a shelter can be partially
recouped from building occupants, ranging from 25%
to 50% depending on specific conditions.

Let’s return to the regulatory documentation of
Ukraine.

In 2023, Ukraine approved DBN V.2.2-5:2023
"Protective Structures of Civil Defense," which
replaced DBN V.2.2.5-97 "Protective Structures of

Civil Defense," which, in turn, was based on
construction norms from the USSR in the 1950s and
1970s, with certain changes and revisions over time.
During this period, some provisions were canceled,
while others were modified or supplemented.

In Ukraine, the following types of civil defense
structures are distinguished: shelters, radiation
protection shelters, dual-use structures with shelter
properties, dual-use structures with radiation protection
shelter properties, primary (mobile) shelters, and the
simplest shelters. Each of these types has general
requirements according to state norms. Each shelter is
designed considering its purpose, location, structural,
and other technical issues, which are individually
resolved by the designer for each project.

Civil defense structures and dual-use structures are
designed and constructed in such a way as to create
appropriate conditions for the accommodation of
people requiring shelter and to provide the necessary
level of protection from the anticipated impacts of
hazardous factors that may arise as part of dangerous
events during emergencies, military (combat)
operations, and terrorist acts. These structures are
designed to support the presence of people for up to 48
hours.

The required number and capacity of each protective
structure and dual-purpose structure are determined
during the design phase, based on the estimated number
of people needing shelter. For educational institutions,
shelters must accommodate 100% of the participants in
the educational process and other staff members.
However, during the reconstruction or new
construction of separate or attached protective
structures or dual-purpose structures within the grounds

of existing educational institutions, the capacity of the
protective structures may be reduced to 50% of the total
capacity of the institution, provided that sheltering is
available for all individuals who may be in the building
at the same time, according to the institution's
operational schedule during the most populated shift.
The total capacity of protective structures and dual-
purpose structures in public buildings is determined by
the possibility of sheltering 100% of the estimated
number of people who periodically stay on the premises
(calculated according to DSTU 8855), residential
buildings — 100% of the estimated number of people
who permanently stay on the premises, and buildings
intended for production, storage, and administrative
and household purposes — 100% of the estimated
number of people who periodically stay on the
premises.

The minimum area of the main and auxiliary rooms
of shelters and dual-purpose structures with shelter
properties is specified in the current DBN, while the
upper limit is not restricted.

For the construction of concrete, reinforced concrete,
and steel-reinforced concrete structures for protective
structures and dual-purpose structures, heavy concrete
with a density of at least 2000 kg/m?® and a class not
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Figure 5 — Results of testing doors that do not comply with the requirements.

lower than C12/15 should be used. For columns and
beams, the class should not be lower than C20/25.
Concrete blocks for walls should be designed from
concrete with a class not lower than C8/10. The mortar
for sealing the walls of prefabricated reinforced
concrete structures must not be lower than C8/10.

There is a provision concerning the airtightness of
shelters, which states: "External enclosing structures
(foundations, floors, walls, ceilings, and roofs), along
with their waterproofing, must protect the shelter from
the negative impact of groundwater, flooding, and
ensure the airtightness of the shelter." However, no
detailed testing requirements are provided.

Ventilation systems must meet the needs of people for
clean air for 6-48 hours, depending on the ventilation
mode (I, II, or III). Air intake must be cleaned of solid
particles and dust by installing coarse air filters. The
minimum air exchange rate in the rooms where
individuals will be sheltered should be 6-10 air
exchanges per hour, depending on the functional
features of the room.

There is a requirement to install at least one
washbasin for every 200 people, but no fewer than one
per sanitary unit. Wastewater discharge can be handled
either by gravity or by using a pumping station for
pumping (if gravity discharge is not possible) with the
installation of a valve inside the structure.

The reserve of drinking water in containers is
calculated at 3 liters per day per person who is to be
sheltered.

Regarding electrical connections, it is recommended
that the power supply for electrical receivers be
provided from a network with a nominal voltage of
230/400 V. The reliability of the power supply for
electrical receivers used in peacetime is determined
according to the relevant norms for such a type of
structure. The power capacity for connection is not
standardized and not limited.

There are general requirements for finishing works;
the use of suspended ceilings, false floors, glass
cladding, ceramic tiles, or other materials that could
create sharp fragments when broken is prohibited.

Conclusions

Modern realities impose continuous adjustments that
are far from final. Therefore, existing regulatory
documents must evolve, be supplemented, and
optimized further. The integration of advanced
technologies, the experience of other countries, and
contemporary requirements for civil defense will
contribute to improving the efficiency and timeliness of
constructing protective structures.

The ongoing process of improving the regulatory
framework is essential to ensure an adequate level of
protection for the population and infrastructure in the
face of modern threats. This will help reduce resource
costs, enhance design quality, and accelerate the
adoption of innovations in the field of civil defense.
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Introduction

Engineers always face the question of how the
builders of the past ensured the reliability of buildings
and structures that have been safely preserved to this
day. At the same time, issues of substantiation of some
calculated parameters and coefficients of the allowable
stress method, which later became part of the codes of
the limit states method, remain unclear. These and other
questions are answered by the study of the development
of domestic and foreign design codes, the relevance of
which is connected not only with the fact that history
provides factual knowledge about past construction
experience, but allows predicting trends in the
development of building codes.

Review of the latest sources and publications

Separate stages of the development of building
mechanics, building structures and building design
codes are covered in domestic articles and monographs
of different years [1,2]. From foreign publications
dedicated to this topic, major reviews stand out [3,4].
The analysis of the evolution of building design codes
should begin with the capital Urgent position, which
regulated construction activities on the territory of
Ukraine from the middle of the 19th century to the
beginning of the 20th century [5]. Foreign construction
regulation, in particular in Germany, in the same period
is represented by the multi-volume HUTTE handbook,
which was quite popular until the 1930s [6]. The period
1930-1955 is characterized by constant development
and revision of domestic design codes based on the
allowable stress method, which was later replaced by
the limit state method, the features of which are

analyzed in monographs [7,8]. An important direction
in the development t of design codes is the clarification
of the calculated values of loads acting on the building
and having a complex probabilistic nature [9].
Domestic studies of loads have intensified in recent
decades in connection with the implementation of the
State Building Codes of Ukraine [10-12].

Definition of unsolved aspects of the problem.

It should be noted that currently there are not enough
scientific publications in which the chronological
development of the method of allowable stresses,
which was the basis of the design of building structures
for more than 100 years, until the middle of the 20th
century, was analyzed in detail. Therefore, it can be
assumed that the long-term positive potential of the
allowable stress method, on the basis of which the
transition to the modern calculation of building
structures according to limit states was made in the
1950s, was generally ignored.

Problem statement

The aim and objectives of the study are a consistent
review of approaches to the consideration of loads on
building structures and their reflection in regulatory
documents of different years. Attention is focused on
the continuity of the method of limit states and the
method of allowable stresses in the part of the load
description. With regard to climatic loads (snow, wind),
attention is paid to changes in territorial zoning and
calculation coefficients, the assignment of normative
and calculation values, and the involvement of
experimental statistical data. Attention is also paid to
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the connection between the development of codes of
crane loads and the results of experimental studies of
these loads.

Basic material and results

As indicated above, the first normative document that
was effective in the territory of Ukraine was "Urgent
position: a guide for drawing up and checking
estimates, designing and performing works" [5]. This
document contained some provisions of the structure
calculation methodology. It is interesting to note that its
author was Count De Rochefort N.I. (1846 — 1903),
civil engineer and architect, builder of railways,
highways and palaces. The Urgent position is a unique
manual that served as a reference for builders and
architects, a textbook for teachers, and a guide for
construction contractors. For the first time, it explained
the building regulations and rules and contained the
necessary reference material related to construction.
The Urgent position came into effect for the first time
in 1869, it was republished with changes 13 times, the
last edition was printed in 1930. The Urgent position
had an important state status and was mandatory for use
throughout the country.

In the second half of the 19th century and at the
beginning of the 20th century, domestic technical
literature was practically absent. Therefore, translated
technical publications, mainly German, were popular.
Such a publication was the Hiitte handbook - a multi-
volume "Handbook for engineers, technicians and
students" [6]. The first German edition of the
Handbook was published in Germany in 1857, it
included sections: mathematics and mechanics,
mechanical engineering and construction. Soon, in
1863, the first Russian translation of the Handbook was
published. Before World War II, Hiitte was one of the
most common technical reference books in our country.
The Handbook continued to be published in the post-
war years, the last 34th edition was printed in 2012.

Changes in snow load rationing. Based on these and
other sources, let's first consider how the regulation of
such an important and dangerous force on buildings as
snow load changed over time. The Urgent provision
contained some instructions regarding loads on
structures, in particular, on rafter trusses. The load from
own weight was regulated in the range of 20 — 70
kgf/m?, variable loads — at 160 kgf/m2 It can be
assumed that this variable load with a margin took into
account the snow load in the main territory of the
country, and the total calculated load of 180 — 230
kgf/m?, together with a margin for strength, ensured a
certain level of safety of structures made according to
competent calculations. It should be noted that the
specified recommendations regarding the total loads on
the roof corresponded to the German codes of that time
for pitched roofs in Germany [6].

In the first post-revolutionary Unified Rules for
Building Design (1931), the snow load P. (kgf/m?) was
determined by a formula that is quite unusual from a
modern point of view:

P, =P’ (1+0.0024)(45 —a), M

where P’ — an empirical value that depended on the

geographical location of the area (latitude and
longitude), and was found in the corresponding table
with latitude values in the range of 40 — 70° and
longitude 20 — 190°; / — height of the area above sea
level (in meters); « is the angle of inclination to the
horizon (in degrees) of the surface that received the
snow load.

To specify the recommendations of the Uniform
Rules regarding snow load, we will perform
calculations for three geographical points:

* Poltava: latitude 44°35, longitude 34°34°, h = 146

m, PL,0 = 1.33, according to formula (1) the estimated
snow load on the horizontal surface (o = 0°) was
P.=1,33(1+0,002-146)45 =77,5 kgf/m?;
* Kyiv: latitude 50°27’, longitude 30°30°, 2 = 183 m,
P’ =0.94
P.=0,94(1+0,002-183)45 =57,8 kgf/m?.
* Kropyvnytskyi: latitude 48°31°, longitude 32°17",
h=127m, P’=1.10
P =1,10(1+0,002-127)45 = 62,0 kgf/m?.

As can be seen, the values of snow load regulated by
the Uniform Rules were significantly lower than those
previously contained in the Urgent provision.

In the next normative on the height of the snow cover
h, and the average document of 1933, the snow load
was standardized differently, depending maximum
height for the last ten years was taken into account. So,
the calculated height of the snow cover had some
statistical justification. At the same time, the density of
snow was assumed to be p= 100 kg/m*® without

sufficient explanation. The calculated value of the snow
load was determined as p=1,6ph. 4 regions were

determined with heights of snow cover in the range of
30 sm>h>80 sm and corresponding snow load p =25 —
120 kgf/m? [2].

It is interesting to note that the codes of 1933 (that is,
90 years ago) contained detailed recommendations
regarding the possible reduction of snow loads due to
melting:

a) for moderately insulated roofs (with a thermal
resistance of 0.75...1.10 (m%°C)/W) at an internal
temperature of 15°C, 2/3 of which are located above the
heated rooms, the snow load was reduced by 50%;

b) for roofs of buildings with large heat emissions
(heat flow over 800 cal/h/m?) with thermal resistance
less than 0.75 (m2-°C)/W — the snow load was reduced
by 75%.

In the future, these valid recommendations were
omitted, and they are missing from domestic snow
codes to this day, although their relevance is obvious,
which is confirmed by the presence of similar
recommendations in the Eurocode.

In the following codes (1940), when justifying the
snow load standard, the snow density was increased
with a differentiation of p = 200 — 250 kg/m3 depending
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on the height of the snow cover. The territory of the
country was divided into 5 snow regions with the values
of the snow cover height % and the calculated snow
weight p on the ground surface of a slightly higher level
compared to the previous codes. At the same time, the
territory of Ukraine was attributed to the I region (% up
to 20 cm, weight p = 50 kgf/m?) and II region (/4 from
20 to 40 cm, p = 70 kgf/m?). These unjustified standards
ignored the climatic features of Ukraine and were
significantly lower than the actual snow loads on its
territory. Nevertheless, these standards were left in
subsequent editions of the load codes and transferred as
normative values to the SNiP, which regulated the
calculations of structures for limit states.

A number of researchers have identified significant
shortcomings of SNiP regarding the standardization of
snow loads [2].

1. Underestimation of the calculated values of snow
load, which is the result of the imperfection of the
methodology for their justification, as a result of which
they are exceeded quite often, in some areas every
5..10 years. This is largely due to the fact that
methodological approaches to the standardization of
snow loads, appropriate for areas with heavy snow
winters, have not been sufficiently justified in areas
with unstable snow cover (which includes, for example,
most of Ukraine). Here, the snow load has significant
specifics, in particular, it cannot be described by the
normal distribution law, which satisfactorily assesses
the snow load in continental areas. As a result, on
average across Ukraine, the calculated values of snow
load were underestimated by 50...60% compared to the
values necessary to ensure a minimum sufficient level
of reliability of load-bearing structures. Such a serious
discrepancy between snow standards and reality was
the cause of a large number of accidents in building
structures.

2. Overly generalized zoning of the territory of the
former USSR (6 snow regions), which ignored the
specifics of individual regions of the country. To a large
extent, this situation is attributed to the territory of
Ukraine with various physical and geographical
features and climatic regions, such as coastal,
mountainous, steppe, forest and other areas. As a result,
the changeable Ukrainian winters form a territorial
distribution of snow cover, which is significantly
different from the zoning map of snow load according
to SNiP. Here we give the remarks of R.I. Kinash [2],
who, as a curiosity, noted that in terms of snow load,
Lviv (in which in 1995/96 and 1996/97 the snow lay for
almost 6 months) was attributed to the same region as
Tashkent and Ashgabat, and Vinnytsia, close to Lviv,
to a remote continental high-snowfall region of inland
Asia with markedly different climatic characteristics.
Obviously, for a vast territory that constituted one sixth
of the Earth's landmass, such a generalized zoning with
a limited number of snowy areas can be considered
forcibly justified, but insufficiently differentiated.

3. The lack of a clear connection between the snow
load standard and its recurrence period, which makes it
impossible to take into account the service life of
buildings, as a result of which they are designed for an

indefinite  service life, which supports the
misconception: "Buildings should stand forever!".

4. Disadvantages in the standardization of the long-
term component of the snow load, which is not
regulated at all for I and II snow regions. Such an
approach is illogical, since whatever the nature of the
change in the snow load in low-snow regions (to which
I and II regions belong), it will still create rheological
phenomena in structures (even if insignificant and have
little effect on the operation of the structure). Therefore,
long-term components should also be established for I
and II regions, at least from a methodological point of
view.

5. The fundamental incorrectness of taking into
account the differentiated reliability coefficient
7,= 1.4..1.6 depending on the weight of the roof.

Taking into account the necessity of such an approach,
it should be emphasized that this coefficient depends
only on the probabilistic properties of the snow load
and is not related to the design and weight of the roof.
With the collapse of the USSR, the new independent
states had the opportunity to move away from the crude
Soviet snow standardization and develop their own,
more differentiated snow zoning. Further development
of snow standards in the CIS was implemented in the
form of national standards of individual states. The
codes of Ukraine DBN V.1.2-2:2006 “Loads and
loadings” finally (after 70 years!) introduced
statistically justified increased values of snow load.
Compiled on the basis of research by domestic
scientists [9], these codes regulate the characteristic
values of snow load, in particular, for Poltava and Kyiv
1600 Pa (160 kgf/m? — 5th region), for Kropyvnytskyi
1400 Pa (140 kgf/m> — 4 region). A more detailed
description of the evolution of snow load
standardization is given in the publication [10].

Evolution of normalization of wind loads. The
beginning of this was laid in 1931 with the publication
of "Uniform codes of construction design". There was
already a certain scientific basis for substantiating the
codes in that period: long-term meteorological wind
observations (3 times a day) with the measurement of
wind speed by a Wild weathervane with two-minute
averaging; aerodynamic studies that have been carried
out since pre-revolutionary times in laboratories and
institutes. In the Uniform codes, the wind load was
determined by the formula, which also had a rather
unusual appearance from a modern point of view:

P, :k(p£+k1h) @

where p, — the wind pressure in kgf/m%* k-
coefficient of flow, which depended on the shape and
position of the object exposed to the wind; p’ — the
highest pressure in kgf/m?> when the air flow is
directed normally to the surface; 4 is the total height
of the building (m) above the edge of the foundation;
k, — calculation coefficient, which was taken
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depending on the nature of the wind flow around the

buildings.

Territorial zoning in the first wind codes was
practically absent, since the same maximum wind
pressure
p. =50 kgf/m? was assumed for the entire country,

except for the coasts of seas and the mouths of large
rivers
75 — 100 kgf/m?.

Standardization of wind load was developed in the
codes introduced in 1933 [2]. In them, the wind load
was determined by a different formula:

F=kgq 3

where £ is the flow coefficient; g — wind pressure,
similar to p! in the formula (2).

The wind division was maintained for the above-
mentioned three geographical areas, and for the entire
territory the pressure was reduced to 45 kgf/m?>.

Evaluating the described wind codes, it should be
noted that the first wind zoning was not differentiated
enough and regulated only one basic value of wind
pressure of g =45 kgf/m? for the entire territory of the

country (with few exceptions). It was not sufficiently
statistically substantiated. As subsequent studies have
shown, this value turned out to be underestimated and
was subsequently increased. Perhaps the authors of the
codes took this into account, so they recommended the
designers to use the additionally known Beaufort wind
force scale, supplemented with wind pressure
values [11]. According to this scale, the normalized
value of 45 kgf/m? corresponds to 8 points and "very
strong wind" with a speed of 18 — 20 m/s. At the same
time, judging by the Beaufort scale, during storms and
hurricanes (9 — 12 points), the wind speed and the
corresponding wind pressure can be much higher. It
should be noted that the first codes already took into
account the increase in wind load with height, the
impact of the protection of buildings and the nature of
the flow around buildings of different configurations.
Over the next ninety years, the design codes of
building structures regarding the standardization of
wind loads have undergone significant changes and
expanded their statistical bases. Territorial wind zoning
has been developed, the number of wind regions has
increased. In particular, according to the current DBN
V.1.2-2:2006 "Loads and loadings", the characteristic
value of wind pressure W) is equal to the average
(static) component of wind pressure at a height of 10 m
above the ground surface, which can be exceeded,
unlike SNiP, on average once in 50 years (similar to
Eurocode standards). The characteristic value of wind
pressure W, is determined depending on the wind
region according to a map or tabular appendix. It should
be noted that the wind zoning of the territory of Ukraine
according to the DBN takes into account significant
territorial variability of wind load, which is noticeably
different from its overly generalized standardization of
SNiP, according to which almost the entire territory of
Ukraine was classified as II (normative load W= 0.3

kPa, design load 0.42 kPa) and III (W, = 0.38 kPa,
design load 0.53 kPa) wind regions. A more detailed
territorial zoning of Ukraine by characteristic values of
wind load includes five territorial regions with
characteristic values from 0.4 to 0.6 kPa. The lowest
values of wind load are observed in the central and
northwestern regions of Ukraine, as well as in
Transcarpathia. Large wind loads are realized in the
Carpathians, Precarpathian and coastal regions.
Territorial zoning of Ukraine by characteristic values of
wind pressure was performed according to the method
developed by V.A. Pashinsky [9]. A probabilistic
model of a non-stationary normal random field was
used, the ordinates of which were the values of the
loads of individual weather stations located at distances
of 30...60 km. The smoothing procedure made it
possible to obtain a smooth surface of the mathematical
expectation of the wind load, free from random
fluctuations of the data of individual weather stations.
Region values of the design wind load were set so that
the excess reserves of the territorial zoning were
minimal.

Comparison of wind zoning according to DBN with
SNiP reveals a relatively small difference in the
calculated velocity pressures. In the central regions,
Crimea, Lviv, Odessa, Kherson and Luhansk, the wind
load is lower than in the SNiP. In the Azov region, on
the contrary, the wind load is much higher. On average
in Ukraine, zoning according to the DBN
underestimates the wind load by 4%. At the same time,
for 34% of observation points, wind load is
underestimated by 15...25%, and for 12% of points, it
is increased by 25...65%.

Stages of crane loads normalization. The beginning
of domestic standardization of crane loads was laid in
1931 with the introduction of the "Uniform codes of
construction design" [2]. Due to the fact that at that time
the relevant experimental works were not carried out,
the basis of the adopted standards were foreign codes,
works of crane operators and reference publications, for
example [6].

The horizontal loads transmitted from the cranes to
the crane tracks and directed along the building were
determined as

H=0,1Pn @)

where P is the calculated vertical pressure on the

crane wheel; n is the number of brake crane wheels

located on the crane beam.

At the same time, the values of forces of normal
intensity were taken to be equal to 0.5 of the values
obtained by formula (4) (obviously, this was the first
attempt to take into account the mode of operation of
bridge cranes).

The transverse crane load was taken as that created by
braking of cart with a cargo, and was determined by the
formula

B 0,1(Q+q)n

n,

T &)
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where Q is the weight of the cargo; ¢ — cart weight;

no — the number of all wheels of the crane; n is the

number of brake wheels of the crane.

This effort was distributed between the crane beams
in proportion to their lateral stiffnesses.

Formulas (4) and (5) take into account that the friction
force F'is equal to the normal pressure N multiplied by
the coefficient of friction between the rails and the
wheels of the crane or cart f°, which is equal to 0.1.

For especially fast or slow working cranes, it was
allowed to determine horizontal forces using the
formula:

Yo
H="0"7 ©

where ZQ/IO is the mass of moving goods (the

number 10 in the denominator approximately takes
into account g =9,8m/s?); v — the maximum speed

of the crane (cart); ¢ — braking time.

Formula (6) was obtained from the condition of
equality of the kinetic energy of motion and the work
of the force H. For increasing speed according to the
law of the triangle, this formula determines the average
value of the force, which is equal to half of the
maximum instantaneous force H., which is detected
during braking. In subsequent editions of the codes,
formula (6) was deleted.

In subsequent years, the crane load codes were
gradually changed [12], but only in 2006, in the
national standards DBN V.1.2-2:2006 “Loads and
loadings”, the erroneous braking force formula (5) was
replaced by the formulas for lateral forces caused by
skewing of bridge cranes and non-parallelism of crane
tracks. Lateral forces are regulated separately for four-
wheeled cranes of small lifting capacity, prone to
skewing during movement. For these bridge cranes, the
lateral force formula has the following form:

L
max + a(F;'nax - E‘nin) < (7)

H_ =0,1F
B

where F and F, are the wheel pressures of

greater and less loaded side of the crane; L ,B are

the span and base of the crane; « is a coefficient

equal to 0.01 for cranes with a separate drive of the

movement mechanism and 0.03 for cranes with a

central drive.

In the above formula, the first term gives the
transverse force from the wheel skew, the second term
gives the horizontal component on the wheel flange,
which limits the skew of the bridge. This formula
provides a fairly close match with the experimental
values [12].

The lateral forces Hy, calculated by formula (7), can
be applied:

* to the wheels of one side of the crane and directed
in different directions (inside or outside the span of the
building under consideration), which corresponds to
the limitation of the crane skew by the wheels of one
side;

* to the wheels along the diagonal of the crane and
also directed in different directions (inside or outside
the span of the building under consideration), which
corresponds to the case of limiting the crane skew by
the wheels located along the diagonal of the crane.

In this case, forces equal to 0,1F" (0,1F" ), directed

in the most unfavorable direction (inside or outside the
span under consideration), are applied to the other
wheels.

For multi-wheel cranes with a large load capacity, not
prone to skewing during movement, a new lateral force
standard has been introduced based on the results of
many years of testing of such cranes. The characteristic
value of the lateral force on the wheel of multi-wheel
cranes with flexible load suspension is taken as 0.1 of
the vertical load on the wheel, calculated under the
condition that the trolley with a load equal to the crane's
rated load capacity is located in the middle of the
bridge. The following formula can be used in this case:

H} =0,1(G,, +G,+0)/2n, (8)

where Gy is the weight of the crane bridge; G is the

weight of the trolley; Q is the lifting capacity of the

bridge crane; ny is the number of wheels on one side
of the crane.

For multi-wheel cranes with rigid suspension of the
load, a characteristic lateral force H)' is taken equal to
0.1 of the maximum vertical load on the wheel. When
determining the characteristic values H,, it is taken

into account that the lateral forces from two multi-
wheel cranes are transmitted to both sides of the crane
track. On each side of the crane, the lateral forces have
one direction — outward or inward, on different tracks
they are directed in opposite directions (both inward or
both outward). On one of the tracks, the full lateral
force is taken, on the other track, half of the lateral force
is applied.

The  consequences of  implementing  the
recommendations of DBN V.1.2-2:2006 “Loads and
loadings” in terms of bridge crane loads [2] were
analysed. It was found that the horizontal loads on the
wheel of four-wheel bridge cranes determined
according to DBN were 1.3...9.6 times higher than the
loads calculated according to SNiP. When determining
the force effects of four-wheel bridge cranes according
to DBN, the bending moments in the columns of the
transverse frames of one-story industrial buildings
(OIB) from lateral forces increase by 1.9...6.9 times,
compared with the efforts from braking forces
according to SNiP, and the bending moments in the
structures of crane beams increase by 1.2...7.8 times.
As a result, there is a slight increase in the material
consumption of crane beams, which is on average
1.1%, as well as a detected increase of up to 24% in the
material consumption of crane parts of columns of
buildings equipped with four-wheel cranes.

Under the conditions of action on the structures of
multi-wheel overhead cranes, the loads on the wheel of
multi-wheel cranes according to DBN exceed the loads
according to SNiP by 1.3...1.7 times. It was found that
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the bending moments in the transverse frames increase
by 1.1...1.2 times and up to 1.6 times in the crane
beams. Based on the tests of the bearing capacity of the
structures of the OIB, it was established that in the case
of equipping buildings with multi-wheel overhead
cranes, the transition to determining the loads
according to DBN does not lead to an increase in the
material consumption of the structures of the crane
beams and columns.

To neutralize the consequences of the introduction of
load standards into the practice of design, it is
recommended to use such a reserve of steel frames of
the OIB as the spatial work of the frames. It has been
established that taking into account the effect of spatial
work of frames in the calculation of transverse frames
of the OIB for combinations of loads allows to
approximate the results of calculations of frames for
loads according to SNiP 2.01.07-85 and avoid
additional material consumption.

Conclusions.

It is shown how, during the last ninety years, the
design codes of building structures regarding the
normalization of loads have significant changes and
expanded their statistical bases. Territorial snow and
wind zoning has been developed, the number of regions
on the territory of Ukraine has increased. The
normalization of crane loads has been significantly
changed, especially in the part of lateral forces of
bridge cranes. The substantiation of normative
(characteristic) and calculated values of climatic and
crane loads based on an increased recurrence period has
been modified. The high scientific level of codes DBN
B.1.2-2006 "Loads and loadings" was noted, which
have a modern statistical basis, are associated with
Eurocode codes and ensure the required level of
reliability of building structures
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AHaJIi3 TEeHAeHWid PO3BUTKY HOPM HABAHTAKEHb
Ha OyAiBeJIbHI KOHCTPYKIIl

YV cTaTTi NOCHiZOBHO PO3IIISHYTI MiIXOAU 10 BpaxyBaHHS HABaHTAXXCHb Ha OyIiBeJIbHI KOHCTPYKIIH Ta IXHE BiToOpaKeHHS y
HOPMATUBHUX JOKYMEHTaX DI3HHUX POKIB. 30CEpePKEHO yBary Ha CIAJKOEMHICTh METONLY TPaHHYHHX CTaHIB 1 METOAy
JOIYCTUMHX HalpyXXeHb y YacTHHI ONKCY HaBaHTaKeHb. [loka3aHO, SK HMPOTATOM OCTAaHHIX JEB'SHOCTA POKIB HOPMHU
NPOEKTYBaHHS OyMiBEIHHUX KOHCTPYKIIH IIOJO HOPMYBaHHS HAaBaHTAXXEHb 3a3HaJIM 3HAYHUX 3MIH 1 PO3MMPHIN CBOI
CTaTHCTHYHI OCHOBH. Ilepmri pekomeHpamii, IO MICTHIIHCS B YPOYHOMY HOJIOXKEHHI, i3 3aIlacOM BPaxOBYBaJIH CHIrOBE
HaBaHTaKCHHS Ha OCHOBHIM Tepuropii kpaiHu. IlouaTkoBe HOPMYBaHHS BITPOBOTO HABAaHTAKEHHS pEIIaMEHTYBAJIO
OJTHAKOBHUH BITPOBHH THUCK I BCIX MICIEBOCTEH. 3 POKaMH CTOCOBHO KIIMATHYHUX HAaBaHTA)XEHb (CHIMOBUX, BITPOBHUX)
NPUAUIIIACh yBara 3MiHaM TE€PUTOPiaJbHOTO palloHYBaHHS (KUIBKICTh paiioHIB Ha TepuTOpii YKpainu Oyno 30imbIIeHO) Ta
PO3paxyHKOBHX KOeQili€HTIB, NPU3HAYCHHIO HOPMATHBHUX 1 PO3PAaXyHKOBUX 3HAUCHH Ta 3aJYUYECHHIO O I[LOTO JOCIITHHX
CTaTHCTUYHHUX JaHHUX. I[IpumigeHo TakoX yBary 3B’sI3Ky pO3BUTKY HOPM KpPaHOBHX HABaHTAXEHb 3 Ppe3yNbTaTaMH
eKCIIepIMEHTAIBHUX JTOCHIKeHb [IUX HaBaHTa)XeHb. HOPMHU KpaHOBHX HaBaHTA)XCHb ITOCTYIIOBO 3MIHIOBAJIH, aJie TUIBKH Y
2006 p B HarioHansHUX HOpMax JIBH B.1.2-2:2006 «HaBaHTaXeHHS 1 BILTHBI» TOMHIKOBY ()OPMYITy TATbMIBHUX CHJI OYJI0
3aMiHEHO Ha GOopMysTy OIYHHX CHII, IO CIIPUYHHSAIOTHCS MEPEKOCAMH MOCTOBHX KpaHiB 1 HEMapalebHICTIO KPAHOBHUX KOJIIM.
MoandikoBaHo 0OTpYHTYBaHHS HOPMAaTUBHUX (XapaKTEPUCTHYHHX) Ta PO3PAXYHKOBUX 3HAYEHb KIIMATHYHUX i KPaHOBHX
HaBaHTa)KCHb Ha OCHOBI 301IBIIEHOTO IEpioxy IMOBTOPIOBAHOCTI. BITUM3HSHI NOCIHIKEHHS HaBaHTA)XCHb aKTHBI3yBaIUCS
OCTaHHI ACCATWIITTS Y 3B’SI3KY 13 BIPOBaIKeHHAM JlepkaBHUX OyniBelIbHUX HOpM YKpaiHu. BinzHaueHO BHCOKHI HayKOBUI
piBerp BiTumsHsHUX HOpM JIBH B.1.2-2006 «HaBaHTaXeHHS Ta BIUIMBW», SIKI MAalOTh CYYacHUH CTaTHCTHYHHIA Oasuc,
ACOIIIOIOTHCS 3 HOpMaMu €BPOKO Ta 3a0e3MeUy0Th HEOOXiAHUI piBeHb HAAIHHOCTI OyAiBeTbHUX KOHCTPYKIIIH.

Kurouogi ciioBa: HaZ[iﬁHiCTB, HOPMHU NTPOEKTYBAHHA, l"paHI/I‘IHi CTaHH, CHITOBE HaBaHTa>XCHH, BiTpOBe HaBaHTa>XCHH,
KpaHOBC HaBaHTaXXCHHS
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Determination of settlement profiles of foundations composed of weak soils
for railway and road embankments, dams, and levees made of earth
materials

The article is dedicated to the issue of foundation settlements in railway, road, and other embankments, as well as earth dams
and dikes, especially when constructed on weak soils with low deformation modulus. It emphasizes that in such cases,
settlements can be comparable to the height of the embankment, requiring settlement profiles to be considered during design.
A simple iterative algorithm developed by the authors is proposed for calculating settlement profiles and is recommended for
inclusion in the draft Ukrainian State Building Code “Earth Dams. General Requirements.” An example of the algorithm’s
application is provided, demonstrating its advantages over conventional graphical and tabular methods. The algorithm ensures
simplicity, fast convergence, and results consistent with those obtained using the finite element method. Additionally, the study
highlights the limitations of FEM when regulatory guidance on key parameters such as boundary conditions and mesh
configuration is lacking. The authors conclude that their proposed algorithm can be effectively implemented in engineering
practice for the design of embankments and dams on weak soils with a trapezoidal cross-section.
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Introduction

The determination of settlements of foundations for
railway, highway, and other embankments, as well as
for earth dams and levees during their design,
construction, and operation is a mandatory
procedure [1, 2].

If the foundation consists of soils with a low modulus
of overall deformation (such as silts, peats, peaty soils,
and similar types), it is necessary not only to determine
the average settlement and differential settlement (as is
typically done for conventional foundations), but also
to determine the settlement profiles. This requirement
arises because, in such cases, the settlement values can
be of the same order of magnitude as the height of the
embankment, dam, or levee. Therefore, when
calculating the volume of earth material required for

constructing such structures, these settlements must be
taken into account. Accordingly, it becomes necessary
to construct settlement profiles both within the
embankment body and beyond its boundaries [1, 2, 3,
4,5].

This article presents an example of the application of
an algorithm we developed for the Ukrainian State
Building Code (DSTU XXXX:202X "Earth Dams.
General Requirements") to calculate settlement profiles
of railway, highway, and other embankments, as well
as earth dams and levees [6]. The theoretical
background of the settlement calculation algorithm
presented in [6] is described in detail in works [7] and

[8].
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Methods.

Theoretical investigation of geomechanical processes
using analytical and numerical mathematical methods.
Analysis and generalization of the results of theoretical
studies.

Results.

A simple algorithm has been developed to determine
the required volume of material for the construction of
embankments (dams and levees) made of earth
materials when founded on weak soils. The algorithm
is based on a simple iterative process.

Scientific novelty.

It has been shown that a simple iterative process can
be applied to determine the theoretical volume of
material required for the construction of embankments
(dams and levees) made of earth materials.

Practical significance.

The main practical outcome of this study is the
development of a method for calculating the volume of
material required to achieve the design profile of an
embankment (dam or levee) built on weak soils.

Review of achievements in this field.

To determine the settlements of dams (including
those constructed from earth materials), the current
building codes in force in Ukraine use either the
graphical-analytical method (which provides only
approximate results), or a tabular method (in which
settlements can be calculated only along a vertical line
passing either through the center or the corner of a
rectangular area loaded with uniformly distributed
pressure) [1, 2, 3, 4, 5]. These data are clearly
insufficient for constructing the settlement profile of

W(x,z) =k (§+&+8&+8+ 85+ 86 +& + & + 89 + &0+ 811 +612)

__ V.ch
27 Ly -y,

& =-L-yiIn(yi+z’);

ky

sn=—Li—b+x;; yy=—Li+x;; y3=b+x;;

&= _yg'h ']“()/%4'22);

the base of an embankment (dam or levee). Therefore,
the algorithm proposed in [6] for calculating the
settlements of embankments and earth dams or levees
is considered in more detail.

The settlement of the foundation of an earth
embankment (dam or levee) along a computational
vertical line S, which passes through a point x; (see

Fig. 1), should be calculated using the formulas
proposed in [6]:
S;= 0’8'2:1':1)Si ()
W(x;2.0) ~W(x,2) [ (1
E.

i

Si(‘xj):

where: §, — is the settlement of the embankment
(dam or levee) base along the computational vertical
located at a horizontal distance x; from the left edge
of the structure (i.e., the origin of coordinates; see
Fig. 1); f=0,8 S,(x;) — is the settlement of the
i-th layer of the foundation with thickness
h, =z, —z,, whose top is at depth z, and bottom at

depth z,

i+l

W(x,z) — is the vertical displacement of
the foundation at point with coordinates x (horizontal)
and z (vertical); W(x,z)maW(x,,z,) — are,
respectively, the displacements at the top and bottom
of the i-th soil layer in the foundation with

deformation modulus £, .

The displacement of the foundation W(x,z) at the

calculation depth z should be determined using
formulas specified in Eq. 1.

Vo =b=L=b;

&=L y3In(yi+z°);
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Figure 1 — Scheme for Determining the Settlements of the Foundation of an Earth Dam (Embankment or Dike): if
the distance xj < 0 or x; > b, then the calculated vertical lies outside the base of the dam (embankment or dike);
E1..n; y1..n— deformation moduli and densities of the 1 to n soil layers, respectively.

The additional vertical stresses at the foundation from
the dam (embankment or dike) weight o.,(z), required
to determine the lower boundary of the compressible
stratum along the calculated vertical at position x; ,
should be determined using the following expression:

0, (@)= Lt
T 2 b—b)

X b-arctan[ij—bl-arctan b ,
2z 2z

where: d,,h,b,b; and L, are the geometric parameters
of the dam (embankment or dike) as shown in
Figure 1; 9. is the wunit weight of the dam
(embankment or dike) material; if the calculated
depth z=0, then in formulas (2) and (3), use
z=0.0001 m.
Egs. (1), (2) and (3) allow determining settlements of
the foundation both within and beyond the base of a
homogeneous dam (embankment or dike, see Figure 1).

3

Settlement Calculation Procedure

1. Determine the Design Location of the
Calculation Vertical Line — usually specified in the
design brief. The calculation vertical can be located
either within or beyond the dam base.

2. Calculate the Foundation Settlement S; at the
vertical position x; using Egs. (1) and (2).

3. Determine the Depth of the Compressible
Layer Hy;, which satisfies the condition:

0, (0,H)=k-o,(x,H,), “4)
where: £=0.2 for b<5m; k=0.5 for 5>20 m; for

5<b<20 m, use linear interpolation. o.,(0, Hy) — the

additional vertical stress from the dam weight (use Eq.
3); 0:4(0, Hy) — the vertical stress from soil weight,

calculated as:

0., 0,H,)=y"d+ Zizlyl.-h,-;

) 5)
H=d+Y" h

where: y" denotes the density of the soil located above

the base of the dam (embankment or levee); y; and A;

represent, respectively, the density and thickness of the

i-th soil layer; d, — see explanation in Figure 1.

4. If the point at which the stresses from the self-
weight of the soil are calculated is located below the
groundwater level, then instead of y;, the density of the
soil in a submerged state should be adopted. This
density is determined according to the expression:

}/ :}/S,i_y)¢’
R W

i

(6)

where: y;; is the density of soil particles; y, is the
density of water; e; is the soil porosity ratio; i — denotes
the number of the elementary soil layer.

Features of Settlement Calculation for Dike
Foundations Composed of Weak Soils

1. When calculating settlements of foundations
composed of weak soils, it is recommended to take into
account the fact that the settlements may be of the same
order of magnitude as the dimensions of the dike. In
addition, it is necessary to consider the significant
nonlinearity of the deformation and strength properties
of the foundation under external loading.
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2. The task of the calculation is to determine such a
filling contour that, when settlements of the foundation
are considered, the dike contour coincides with the
design one.

3. For calculation purposes, it is recommended to
adopt the standard values of the deformation properties
of the foundation soil.

4. The computational domain should be defined as
follows: vertically, down to the lower boundary of the
compressed stratum, which should be determined either
according to the requirements of the recommended
Annex D of DBN V.2.1-10, or to the upper boundary of
the rigid underlying soil (e.g., rock or coarse-grained
deposits); horizontally —5-b, where b is the dike width.

The calculation is recommended to be performed
using the method of successive approximations
(iterations) in the following sequence:

5.1. First, the load on the foundation from the dike
with design dimensions is determined.

5.2. Then, using formulas (1)...(5), the settlements of
the foundation are calculated.

5.3. If the settlements exceed the design value, the
calculated settlement values are added to the
coordinates of the design contour.

12

5.4. The load on the foundation from the dike with the
contour established according to Step 3 is determined,
and settlements are recalculated in the second
approximation.

5.5. The process is repeated until the filling contour,
adjusted for foundation settlements, does not differ
from the design contour by more than a predetermined
value (this parameter should be specified in the project
technical assignment).

To illustrate the application of the proposed
settlement calculation algorithm, the filling contour
for the dike shown in Fig. 2 was determined with
consideration of soil foundation settlements. The
properties of the soil layers underlying the dam are
presented in Table 1. The groundwater level is located
at a depth of 2 m. The unit weight of the dam body is
v = 18 kN/m?. The soil foundation consists of weak soil
underlain by bedrock. All further calculations were
performed using the “MAPLE-2021" software
package, which is freely available.

An identical example was also considered by the
authors of study [9].

y/

o

A

Figure 2 — Computational scheme of the dam

In the first approximation, the load on the foundation
was assumed to correspond to row 1 in Fig. 3. This load
results in settlements (Fig. 4, row 1) and the dam profile
shown in Fig. 5 (row 1). The volume of material
required for the construction of 1 linear meter of the

28 =60

embankment amounts:

In the second approximation, the load on the
foundation was assumed to correspond to row 2 in

Figure 3. This load results in settlements (Fig. 4, row 2)
and the dam profile shown in Figure 5 (row 2). The
volume of material required for the construction of 1
linear meter of the embankment amounts:
6+28

-4,85-1=72,75M".
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Table 1 — Properties of soil layers of the dam base

Distance . Density . Density . Modulus of
Soil . Soil Porosity
. from the . of soil . of dry . total
Soil name moisture, . density, . coefficient, .
surface, o particles, N/ soil, u deformation,
m ° KN/m® kN/m® p-u. kPa
Low-moisture 0-2 55 16,30 8,57 13,29 0,901 330
peat
Organomineral 2-6 62 15,5 7,95 12,87 0,951 500
sapropel
3 Clay silt 6-10 57 2,55 16,01 25,13 0,593 3600
Rock Unlimited 0-2 - 27,2 - - 78-10°
3.4
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Distance from the left edge of the dam, meters

Figure 3 — Loading on the dam foundation.
Row 1 - load assumed in the first approximation; Row 2 — the same, in the second approximation;
Row 3 — the same, in the third approximation; Row 4 — the same, in the fourth approximation.
Note: rows 3 and 4 coincide.

Distance from the left edge of the dam, meters

0 110 20 30

L 1

Subsidence, meters

3.4

Figure 4 — Settlements of the dam foundation:
Row 1 — settlement calculated in the first approximation; Row 2 — the same, in the second approximation;
Row 3 — the same, in the third approximation; Row 4 — the same, in the fourth approximation.
Note: rows 3 and 4 coincide.
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Figure 5 — Settlements of the dam foundation:
Row 1 — settlement calculated in the first approximation; Row 2 — the same, in the second approximation;
Row 3 — the same, in the third approximation; Row 4 — the same, in the fourth approximation.
Note: rows 3 and 4 coincide.

In the third approximation, the foundation loading
corresponding to row 3 in Figure 3 was adopted. This
loading corresponds to the settlements (Fig. 4, row 3)
and the dam contour shown in Fig. 5 (row 3). The
volume of material required for the construction of 1
linear meter of the dam is equal to 76.05 m>.

In the fourth approximation, the foundation loading
corresponding to row 4 in Figure 3 was adopted. This
loading corresponds to the settlements (Fig. 4, row 4)
and the dam contour presented in Fig. 5 (row 4). The
volume of material required for the construction of 1
linear meter of the dam is equal to 76.20 m>.

Thus, the volumes of material required for the
construction of one linear meter of the dam, calculated
in the third and fourth approximations, differ by only
0.2%. This result should be considered satisfactory and
entirely acceptable for further development of the
technical part of the dam construction project.

Moreover, according to the obtained calculation
results, in order to ensure the design profile of the dam,
it is necessary to use 76.20 m? of soil instead of 60 m?
(the latter figure was obtained without accounting for
foundation settlements). The difference between these
values is 27%. This result is fully suitable for further
development of the organizational-technological,
economic, and cost-estimation parts of the dam
construction project.

Conclusions
The research results presented in this paper allow us
to draw the following conclusions:

1. Using a specific example, it has been
demonstrated that the proposed algorithm for
calculating the settlement profiles of railway,
highway, and other embankments, as well as earth

dams with a trapezoidal cross-section, is
sufficiently simple and convenient to apply.
Therefore, it can undoubtedly be incorporated into
the Ukrainian State Standards (DSTU XXXX:202X
“Earth Dams. General Requirements”).

2. It has been shown that the proposed algorithm
for calculating dam and embankment settlements on
weak soil foundations, which is based on an
iterative process, is both straightforward to use and
exhibits rapid convergence.

3. The obtained results show good agreement
with the data presented in [9], which were derived
when solving an identical problem using the finite
element method [10]. However, the data obtained
by the authors of [9] compared to those in the
present study have the following drawbacks:

3.1. The calculated settlement profiles, load
distributions, and dam profiles appear not as
continuous but as broken lines (a drawback
inherently associated with the finite element
method).

3.2. The current regulatory documents in force in
Ukraine provide no answers to several critical
questions arising when applying the finite element
method to the calculation of settlements of earth
dams and embankments [10]:

3.2.1. What should be the dimensions of the
computational foundation domain?

3.2.2. What should be the boundary conditions for
the computational foundation domain?

3.2.3. What should be the dimensions and
configuration of the finite elements?

All of the above allows us to conclude that the
algorithms  for  determining  settlements  of
embankments and dams made of soil materials
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proposed in this study can be widely applied in the
design of embankments and dams with trapezoidal
cross-sections.
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Busznavennsi npogijiiB ociiaHb CKJIaIeHUX CJIA0KHUMH IPYHTAMM OCHOB
3aJIi3HMYHUX TA ABTOJOPOKHIX HACHUIIIB, rpedeJib i 1aMO0 i3 IPYHTOBHX
MarepiaJiB

CrarTs npHcBsiueHa npoOieMi BU3HAUCHHS OCiaHb OCHOBH 3aJ1i3HUYHHX, aBTOJJOPOXKHIX Ta HIINX HACHIIIB, a TAKOXK rpebenb
i 1am0 i3 IPYHTOBUX MaTepialliB, 0cOOIMBO IpH OyIIBHUITBI Ha CIAaOKUX IPyHTaxX. Y TaKUX BUIAAKAX OCIaHHSI MOXYTh OyTH
CMiBMIpHUMH 3 BHCOTOIO HACHIy, L0 MOTPeOy€e HE JIMIIE OLIHKH CEpeJHBOr0 OCiNaHHsi, a i moOyI0BU MOBHOTO MPOdisro
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OCITaHHS y MeXax CIOpyIH Ta 3a i Mexamu. ¥ poOoTi mpoaHanizoBaHO 0OMeXEHHs TPaAULiHHAX METOMIB, IependadeHnx
YUHHUMH OyIiBeJIbHUMHU HOPMaMH, 30KpeMa rpadoaHaliTHYHOTO i TabIIMYHOTO, SIKi He 3a0e3MeUyI0Th JO0CTaTHHOT TOYHOCTI.
s ycyHeHHsS LMX HENOJIKiB 3alpOIOHOBAHO MPOCTUH iTepallifHUIl aJrOpUTM PO3paxyHKY MpoQiliB ocifaHb. AITOPUTM
0a3yeTbcsl Ha TOCTATHOMY HAOMMKEHHI Ta Ja€ 3MOTY PO3PAaxOBYBAaTH OCiaHHA OCHOB il HACHIIaMH 3 TpaneLeifalbHUM
nepepizoM. 3ampolOHOBAHUH MiAXiA AEMOHCTPY€e N00py 30LKHICTD PE3yNbTATiB 3 pO3paxyHKaMH, BUKOHAHHUMH METOIOM
CKIHYEHHHX €JIEMEHTIB, ajie IIPH I[bOMY He Ma€ HOTro HeJONIKiB — TaKUX SIK JJaMaHICTh Mpodito Ta moTpeda B ACTaTi30BaHIX
TPaHNYHHUX YMOBAX. Y CTaTTi TaKOX 0OIPYHTOBAHO JOLLIBHICTH BKIFOUEHHS FOTO aJrOpUTMY 110 IpoekTy HoBux JICTY mono
MPOEKTYBaHHs Tpedeb 3 IPYHTOBUX MarepianiB. OTpuMaHi pe3ybTaTH MOXKYTh OyTH BHKOPHCTAHI B IH)KCHEPHIH MPaKTHIL
JUISL TIJIBUIIEHHS TOYHOCTI PO3paxyHKiB 00’eMiB Matepiaxy Ta (GopMyBaHHS IIPOEKTHOTO Mpo(dimio HacHUIiB i rpedess Ha
CIIaOKHX IPYHTaX.

KunrouoBi ciioBa: rpyHTOBI rpedui, 1aMOH, OCiTaHHA OCHOBH, JOBTHH HACHIIL, TpamenienoaiOHa ¢popma Haculy, ciaOki IpYHTH,
iocka aedopmarlis, ITHOMHA CTUCHEHHS IPYHTY, MPOdiib OCiaHHs;, 00CsAT MaTepiaty A1 HACHITY Ha CTaOKHUX IPYHTaX.
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Building drainage in dense urban areas

This article analyzes the specific challenges of constructing underground structures under complex hydrogeological conditions
in densely built-up urban environments. The construction of pile foundations, tunnels, utility networks, and underground
parking areas often obstructs natural groundwater flow, leading to localized flooding. The underground space of a modern city
is saturated with water-bearing utility lines prone to unpredictable leaks. In such cases, it is essential to preserve the existing
hydrogeological regime and prevent additional structural deformations of adjacent buildings. Therefore, the regulatory
framework for the protection of underground structures must be improved in accordance with contemporary engineering

standards.
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Introduction

The construction of underground structures
(parking lots, bomb shelters, foundations, retaining
structures) and utility networks (water, storm water,
sewerage, power supply networks, etc.) requires
additional measures to protect them from groundwater
impact during their construction and operation.

In such cases, hydrogeological conditions and soil
filtration properties play a significant role (often a
decisive one). New construction sites are often located
in dense urban areas. All these factors should be taken
into account when designing and performing
construction work, as well as during operation.

Review of the latest research sources and
publications

Numerous regulatory documents and scientific
studies [1+6] address the issue of groundwater impact
on underground structures. It is usually emphasized that
during the construction period, various construction
dewatering techniques must be applied, and during the
operation period, drainage and waterproofing should be
installed.

Definition of unsolved aspects of the problem

A wide range of factors and initial data should be
taken into account for the qualitative selection of a
dewatering method for the construction period. First
and foremost, these are the engineering, geological and

hydrogeological conditions of the site, the design of
underground structures, the possibility of discharging
water pumped out during dewatering beyond the site,
and the possibility of locating dewatering equipment
within the site.

Problem statement

The aim of this study is to investigate methods for
protecting the underground portion of a new building
from groundwater effects during the construction
phase.

To achieve this goal, the following objectives have
been defined: conducting engineering-geological and
hydrogeological surveys of the site; identifying the
filtration characteristics of the foundation soils; and
performing calculations to determine the parameters of
the dewatering system.

Basic material and results

The construction of underground parts of buildings
and structures in difficult hydrogeological conditions
requires additional and, therefore, complex and
expensive work [5-6].

If the groundwater table is high, special measures
should be taken to ensure safe conditions for the
construction of underground structures and to prevent
or reduce the impact on the surrounding area during
such work.

26 ISSN: 2518-1106(online)

Academic journal. Industrial Machine Building, Civil Engineering. — 1 (62)' 2024


http://journals.nupp.edu.ua/znp
https://doi.org/10.26906/znp.2024.63.3880
mailto:dmitrievgts71@gmail.com
https://creativecommons.org/licenses/by-nc-sa/4.0/

This paper is based on the results of the design of a
construction water drainage excavation pit for an
administrative and production complex being built in
the Podil district of Kyiv.

The site of the new building is located on the right
bank of the Dnipro River, within the Eastern European
Plain and is confined to the foot of the Kyiv Plateau
slope in the historical Podil district of Kyiv. Kyiv. The
site is located within the right-bank floodplain terrace
of the Dnipro River. The territory of the project object
is located in the central planning zone within the
historical center of Kyiv. There are no objects of
cultural heritage registered with the state among the
surrounding buildings.

The site is located in a densely built-up area, which
provides for the reconstruction and operation of the
administrative and amenity complex in accordance
with the requirements of DBN V.1.2-12-2008 [7].

The absolute elevation of 98.00 m, which
corresponds to the level of the clean floor of the Ist
floor, is taken as the conditional elevation of £0.000 of
the complex.

The foundations of the new building are made of
9620 mm diameter bored-injection piles. The length of
the piles is 23 meters. The piles are united at the heads
by a 900 mm thick reinforced concrete slab. The bottom
of the excavation pit is located at -4.950 (absolute
elevation 93.050 m) below the high-rise part. The
retaining wall consists of bored-injection piles that are
7.65 to 10.35 m long and 420 mm in diameter, spaced
800 mm apart. Along the street, the excavation pit is
excavated with a natural slope. Jet grouting piles are
used for waterproofing the excavation perimeter.

According to DBN B.1.2-14-2018, the class of
consequences for liability is CC3.

In geomorphological terms, the survey area is
located within the right-bank floodplain of the Dnipro
River, which was raised during economic development

w0 |

due to soil filling to absolute elevations of 96.56-98.32
m.

The geological section is composed of Holocene
alluvial deposits, which are overlain by a thick man-
made stratum from the surface (Fig. 1).

The following engineering geological elements
(EGE) have been identified in the study area:

IHE-1 - Bulk soil - sandy loam with layers and lenses
of dusty sand, with layers of loam, heterogeneous,
sometimes with organic matter impurities in the base,
from hard to plastic.

IGE-2 - Light, heavy, dusty loam, sometimes with an
admixture of organic matter, soft-plastic.

IGE-2a - Light loam, dusty, slightly peaty, tightly
laminated.

IGE-3 - Dusty and sandy loam, plastic.

IGE-3a - Sandy and sandy loam, medium peaty,
sometimes strongly peaty, plastic.

IGE-4 - Fine, dense sand with medium density layers,
saturated with water.

IGE-4a - Fine sand, medium density, with dense layers,
saturated with water.

IGE-5 - Sand of medium size, dense, with separate
layers of medium density, saturated with water.

IGE-6 - Light, heavy, dusty, tightly laminated loam.
IGE-7 - Fine, dense sand with some thin layers of
medium density, saturated with water.

The hydrogeological conditions of the site are
characterized by the presence of a Quaternary
unconfined aquifer. Alluvial soils serve as water-
bearing rocks. The groundwater mirror is recorded in
the alluvial soils at the depths of 2.7...5.3 m at the
absolute levels of 92.87..93.69 m. The aquifer is
recharged by infiltration of precipitation, surface and
groundwater runoff, leakage from water supply
networks and hydraulic connection with the Dnipro
River. The aquifer is discharged into the Dnipro River
and the city's sewer system.
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Figure. 1 - Characteristic geological section in the study area
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During periods of seasonal heavy rains and
snowmelt, the water table may rise, which is facilitated
by the heterogeneity of the cut.

The projected rise in groundwater levels is related
to the level regime of the Dnipro River. During spring
floods, the estimated absolute water level in the Dnipro
River is 96.7 m at the 1% flood (once every 100 years);
96.3 m at the 2% flood (once every 50 years); and 93.2
m at the 10% flood (once every 10 years). The
maximum levels in the river persist on average for up
to 2 weeks (sometimes more), during which the
groundwater can become confined.

According to DBN V.1.1-25-2009 [1], the site is
classified as naturally flooded.

The groundwater level within the survey area is not
stable, which may indicate that the bulk soil has a
heterogeneous composition and that there are periodic
leaks from the water supply networks.

During excavation, the excavation pit will be
flooded. To ensure normal conditions for zero-cycle
operations during the construction period, it was
decided to perform construction dewatering using
needle filters.

Given the size of the excavation pit, it is possible to
by dividing it into two

@

excavations. In the project, water dewatering is
performed from the entire area of the excavation pit.

Excavation works are carried out to develop the
excavation pit to the -3.950 elevation (absolute
elevation 94.050 m). After that, piles are drilled and
water lowering equipment is installed.

Water lowering can be performed at one time from
the entire area of the excavation pit or in two times (in
2 excavation zones). Dewatering is also performed at
the site of the tower crane installation.

When performing dewatering, needle filters are
installed in the excavation pit at a distance of 1.0 m
from the retaining wall along its perimeter. For more
efficient operation of the dewatering system, an
additional branch of needle filters is installed in the
central part of the excavation pit (Fig. 2). After
excavating the pit to the -3.950 elevation (abscissa
94.050 m), needle filters are installed and a collector
with needle filter connection is mounted.

A dewatering system is installed at the site of the
tower crane. The excavation is carried out to the -3.550
elevation (absolute elevation 94.450 m). Needle filters
are installed and a collector with needle filter
connection is mounted.

@

Figure 2 - Layout of needle filters in the excavation pit

After installation of the dewatering system, an as-
built diagram of the actual arrangement of the system
and its quantitative composition should be made.

The layout of dewatering systems may vary
depending on the situation at the construction site.

Before starting construction dewatering, remove the
soil to the level of the needle filters. This elevation
should be at least 0.5 meters above the groundwater

level. The temporary water supply system is laid out,
coarse sand is brought in, temporary power supply is
installed, and other preparatory work is carried out.

The dewatering procedure can be adjusted during
construction and dewatering works.

After the water lowering system is launched, the
second stage of excavation is carried out up to the
bottom of the excavation pit.
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Pumping units of the UVV-3A-6KM type are used
for dewatering. Their number is determined by the
results of calculations, and their installation locations
are determined during their construction.

The collectors are fixed on supports or directly
installed on the ground.

Install the needle filters with polymer sleeves @160
mm PVCI60 SN4 to allow for concreting the
foundation slab; after dismantling the needle filters, the
holes should be concreted with concrete of the design
class.

When arranging a suction collector with a diameter
of 133 mm, it should be fixed to the structures of the
retaining wall along the perimeter of the excavation pit.

Due to the fact that the groundwater level is on
average ~0.35 m above the bottom of the excavation
pit, the water level should be lowered by 1.35...1.50 m.
When determining the depth of lowering, it should be
understood that the depth of lowering may vary, as the
water level may change during the work, but these
changes are not predictable, as they depend on many
factors (time of work on the excavation sections, actual
time of zero cycle work, the possibility of performing
water lowering simultaneously or alternately, time of
year, rainfall, etc.) The depth of groundwater lowering
is determined if it is possible to achieve normal working
conditions in the excavation pit, the depth of the
minimum water lowering is >1.0 m below the bottom
of the excavation pit.

The filtration coefficient of sand below the
groundwater table was assumed to be 7.0 m/day in
accordance with the data of engineering and geological
surveys. The filtration coefficient of loam and sandy
loam overlying the sand was assumed to be 0.5 m/day.

Dewatering is performed using a system of needle
filters made of thin metal pipes that are immersed
around the excavation pit. The lower ends of the pipes
are equipped with filters, and the upper ends are
connected to a suction manifold. The project envisages
vacuum water lowering of the groundwater level using
UVV-3A-6KM pumping units.

If the distance between the wells is less than two
drawdown radii, then such wells interact when
pumping water simultaneously. This leads to the
closure of the drawdown curves and the formation of a
common zone of groundwater level decline.

The UVV-3A-6-KM units are used for dewatering
sandy soils and loams in various geological structures.
The set includes needle filters (up to 100 pcs.), a water
collector with a diameter of 133 mm and two
centrifugal pumps, one of which is a backup, to ensure
the uninterrupted operation of the plant.

The needle filter is a 38 mm diameter pipe, up to 8.5
m long (Fig. 3, 4), to the lower end of which is attached
a filter link consisting of two pipes: an inner pipe,
which is a continuation of the common 38 mm diameter
pipe, and an outer pipe with a diameter of 60 mm with
evenly distributed holes for water passage. The outer
pipe is wrapped with 3 mm diameter wire and covered
with filter and protective mesh. The filter link ends with
a tip, inside which there are ball and ring valves.

The needle filters are submerged into the soil by
hydraulic means.

Needle filters are installed along the perimeter of
the dewatering excavation pit according to the set of
working drawings.

Upon completion of the dewatering, all equipment
is dismantled, and the dewatering wells are abandoned.
Depending on the hydrogeological conditions, depth
and location in relation to the nearest structures,
abandonment grouting is performed in almost all rocks,
except for loose and quicksand.
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Figure 3. Needle filter designs
1 - tubular frame with slot perforation; 2 - lining
longitudinal rods; 3 - water-receiving surface made
of wire winding; 4 - lining spiral winding; S -
water-receiving surface made of stainless mesh; 6 -
water-receiving surface made of stamped sheet
with holes.

Dewatering calculations are performed to determine
the total flow rate (Q is the flow rate diverted from the
site), the radii of influence of the adopted systems, and
the actual decrease in groundwater levels, as well as to
the selection (refinement) of the most effective
measures of technological schemes of dewatering [8].
When determining the amount of groundwater inflow
to the excavation pit, two groups of pits are
distinguished: trenches and rectangular pits (width to
length ratio 1 : 10); wide pits of square, rectangular,
round and other shapes (width to length ratio more than
1 : 10). In this case, the pits that cannot be extended in
length lead to an idealized equivalent circular area with
radius ro.

To calculate the dewatering, the natural conditions
and the adopted dewatering system are schematized.
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Figure 4. Cross section of the dewatering system

The general procedure for calculating a dewatering
system is as follows:

- the necessary reduction in groundwater level is
determined,;

- the
determined,;

- the parameters of the dewatering system are
determined,;

- selection of the necessary equipment.

According to the results of the calculations, it was
found that when performing dewatering simultaneously
over the entire area of the excavation pit, needle filters
within the excavation pit are installed at elevation
94.050 m. The total length of the needle filters is 5.0 m.
The dewatering area (pit) is serviced by three vacuum
pumping units UVV-3A-6KM. Two sumps are
installed in the excavation pit to collect and discharge
surface water entering the pit.

According to the results of the calculations, the total
groundwater extraction rate during dewatering over the
entire area of the excavation pit will be:

inflow to the dewatering system is

8 7

949 m3/day = 39.5 m*/hour.

The drawdown curve is formed within 5 days. The
radius of the drawdown curve is 120 m.

For the site where the crane is installed, it was
obtained that the needle filters are made from the
elevation of 94.450 m. The total length of the needle
filters is 7.0 m. The dewatering section is serviced by 1
vacuum unit UVV-3A-6KM, which also serves as a
backup for dewatering in the excavation pit.

According to the results of the calculations, it was
obtained that the total water consumption during
dewatering in the area where the crane is located will
be 230 m%/day = 10.5 m*/hour. The formation of the
drawdown curve occurs within 5 days. The radius of the
drawdown curve is 120 m.

The total number of needle filters is 189.

The number of needle filters, their installation
locations and length, and the location of the UVV-3A-
6KM units are specified during the work.

14

13

Figure S - Schematic diagram of the pumping unit UVV-3A-6KM:
1 - electric motor; 2 - centrifugal pump; 3, 4 - pressure and receiving chambers; 5 - pressure pipeline;
6 - ejectors; 7 - discharge pressure line; 8 - control valve with float; 9 - circulation tank; 10 - drain riser;
11 - discharge pressure pipeline; 12 - free drain line; 13 - needle filter; 14, 15 - air and water transition
hoses; 16 - suction manifold.
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In pumping units of the UVV-3 type (Fig. 5), two
water-air ejectors are used to reproduce a stable
vacuum in the cavities of the suction manifold and
needle filters, which pump out the air released from the
water-air mixture that enters the needle filters. With
limited air flow to the water intake part of the needle
filters, a vacuum of about 5 m Hg or more develops in
their cavities. Water is pumped out by a water-water
ejector. All three ejectors, which are part of the same
module, are supplied with working water from a
centrifugal pump. With a significant content of one of
the components (water or air) in the water-air mixture,
each of the ejectors is able to partially take over the
functions of the other.

The unit ensures the lifting of water that is pumped
to a height of up to 20.0 m. When protecting excavation
pits, the unit is placed in a ring pattern.

During the excavation of the excavation pit and the
installation of underground structures, dewatering was
performed using needle filters, which ensured the
necessary and safe conditions for construction work,
confirming the correctness of the technical solutions
adopted in the dewatering project.

Conclusions

The implementation of construction dewatering
using needle filters under complex geotechnical and
hydrogeological conditions ensures safe working
conditions for excavation, provided current regulatory
requirements are met.

The rational location of dewatering equipment
ensures that optimal conditions are achieved for
construction work. The construction conditions for
each facility should be taken into account.

Considering the existing hydrological situation and
substantiating the methods of protection of excavation
pits with appropriate calculations and in compliance
with the relevant requirements of regulatory documents
at a high level of groundwater, effective methods of
protection of construction sites can be developed for the
construction of underground structures during the
construction period.

At present, the performance of excavation
protection works is regulated by regulatory documents
developed in the USSR, so it is necessary to update the
regulatory documents in this part to meet modern
requirements.
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ByniBesibHe BOMO3HUKEHHSI B YMOBAX IHiJIbHOI MICbKOI 320y/10BH

IIpoananizoBaHo 0co0nKMBOCTI OyAIBHUITBA 3arIHOICHIX KOHCTPYKLIN Ta CIOpY[ B CKJIAAHUX TiIPOreosoriyHUX YMOBaxX Ta
B IIUIBbHIM 3a0ynoBi. YpOaHi3oBaHi TepUTOpil € MPUKIAAOM MHOTYXKHOTO 1 He30aJaHCOBAHOTO BIUIMBY HAa TI€OJIOTIYHE
cepeloBHIIEC TEXHOTEHHUX (DaKTOPIB, SKi MOPYLIYIOTH TiJPOTEONIOTiYHI Ta T€0EKOJIOTiuHI yMOBH TepuTopii. CropymKeHHs
(yHAAMEHTIB Ha MalsX, TYHENB, IHKCHEPHUX MEPEeXK, a TAKOXK MiJ3eMHHUX MAPKIHTiB B OLIBIIOCTI BUMAAKIB MPU3BOJHUTH /IO
OapaXyBaHHS IOTOKY IPYHTOBUX BOJ, Ta SIK HACHiJOK, 0 MiATOIUIEHHS TepuTopii. IlimzemMHuit mpocTip cy4acHOro micra
HAaCHYCHUH BOJOHECYYHMH KOMYHIKaIisIMH, sIKi MaroTh Herepen0adyBaHi BUTOKHA. BUTOKM BOZ 3 KOMyHiKalliil BUKJIMKAIOTh
3HAQUHUH MiAHOM pIBHIB IPYHTOBHX BOJl BEPXHBOTO BOJOHOCHOTO T'OPH30HTY, SIKi MAlOTh BHIIAQJKOBHI XapakTep i BaXKO
MiTAI0TECST NIPOTHO3YBaHHIO. B TakWxX BHIIagKaX OCHOBHOIO BHMOTOIO € 30€pekeHHs, 10 MOXIIMBOCTI, ICHYOYOTO
T1IPOTeOJIOTIYHOTO PEXHUMY Ta HEJOIYIECHHS] BUHUKHEHHS JOAATKOBHX JedopManiif Criopy/, 0 po3TanioBaHi nopyd. Y pasi
HEOOXiHOCTI BUKOHAHHS OYHiBEIHHOTO BOJO3HI)KEHHS 3 PU3MKOM 3HAYHOTO 3HIDKCHHS PIiBHS IPYHTOBUX BOJ IEpion ix
BUKOHAHHS TIOBUHEH OyTH OOIPYHTOBaHMM Ta OOMEXEHHUM B 4aci, IPH [IbOMY ITOBUHHI OyTH BUKOHAHI YMOBH JUTA 0€3MEeYHOTO
BUKOHAHHS pOOIT HyJIbOBOTO LUKIY. ICHYIOTH pi3HI BapiaHTH BHKOHAHHS 3aXHCTY 3ariuOJICHUX CIIOPYJ Bil HETaTHBHOTO
BIUIUBY IPYHTOBHX BOJ. B cTarTi po3risHyTHI BapiaHT BUKOHAHHA pOOIT 3 3aXUCTY 3arIHOJICHUX KOHCTPYKIIIH 32 JOIIOMOT 00
ronkodineTpiB. Takii BapiaHT € HAHOUIBII JOUUTEHUM TIPH HEOOXITHOCTI 3HW)KEHHSI PiBHS IPYHTOBHX BoJ Ha 3...4 M. Sk 110
CJIi/l TIOHN3UTHU piBEHb IPYHTOBHX BOJ| HIDKYE, MOJKHA BUKOHATH BOJIO3HIDKEHHS B JIeKUIbKa sipyciB. Ha nannit yac BUKOHaHHS
TakuX pOOIT HE pErJaMeHTYEThCS B IIOBHOI Mipi CyYyaCHUMHM YHMHHUMH B YKpaiHi HOPMaTHBHHMH JOKYMEHTaMH.
BukopuctoBytoTscst HopMu, mo Oynn po3pobneni npu CPCP, ane Ha naHuii yac BOHHM € JiFOYMMH B Hamlii kpaiHi. Tomy
HEOOXiJHO BIIOCKOHAIIOBAaTH HOPMATUBHY 0a3y 100 3aXHCTY 3ariMOICHNX CHOPYA 3 yPaxyBaHHIM CYy4aCHHX BHMOT.
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Introduction

Currently, the long-term operation of construction
facilities and the development of industrial production
are inextricably linked with repair, reconstruction,
expansion, and technical re-equipment of enterprises.
Strengthening existing steel beam structures is a
common approach to prevent failure due to significant
physical deterioration, changes in functional purpose,
or construction errors during design and
manufacturing. Moreover, any reconstruction of an
operational facility is typically accompanied by
changes in the loads acting on building structures, and
sometimes even by alterations to their original
structural schemes. This necessitates an assessment of
the technical condition of structural elements and an
increase in their load-bearing capacity through rational
strengthening.

Clause 8.3 of the national building code
DBN B V.3.1-2:2016 [1] outlines the main methods
and techniques for strengthening steel structures, one of
which is the method of partially increasing the cross-
sectional area. Reinforcing the cross-sections of steel
beams by enlarging the tension zone with additional
elements such as steel rolled profiles, plates,

reinforcing bars, or polymer composite plates is one of
the most commonly used methods. This is due to its
practicality during installation, the homogeneous
(isotropic) properties and ease of processing of the
materials used, high tensile ductility, and excellent
fatigue resistance. This method allows for the
strengthening of steel beam structures in existing
buildings and facilities either under load or with
temporary unloading.

When choosing a method for strengthening steel
beams, according to the requirements of clause 8.4.2 of
DBN B V.3.1-2:2016 [1], the following factors must be
considered: the support conditions of the floor or roof
elements on the beam (whether on the upper or lower
flanges); the possibility of increasing the constructional
height of the beam and the availability of space to
accommodate strengthening elements; the feasibility of
performing the work without interrupting production or
during natural technological pauses; and the
technological capabilities for manufacturing and
installing the strengthening components. To select the
most effective method for strengthening steel beams by
enlarging the cross-section in the tension zone, a
comprehensive analysis of the full range of prior
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scientific research conducted to date must be carried
out.

Problem statement

The aim of the work is to conduct a review of
scientific research devoted to theoretical developments
and experimental testing of steel beam elements with
symmetrical cross-sections, which are strengthened in
the tension zone additional longitudinal elements made
of steel rolled profiles, plates, reinforcing bars and
plates made of polymeric materials.

Review and analysis of research sources and
publications

The analysis of scientific research has shown that
there is a wide range of methods for strengthening the
bending strength of metal beams by increasing
(augmenting) their cross-sections along the length. In
recent years, in addition to traditional methods of
reinforcing metal beams by augmenting their cross-
sections with additional elements made of shaped and
sheet rolled sections or reinforcement bars. Methods of
reinforcement through cross-sectional increase using
adaptive wire manufacturing have also been introduced
(WAAM) and the installation (fixing, bonding) of
additional elements made of carbon fiber (CFRP) to the
lower tension zone of metal beams. In the studies [2],
[3], researchers J. Yang, M.A. Wadee, and L. Gardner
conducted experimental investigations to evaluate the
bending strength of hot-rolled steel beams, which were
reinforced along their length by increasing the I-shaped
cross-section  through arc-based additive wire
manufacturing (WAAM). The beams were tested under
four-point or three-point bending conditions. The
results showed that as the mass of the specimens’ cross-
sections increased from 2,63% to 12,26%, the bending
strength of the beams increased by 11,5%-33,2%.

In the work [4], researchers Ghafoori E. and
Motavalli M. experimentally and numerically
investigated the transverse-torsional bending of steel
beams reinforced with a layered carbon fiber reinforced
polymer (CFRP) material of normal modulus of
elasticity (NM). The test results showed that
reinforcing steel beams with layered carbon fiber
materials almost equally increases the elastic stiffness
of the specimens, both for bonded and unbonded
systems, compared to the reference beam. Specimens
reinforced with unbonded carbon fiber reinforced
polymer (CFRP) laminates have higher strength than
those reinforced with bonded carbon fiber reinforced
polymer laminates. Pre-stressing of the carbon fiber
reinforced polymer layered materials does not affect
the elastic stiffness of the reinforced beams, but it
significantly influences their bending strength. Higher
levels of prestressing do not necessarily lead to an
increase in bending strength in the retrofitted beams.
[4]. The article by Omnia R. AbouEl-Hamd [5] presents
the results of experimental and numerical studies on
steel beams, which were reinforced along their length
with hybrid fiber-reinforced polymers (HFRP) using

steel bolts. Tests on 22 steel beams demonstrated their

plastic behavior upon failure, with an increase in yield

and ultimate bending strength by 15,1% and 22,2%,

respectively [5]. The study of a structural solution for

strengthening steel beams using adhesive strips made
of shape memory alloy steel (also known as iron-based
shape memory alloy, Fe-SMA) was conducted by Sizhe

Wang and other researchers in work [6].

In the study [7], researchers Linghoff D., Al-Emrani
M., and Kliger R. tested five beams under static four-
point bending. The beams were fabricated from
standard HEA180 steel profiles with a nominal span
length of L, = 1.8 m. The length of the carbon fiber-
reinforced polymer (CFRP) laminate used to strengthen
the beams at the level of the lower flange was 1600 mm,
leaving an unreinforced gap of 100 mm between the
ends of the CFRP laminate and the supports. Parametric
studies were carried out to investigate how different
parameters, such as the variation in thickness and
elastic modulus of the laminates and the adhesive layer
of different epoxy resins, would affect the strength and
behavior of the strengthened beams. The CFRP
laminate strips were bonded to the steel beam using
epoxy resin over the entire surface with the help of a
hard roller. To ensure a uniform thickness of epoxy
resin along the bonding length, thin wooden strips were
glued to the bottom flange of the beam. These strips,
having a thickness of 2 mm plus the thickness of the
CFRP laminate, served as supports during the
placement of the laminate strips. Based on the test
results, the ultimate loads of the strengthened beams
were compared with that of the reference beam. The
ultimate load for the reference beam was defined as the
applied load level that resulted in a strain of 2% in the
extreme tensile fiber of the beam, corresponding to a
deflection of /=50 mm. The ultimate load for the
strengthened beams was defined as the load that caused
rupture or delamination of the CFRP laminate.
According to the data presented in Table 3 [7], the
increase in ultimate load AP for the strengthened steel
beams compared to the reference beam, depending on
the strength characteristics of the CFRP laminate
material used, ranged from 2% to 18%.

In research [8] Liu, Y. and Gannon, L. conducted
experimental investigations on steel I-beams with
cross-section W 310x100%28.3 and effective lengths of
L,=2.4 m and L,=1.2 m. The beams were strengthened
using conventional methods:

- by welding under load steel vertical cover plates with
dimensions #x4=9.5%320 mm along the length of the
specimens symmetrically to the top and bottom
flanges;

- by welding a horizontal cover plate with dimensions
txb=9,5x137 mm along the length of the tensioned
bottom flange of the I-section beam.

The experimental results [8] indicated that the degree
of preloading influences the strength of the reinforced
beams, which fail as a result of torsional bending of the
vertical plane. Specifically, when the beams were
strengthened under a preload level of 50-53% of the
ultimate strength of the unstrengthen beam, the ultimate
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strength of the reinforced beam under torsional
buckling decreased by 13—14.2%.

In the study [9], Ridha, S., Abbood, A., and Atshan,
A. conducted experimental investigations on three steel
I-beams with IPE 100 cross-sections and a nominal
span length of L,=1.0 m. The beams were strengthened
at mid-span by welding under load with inclined steel
plates of dimensions ¢xbx/=3x12.5%x250 mm or

txbx]=3%25%x250 mm. Horizontal plates with
dimensions txbx]=3%12.5x500 mm or
txbx]=3%x25x500 mm  were also used for

strengthening, symmetrically to the upper and lower
flanges. As a result, the strength of the beam reinforced
with 12.5 mm wide plates increased by 21.15%
compared to the reference specimen under an ultimate
load of F = 157.5 kN, while the beam reinforced with
25 mm wide plates increased its strength by 37.69% at
F =179 kN. Strengthening with additional plates and
inclined stiffeners altered the failure mode from "lateral
buckling" (as observed in the control specimen) to a
"plastic hinge" formation at the point of concentrated
load (mid-span). Additionally, reinforcing the beams
with extra plates significantly reduced both vertical and
horizontal deformations, as well as deflection and
lateral bending, compared to the reference specimen.

In research [10], Yossef, N. conducted experimental
tests on six steel I-beams with IPE 200 cross-sections
and a nominal span of L, = 1.8 m. The beams were
strengthened at mid-span by welding, under load, by
steel plates to the bottom flange with dimensions
txb=6x80 mm and lengths of /=650 mm or
/=900 mm. Additionally, horizontal plates of
dimensions txbx]=6x80x900 mm and
txbx]=6%x80%450 mm were welded symmetrically to
the bottom and top flanges, respectively. The test
results indicated that the ultimate strength of the beams
depends on the length of the welded reinforcement
plate and the welding technology used under different
load levels. Increasing the reinforcement plate length
from 36% to 50% of the span led to an increase in beam
strength ranging from 1% to 5%.

In the study [11], A. Al-Balhawi et al. carried out
experimental tests on two steel I-beams with IPE 100
cross-sections and a nominal span length of L, = 1.4 m.
Beam B1 was strengthened at mid-span by welding a
plate of dimensions #xb=6x65 mm and length
/=1250 mm to the top flange. Beam B2 was reinforced
by welding horizontal plates symmetrically to the top
and bottom flanges with dimensions
txbx]=6x65x1250 mm and ¢xbx/ =3x65x1250 mm,
respectively. The additional bottom plate in beam B2
increased its flexural strength in the elastic stage
twofold compared to beam B1.

In the study [12], Yu.Kushnir conducted
experimental research on five steel I-beams fabricated
from rolled I-section No. 16 with a nominal span length
of L,= 1.7 m. The beams were reinforced in the tensile
zone by installing two additional reinforcing bars made
of A500-grade steel with diameters of 10 mm, 16 mm,

20 mm, and 32 mm. The distance from the bottom
flange to the longitudinal axis of the reinforcing bars
was set at ¢ = 25 mm for 10, 16, and 20 mm bars, and
a= 30mm for 32 mm bars. Experimental data on
relative strains in the fibers of the I-section and
comparisons with limiting stress values confirm the
elastic-plastic behavior of the strengthened beams at
the failure section. As the plastic zone at the failure
section increased from 5% to 20%, the load-bearing
capacity of the specimens also increased compared to
the reference beam. The load-bearing capacity of
beams reinforced with 10, 16, and 20 mm bars
increased by 5-10%, while the beam reinforced with
32 mm bars showed a 51% increase in comparison to
the reference specimen [12].

For the specimens that predominantly failed due to
flexural bending about the horizontal plane, the level of
preloading showed a negligible effect on the ultimate
strength of the strengthened specimens. In article [13]
and research work [14], researchers Mohammadzadeh,
M. and Bhowmick, A. conducted finite element (FE)
analyses to investigate the stress—strain behavior and
flexural strength of steel I-beams with cross-sections
strengthened under load by additional steel cover
plates. A series of simply supported steel I-beams,
reinforced with cover plates welded to the bottom
tension flanges, was thoroughly analyzed. The finite
element analysis shows that as the level of preloading
increases, the load-bearing capacity of the I-beam
strengthened under load decreases when the failure
mode is lateral-torsional buckling (loss of stability from
the vertical plane). On the other hand, variations in the
level of preloading have a minimal effect on the
behavior and ultimate strength of the strengthened
beam when failure occurs in pure bending. In studies
[15] and [16], Assaad Taoum, together with Jiao, H.
and Holloway, D., investigated the effectiveness of the
Local Prestressing Technique (LPT) for improving the
repair of damaged steel beams. The studies
demonstrated that the level of prestressing, the type of
LPT method (internal or external), and the diameter of
the reinforcing bars used had a significant impact on the
stiffness of the beams and their ultimate load-bearing
capacity [14], [15].

In article [17] Piotr Szewczyk and Maciej Szumigata
presented the results of experimental investigations and
numerical analysis on the strengthening of steel—
concrete composite beams. The steel section of the
IPE200 I-beam profile was strengthened along its
length by welding additional steel plates with a
thickness ranging from 6 to 22 mm to its bottom flange.
One of the objectives was to find an optimal solution
that minimizes costs while maximizing bending
strength. To achieve this objective, the energy
parameters available in numerical simulations were
reviewed and analyzed. The proposed numerical
models were experimentally validated using three
specimens. The maximum deviation between the
experimental and the average numerical bending
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strength of the reinforced composite beams is
approximately 2,5%.

The strengthening of composite steel-concrete beams
using externally prestressed reinforcement bars has
been the focus of studies by researchers such as El-
Zohairy A. and Salim H. [18], M.Yu. Izbash [19], R.M.
Shemet [20], as well as T.A. Halinska, V.F. Pentz, and
Yu.O. Kushnir [21]. In article [18] El-Zohairy A. and
Salim H. presented a numerical model for investigating
the nonlinear behavior of composite beams reinforced
with externally prestressed reinforcement bars (tie
rods). The reliability of the developed numerical model
was confirmed by comparing its results with available
experimental data. Study [18] investigated the
influence of various strengthening parameters,
including inclined (triangular and trapezoidal profiles)
and straight bars (tie elements); the length of the bars
(ties); the effect of additional prestressing on restoring
the bending performance of an overloaded beam; the
eccentricity of stress application; and the degree of
shear connection. A good agreement was obtained
between the proposed model and the experimental data.
The results indicate that, at the same stress application
eccentricity, the trapezoidal profile demonstrates
superior load-bearing capacity for reinforced beams
compared to the horizontal strengthening element. In
article [21], the authors present a classification of steel—
concrete composite beams strengthened with
prestressed horizontal elements (tie rods), based on the
composite properties of their components and the cases
of the ultimate stress—strain state.

Identification of unresolved issues

The analysis of research conducted by various
scholars has demonstrated that the method of
strengthening steel beams by partially increasing the
cross-sectional area, particularly in the lower tension
zone, can significantly enhance the load-bearing
capacity (strength and stiffness) of the reinforced steel
beams. In recent years, in addition to traditional
strengthening or repair methods using welded or bolted
plates and reinforcement bars, an alternative method
involving the application of carbon fiber reinforced

polymer (CFRP) laminate strips has been introduced
and increasingly implemented in repair practice. These
strips are either bonded or mechanically fastened to the
flange sections of steel beams.

Experimental studies conducted by researchers have
shown that the use of various strengthening systems
enables partial or full restoration (or enhancement) of
the load-carrying capacity of deteriorated beams. The
increase in ultimate load capacity (AP) of the
strengthened steel beams compared to the reference
beam depends on numerous influencing factors. When
strengthening the tension zone of steel beams using
additional elements applied locally at mid-span,
without extending to the support areas, several
problems arise due to the altered cross-section. These
include the non-uniform stress  distribution,
characterized by a stress intensity factor that varies at
different stages of the stress-strain state of the
strengthened beam, as well as the necessity of
developing a constructive solution for anchoring the
ends of the added strengthening element. The types and
combinations of such connections present a wide range
of possible configurations.

Conclusions

Thus, the conducted analysis of scientific studies has
shown that an unresolved aspect of the broader issue
concerning the development and improvement of
strength calculation methods for strengthened
structural elements is the lack of a clear (engineering)
methodology for calculating the bending strength of
metal beam structures (elements) strengthened by the
addition of supplementary components in the tensile
zone of their cross-section such a methodology should
take into account the loading history, the strength
characteristics of the materials, and the stages of their
stress—strain state at the moment of failure.

The overall aim of the research is to develop an
analytical method for calculating the bending strength
of metal beams with symmetrical cross-sections that
are strengthened under load by installing additional
longitudinal reinforcement bars or other elements in
their tensile zone, without prior prestressing.
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IlizcuneHHs1 MonepeYHUX NMepepisiB cTajieBUX ABYTABPOBUX 0AJI0K B 30Hi
PO3THArY: OrJISAA HAYKOBHUX J0CJIi/I>KEHb

B pesynbraTi 1OBroTpHMBaioi eKCIUTyaTallil cTayieBi OamkoBi KOHCTPYKILIl B iCHyrounmx OymiBIAX 1 criopyiax 3a3HaloTh
(i3UYHOTO 3HOLICHHST, YaCTKOBOTO Y1 TIOBHOT'O PyHHYBAHHS ITiJ1 BIUTHBOM arpeCHBHOTO CEPEA0OBHINA, CTATHYHUX 1 IMHAMIYHUX
HaBaHTaKEHb BUOYXOBOTO THUITY. [1i]] BILTHBOM arpecMBHOTO CEPEIOBHIIIA 3 ITi IBUIEHOIO BOJIOTICTIO 1 IIEpEnajoM TeMIIepaTyp,
SIKMH XapaKTepU3y€eThCsA MUKIIYHAM 3aMOPOKYBAaHHSM Ta BiTalOBAaHHSAM, HASBHICTIO XIMIYHO aKTHBHUX CIOJIYK B piAMHI 1
MOBITPI, sIKi Oe3MocepeHhO KOHTAKTYIOTh 3 KOHCTPYKIII€I0, B CTANBHUX OAIKOBHX €JeMEHTaX BHHUKAIOTh MOIIKOIKEHHS Y
BUTJISIIL: TTOSIBH 1 PO3BUTKY IOBEPXHEBOI KOPO3ii pi3HOI INTMOWHY Ha BU3HAYEHHX JUITHKAX 9H IO BCii X moBepxHi. Bunaakosa
abo HemepenbayeHa Jisl MO3aMPOEKTHOrO CTATMYHOTO YM JIMHAMIYHOTO HABAaHTA)XCHHS BUOYXOBOTO THILY, TAKOX MOXXYTh
NPU3BECTH 0 TIEPEBAHTAKEHHS 1 MOSBYU 03HAK 3HAUHOTO (Di3MUHOro 3HOCY 1 3pinoi GopMU BHIUMOTO pyHHYBaHHS CTAIEBHX
0aNKOBHX KOHCTPYKTUBHHX €JIEMEHTIB, TAaKUX sIK: 3QJIMIIKOBI JedopMalii y BUIIISAl NPOTHHIB, BEJIMYNHA SIKMX MEPEBUILYE
IPaHUYHO JOMYCTHME 3HAUEHH; I0sIBa i PO3BUTOK TPIlIMH Pi3HOT OpieHTANLii B MONUIAX 1 CTiHII mepepidy Oanku y 30Hax 1l
3TUHY 1 3pi3y, 0COOIMBO Y MiCIIIX MOOIM3y 3BapHUX IIBiB YK MiCLb 3MiHH IUIOIII MEpepi3y, A€ BUHUKAIOTH JIOKAIbHI 3MiHA
CTPYKTypH MaTtepially 4 JJOJaTKOBI BHYTPIIIHI HANpYXEHHS pi3HOT IHTEHCHBHOCTI; HAsSBHICTh 3arajJbHOTO BHUTHHY
MO3/I0BXKHBOI OCi OalKOBOTrO €JIEMEHTY i3 BEpPTHUKAIBHOI IUIOIIMHH, BEIMYMHA SKOTO MEPEBHINY€E I'PAHUYHO JOIMYCTHME
3HAYCHHS; TOYKOBI UM JIOKAIbHI BMUHAHHS TIOJIUI B CTHCHYTIH 30HI YM BEPTUKAIBHOI CTIHKH, pedep KOPCTKOCTI B mepepisi
0aiKy Ha BEINYUHY, 10 TEPEBHIILY€E TPAHUYHO JOMYCTUME 3HAYCHHSI.

B craTTi npoBeneHo OrisiA HAyKOBHX JOCHIIDKEHb, SKi MPUCBSYEHI METO/aM i crocobaM IiICHICHHS CTaleBHX OaKOBHX
KOHCTPYKTUBHUX E€JIEMEHTIB MUIIXOM 30UIbIIeHHS (HApOILyBaHHS) IMONEPEYHUX Mepepi3iB 3a JOMOMOTOI JOAATKOBHX
CJIEMEHTIB i3 CTaJIeBUX NPOKAaTHUX MHPOQUIB, IIACTHH, apMaTypHHX CTEp)KHIB Ta IUIACTHH i3 MOJIMEPHUX MaTepialib.
OOrpyHTOBaHI OCHOBHI BUCHOBKH 1 HAPSIMKH MOAAJIBIINX HAYKOBUX JOCII/KEHb €pEKTHBHUX METO/IB i CIIOCOOIB ITiICHICHHS
CTaNeBUX OAIKOBHX KOHCTPYKTHBHHX €JIEMEHTIB, IO 3AIHCHIOIOTHCS NUITXOM 301UIbIICHHS (HAPOIIyBaHHS) iX MMOIEpPEeYHUX
nepepiziB, sAKi MAEMO MOKIIUBICTh 3aCTOCYBATH MPU PEMOHTI Ta PEKOHCTPYKIIii OyAiBeNb 1 Criopy.

Knaiouosi ciioBa: craneBi 0ankoBi KOHCTPYKTHBHI €JIEMEHTH, PEMOHT Ta IiJCHJICHHS, 30UIBIICHHS ITOTIEPEYHOTro mepepisy,
OTJISA], HAYKOBI1 JJOCITiIPKSHHS
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Results of experimental studies of civil defense structures self-weight pre-
stressed continuous three-span steel-reinforced concrete slabs

The paper presents results of experimentally tested samples of resource-saving non-cut three-span steel-reinforced concrete
slabs that can be used for the construction of floors of civil defense structures. The specimens differed in the lengths of the
concreting grips, which made it possible to study the development of deflections in the extreme and middle spans due to changes
in the stiffness of the section at the supports. The length of the concreting section is determined by the points of zero bending
moments. During the first stage of concreting, the middle span of the steel structure bends downward due to the concrete mix's
own weight, which causes the extreme sections that are not under load to bend upward. After the concrete of the first stage
reaches the design strength, the concrete of the outer spans is concreted. At the same time, the extreme spans bend downward
due to the weight of the concrete mixture, forcing the middle span, which already has a steel-reinforced concrete section, to

bend upward.
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Introduction

The problem of ensuring a uniform stress distribution
in continuous steel—concrete composite slabs remains a
pressing issue in modern construction. The application
of prestressing technologies helps to reduce stress
irregularities; however, the question of effectively
inducing prestressing in experimental specimens of
such slabs has not yet been sufficiently investigated.
The study of this process is essential for improving the
service performance of structures and enhancing their
load-bearing capacity.

Review of the research sources and publications

Steel-concrete composite structures are employed
both in new construction and in the reconstruction of
buildings and facilities, achieved through the effective
combination of predominantly bar-type steel elements
and cast-in-place concrete [1]. Multi-span flexural
steel—concrete composite structures, in which the cast-
in-place reinforced concrete slab serves as the
compressed planar component of the cross-section and
the profiled steel member functions as the tensioned bar
component, have proven their effectiveness due to the
high constructability of their installation and their
substantial load-bearing capacity in both civil and
industrial construction [2; 3]. In addition, the cast-in-

place reinforced concrete slab provides a rigid
diaphragm for the floor system and enables the
subdivision of the building’s internal space into
multiple storeys [4].

Quite often, in order to improve the constructability
of such floor systems and reduce construction time, the
cast-in-place reinforced concrete slab is arranged on
permanent formwork made of profiled sheeting [5].
When composite action between the cast-in-place slab
and the profiled steel sheeting of the permanent
formwork is ensured through the ribbed surface of the
decking, such slabs become comparable to reinforced
concrete floor systems in terms of material
consumption, since the profiled sheeting functions not
only as formwork but also as external reinforcement of
the slab [6].

The aforementioned advantages of steel-concrete
composite slabs—namely, increased load-bearing
capacity and high installation efficiency—enable their
application in the construction of floor systems for
protective structures of civil defense facilities [7].
However, the wide implementation of this structural
solution in practice is limited by the absence of ribbed
profiled sheeting on the building materials market, due
to the more complex rolling technology required, as
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well as by the low fire and corrosion resistance of the
exposed bottom surface of the profiled steel sheeting.

With equal support spacing of continuous steel—
concrete composite slabs, the profiled sheeting of the
middle spans, when employed as the working
reinforcement of the slab, is subjected to lower stresses
than that of the end spans [8]. To achieve uniform
utilization of the load-bearing capacity of the profiled
sheeting in continuous steel-concrete composite slabs,
it is advisable to design the end spans longer than the
central span [9].

Definition of unsolved aspects of the problem
In modern construction, it is essential to ensure the
stability and durability of structures. One approach to
enhancing these performance indicators is the
identification of effective technologies and methods for
inducing prestressing in structural elements, which
contribute to achieving an optimal stress distribution
within them [10]. The study of this process enables the
identification of best practices applied in construction
and their subsequent implementation in production.

Problem statement

The aim of this study is to present the results of
experimental investigations of resource-efficient,
continuous three-span prestressed steel-concrete
composite slab specimens, which may be utilized in the
construction of floor systems for protective structures
of civil defense facilities.

Basic material and results
The tests of the steel-concrete composite slab
specimens were conducted when the concrete had

reached an age of more than 28 days. The loading was
applied using small-sized artificial weights—hollow
ceramic bricks. To determine the weight of the bricks,
a selective weighing procedure was performed: 5 bricks
were weighed from each batch of 50 used bricks (i.e.,
approximately 1/10 of the total number of bricks
employed for loading).

As a result of the experimental investigations of the
two continuous steel-concrete composite slab
specimens, data from measuring instruments installed
according to the developed schemes provided
information on both the slab deflections (deformability)
and longitudinal strains in the extreme fibers. These
measurements  allowed  for the  subsequent
determination of stresses and load-bearing capacity.

The experimental studies of the slab specimens were
extended over time due to the period required for the
cast-in-place reinforced concrete slab to attain its
design strength. As previously noted, the fabrication—
specifically, the concreting—of the slab specimens was
performed in two stages. Therefore, the overall
fabrication period for the steel-concrete composite slab
specimens was approximately two months. During
each concreting stage, deflections at characteristic
cross-sections of the specimen, caused by the weight of
the freshly placed concrete, were measured. An
analysis was conducted on the variation of deflections
along the length of the specimen and on the strains of
the normal cross-section throughout the two fabrication
stages and during the application of the service load.

Figure 1 shows the general view of one of the
specimens under loading with small-sized weights
(hollow ceramic bricks).

Figure 1 — General view of specimen 1.7-2.3-1.7 SCCS 0.53 x 6.0 under maximum loading.

Figure 2 presents the graphs of the maximum
deflections along the length of the steel-concrete
composite slab specimens at the end of the two
concreting stages and under the maximum applied
service load with small-sized weights. For a clearer
analysis of the influence of concreting segment width
on the deformability of the three-span slabs, the general
view of each tested specimen is shown above the
corresponding deflection graph.

Figure 3 illustrates the development of deflections in
the end and central spans at each stage of the steel—

concrete composite slab fabrication and during loading
with bricks. As can be seen from the deflection
variation graphs in Figure 3, extending the first
concreting stage beyond the intermediate supports
results in more limited adjustment of internal forces
during the second concreting stage, compared to
concreting the first stage up to the intermediate
supports. Consequently, the load-bearing capacity of
the continuous slab is exhausted in the central span,
where, at the moment of failure, deflections are 32%
greater than in the end spans.
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Figure 2 — Deflection variations of the specimens at the end of the two concreting stages and under maximum
applied load: (a) 1.7-2.3-1.7 SCCS (0.53 x 6.0 m); (b) 2.1-1.5-2.1 SCCS (0.53 x 6.0 m).

For the slab with the first segment concreted up to the
intermediate supports (specimen 2.1-1.5-2.1 SCCS
0.53 x 6.0), uniform deformability was achieved across
all three spans (Figure 3b), with a deflection difference
of 11.2% under maximum load.

Figure 4 shows the development of relative strains in
the bottom and top fibers of the cross-sections at the
midpoints of the left, central, and right spans of the
steel—concrete composite slab specimens as the load in
the cross-sections increased. The vertical axis
represents the total load applied to the specimen,
including its self-weight.

From the strain distribution diagrams in Figure 4, it
can be observed that, for the specimen with a steel—
concrete cross-section at the intermediate supports, at
the moment of the second concreting stage and under
the maximum applied load, the strain in the most
tensioned fiber of the central span is 12.5% higher than
in the end spans. For the second specimen, the

corresponding strain difference in these cross-sections
is 4.1%. Moreover, the maximum tensile strains in the
second specimen under the same load level decreased
by 44.7%.

Thus, based on the measurements of relative strains,
the same conclusion regarding the segment lengths in
two-stage concreting can be drawn as from the analysis
of deflection development: for the investigated
continuous three-span slabs with an external
reinforcement ratio of 1.7% provided by the profiled
sheeting, the first concreting stage should not extend to
the intermediate supports by 1/10 of the span. Under
this condition, the exhaustion of load-bearing capacity
and deformability across all three spans occurs at the
same level of applied external load. In this case, the
steel decking in the span areas acts solely in tension,
and the load-bearing capacity is governed by the
attainment of yield stresses in the bottom flanges of the
profiled sheeting.
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Figure 4 — Increments of relative strains in the bottom and top fibers of the cross-sections of the steel-concrete
composite slab specimens: a) 1.7-2.3-1.7 SCCS (0.53 x 6.0 m); b) 2.1-1.5-2.1 SCCS (0.53 % 6.0 m)

Failure of the steel-concrete composite slabs
occurred suddenly due to the formation of cracks in the
top concrete zone at the intermediate supports (on the
support face closer to the central span; see Figure 5), in

a)

The proposed and experimentally investigated two-
stage concreting technology for continuous cast-in-
place steel-concrete floor slabs was implemented
during the construction of a three-story superstructure
atop a three-story public building in Poltava. Figure 6
shows the general view prior to casting the cast-in-
place reinforced concrete slab of the steel beam
framework, with the profiled permanent formwork in
place and flexible anchors made of reinforcing bars

the region of maximum bending moment within the
tensile zone of the top fibers of the cross-section. No
relative slip between the concrete slab and the steel
decking was observed.

b)

Figure S — Crack formation at the central support during the failure of the steel-concrete composite slabs

welded in position. Figure 7 shows the overall
arrangement of the supports — secondary steel
beams — and the continuous cast-in-place reinforced
concrete floor slab.

The application of this cast-in-place slab using the
two-stage concreting technology allowed a reduction in
steel consumption of up to 5% per square meter of the
floor slab.

42 ISSN: 2518-1106(online)

Academic journal. Industrial Machine Building, Civil Engineering. — 1 (62)' 2024



b) « . A =

Figure 6 — General view prior to casting the cast-in-place reinforced concrete slab of the steel beam framework with

_the pro

filed permanent formwork in place (a) and flexible reinforcing ba

r anchors welded in position (b)

b) ™

Figure 7 — General view of the support arrangement — the secondary steel beams — of the continuous cast-in-place
reinforced concrete floor slab from below

Conclusions

Pre-stressing of bent steel-concrete composite
structures, taking into account material nonlinearity,
was studied using continuous three-span floor slabs as
an example. The effectiveness of the two-stage
fabrication technology for slabs prestressed by their
self-weight, as well as the method for inducing initial
camber, was experimentally demonstrated on two
continuous three-span steel—concrete composite slab
specimens, 6 m in length, cast on permanent profiled-

sheet formwork. It was established that, for the
investigated slabs with an external reinforcement ratio
of 1.7%, the concreting of the central span during the
first stage should not extend to the intermediate
supports by 1/10 of the span. Under this condition, the
exhaustion of load-bearing capacity and deformability
in all three spans occurs at the same level of applied
external load.
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Pe3ysbTaTu eKCcepUMEHTAIBHHUX JOCTIIKEHb NMONepeIHb0 HANIPYKEHNX
BJIACHOIO BAT0I0 HEPO3Pi3HUX TPUIPOJTITHUX CTAJIE3J1i1300€ TOHHUX IJIUT
CIIOPY/ HUBILIBLHOTO 3aXHCTY

IIpoGnema 3abe3nedeHHs PIBHOMIPHOTO PO3IIO/UTY HAIPYKeHb y HEPO3PI3HUX CTANIe3aTi300€TOHHUX IUINTAaX € aKTyalbHOIO
UL cydacHoro OyiBHUITBA. BHKOpHCTaHHS TEXHOJOTIH IONEpeHhOr0 HAIPYKEHHS J103BOJISIE 3MEHIIUTH HEepiBHOMIpHHMIT
PO3IOLT HANIPY>KEHb Y Mepepi3ax TAKUX IUIUT. Y CTATTi MPEACTABIEH] Pe3yIbTaTu eKCIIepIMEHTAIbHIX BUIIPOOYBaHb 3pa3KiB
pecypco30epiralounx HEpOo3pi3HUX TPUIPOTOHOBUX CTaNe3ali300€TOHHUX IUINT, SKi MOXYTh OYyTH BHKOPUCTaHI IS
OymiBHUITBAa NEPEKPUTH CHOPYA LHMBUIBHOTO 3aXHCTY. 3pa3Kd BiAPI3HAINCA IOBXHHAMU OETOHYBAIBHHX IUISHOK, IIO
JIO3BOJIMIIO AOCIIAUTH PO3BUTOK IMPOTHHIB Y KPaiHIX Ta CEpeIHiX MPOJIbOTaX Yepe3 3MiHy KOPCTKOCTI Mepepily Ha omopax.
JloBxuHa OCTOHYIOWOI IUITHKM BH3HAYA€THCS TOYKAMU HYJIbOBHX 3THHAIBHMX MOMEHTIB. [lix dwac meprmoro erary
OeTOHyBaHHsS CepeIHill MPOJIT CTaleBOl KOHCTPYKIIl 3THHAETHCS BHU3 IiJ Ii€l0 BIACHOI Barm OETOHHOI CyMim, IO
NPU3BOAUTH A0 3TMHY KpaiHiX IUISHOK, sIKI He mepeOyBaloTh IiJ HaBaHTAXXEHHsAM, Bropy. Ilicis mocsrHeHHS OGeTOHOM
MEPIIOTo eTamy MPOSKTHOT MIIIHOCTI OCTOHYIOTh OCTOH 30BHIIIHIX MPOJILOTIB. BogHOUAC KpaifHi MPOIBOTH MiJ] TIi€H0 Bark
OCTOHHOI CyMIillli 3THHAIOTHCS BHU3, 3MYIIYIOUH CEPEIHIN MPOJIT, IKAH BXKE Ma€e CTaye3ali300eTOHHUMN Mepepi3, 3THHATUCS
Bropy. ExcriepuMeHTansHO 10BeeHO e(heKTHBHICTh JBOCTAIIMHOI TEXHOJIOT1l BUTOTOBIICHHS IONEPEIHHO HANMPYKEHUX Bif
BJIACHOI Bard ¥ TEXHOJOTii CTBOPEHHS, 3a JOIOMOTOI0 SIKHX CTBOPIOIOTH MOIEpENHI BUTHHHU, IBOX 3pa3KiB HEPO3PI3HUX
TPUIIPONITHUX CTAJIC3AN1I300€TOHHUX IUTUT JOBKUHOIO 6 M, BAKOHAHUX IO HE3HIMHIN onanyOIli i3 mpodiib0BaHOTO HACTHITY.
BcranoBneno, mo mms JOCHIKEHHX IUIMT 13 KOe(ilieHTOM 30BHIIIHBOTO apMyBaHHS 1,7%, OEeTOHyBaHHS CEpeIHBOTO
HPOJIBOTY B MEPIIOMY €Tarli CIIiJ{ He JOBOIUTH JI0 cepeHixX ormop Ha 1/10 mponboTy. 3a Takoi yMOBH BHYEPITyBaHHS HECY4Ol
3JIaTHOCTI Ta J1e)opMaTHBHOCTI B TPHOX IPOJIBOTAX OyIe IPU OJHAKOBOMY PiBHI 30BHIIIHHOTO HaBaHTaXKCHHSI.

Ki11040Bi c/10Ba: eKCIIEPUMEHT, HEPO3pi3Ha cXeMa, CTale3ani300eTOHHI IIHTH, PECYPCOOIIaIHA TEXHOJIOTIsI BUTOTOBIICHHS.
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Technological Features of Foundation Construction Using
Vibro-Reinforced Soil-Cement Piles

The article examines the technological features of foundation construction using vibro-reinforced soil-cement piles. The
technology is based on the bore-mixing method, which allows for pile formation without soil excavation, utilizing the existing
soil as the main component of the soil-cement mixture. The use of vibro-reinforced soil-cement piles significantly increases
the load-bearing capacity of foundations, reduces labor intensity in the construction process, and ensures the stable performance
of the foundation in complex engineering and geological conditions. The article explores the specifics of the technological
process of manufacturing vibro-reinforced soil-cement piles, particularly their formation, vibro-compaction, and the use of a
high-frequency vibrator when embedding the reinforcement cage. It has been proven that the physical and mechanical
properties of soil-cement piles, such as compressive strength, improve when deep vibrators are used in pile installation. A
comparative analysis of vibro-reinforced and conventional soil-cement piles has demonstrated a significant increase in the load-
bearing capacity of vibro-reinforced piles, which allows for a reduction in their number within foundation structures and leads
to lower construction costs. Additionally, the article compares the soil cementation methods Jet Grouting, Pressure Grouting,
and Deep Soil Mixing, which are used to improve soil bearing capacity and reduce deformations. Each of these technologies
has its own characteristics that determine their effectiveness under different conditions. The advantages and disadvantages of
each method are examined, including the ability to reach great depths, cost-effectiveness, and localized application.

Keywords: soil-cement piles, foundations, vibration reinforcement, vibration compaction, manufacturing technology.
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Introduction

Modern construction requires the use of reliable
and efficient foundation technologies that ensure the
stability of buildings and structures in challenging
geotechnical conditions. With the advancement of
construction technologies, there is a growing need
for methods that strengthen weak soils and improve
their physical and mechanical properties. One of the
most effective solutions is soil-cement piles, which
combine the advantages of the deep mixing method
and deep vibro-compaction.

Soil-cement piles are widely used for building
foundations in areas with low soil-bearing capacity.
Their construction methodology significantly
reduces settlement, enhances foundation stability,
and minimizes the risks of uneven deformations. The
core principle of this technology involves deep
mixing of soil with a cement slurry without
removing the soil, ensuring a uniform distribution of
material and forming a strong soil-cement element.

Beyond improving the physical and mechanical
properties of the soil, this technology offers several
other significant advantages. It reduces the time and
cost of foundation works, minimizes environmental
impact by limiting earthworks, and increases the
durability of structures. Additionally, the deep
mixing method effectively prevents void formation
and soil subsidence, making it particularly relevant
for construction in seismically active regions or on
unstable terrains.

This article examines the features of soil-cement
pile technology, its main stages, quality control
methods, and comparative efficiency in relation to
other foundation construction techniques.

The design and calculation of foundations on soil-
cement piles are based on modern regulatory
documents, such as Eurocode 7 [1], which defines
the general principles of geotechnical design.
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Review of the research sources and publications.

Modern scientific studies in the field of soil-cement
pile installation using deep mixing and vibro-
compaction methods focus on increasing technological
efficiency, reducing material consumption, and
ensuring structural reliability under weak soil
conditions. In particular, works [10,11] analyze the
economic feasibility and design features of vibro-
reinforced soil-cement piles, demonstrating their
advantages in reducing the number of foundation
elements without compromising load-bearing capacity.

Monographs [7,8] provide a detailed examination of
the deep mixing method and its application under
various engineering and geological conditions,
including loess and sandy soils. Study [9] emphasizes
the role of vibro-reinforcement in ensuring pile
integrity and base stability.

The regulatory framework, including Eurocode 7 [1],
Eurocode 2 [2], and standard EN 1536 [5], sets the
requirements for the design and execution of special
geotechnical works, defining technical criteria for
quality control and structural reliability assessment.

Study [13] presents international experience with the
Deep Mixing method for ground improvement,
summarizing research findings and practical
implementation across different countries.

Definition of unsolved aspects of the problem

Currently, there are no clearly defined standards for
the installation technology of vibro-reinforced soil-
cement piles in construction practice. As a result,
various technical solutions are employed, leading to
inconsistencies in the execution of works. This
variability complicates quality control and reduces the
predictability of results.
Moreover, inconsistencies in the selection of process
parameters-such as mixing speed or reinforcement
insertion method-can negatively affect the strength and
stability of the piles. Consequently, this may reduce
foundation reliability, which is particularly critical in
complex soil conditions or under high loads.

Therefore, there is a pressing need to develop a
unified construction methodology that ensures
consistent quality, adequate load-bearing capacity, and
long-term durability of foundations.

Problem statement
Considering the identified lack of standardized
approaches to the construction of soil-cement piles, the
main objective of this research is to analyze and
improve the technological process of their
installation.To achieve this objective, the following
tasks were set within the scope of the study:

* to describe the main stages of the technological
process of deep mixing and insertion of the
reinforcement cage using a deep vibrator;

* to present a sequence of quality control operations
at all stages of the technological cycle.

Basic material and results

The essence of the deep mixing technology for soil-
cement production lies in the fact that during the
drilling of a borehole, the natural soil is loosened
without being removed from the borehole. A water-
cement slurry is pumped through a swivel equipped on
the drilling rig into the zone of loosened soil, where it
is thoroughly mixed with the soil using a working
nozzle. The loosening of the soil, the supply of the
cement slurry, and its mixing with the soil are carried
out along the entire length of the soil-cement pile. Once
the mixture hardens, a strong soil-cement element is
formed, which functions as a pile in the soil. The
compressive strength of the soil-cement pile usually
reaches up to 10 MPa.

The process of vibratory reinforcement of the pile
with a reinforcement cage is carried out immediately
after mixing. A deep vibrator is inserted into the cage
and secured. The cage is lifted, centered, and then
gradually lowered. High-frequency vibrations facilitate
the immersion of the cage to the design depth. Deep
vibratory compaction of soil-cement piles is performed
immediately after the reinforcement cage is installed.
The high-frequency deep vibrator, submerged to the
design depth, is gradually raised to ensure reverse
compaction. The vibration process continues until the
entire pile shaft material is fully compacted.

The main stages of soil-cement pile construction,
from preparatory work to quality control, will be
examined in detail below.

o
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Figure 1. Technological scheme for the construction of
soil-cement piles using the Deep Soil Mixing method:

1 — creation of a shallow pit; 2 — penetration of the
mixing auger and conversion of the soil into a fluid state;
3 — cavity filled with soil of a fluid consistency;

4 — lifting of the mixing auger and injection of the
water-cement grout; 5 —pile ready for reinforcement
cage installation: A — water; b — grout.
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Before installing soil-cement piles, it is recommended
to conduct field test trials on the adjacent construction
site. The test should monitor the rotational speed and
penetration rate of the auger. A trial installation of a
soil-cement pile in field conditions should be
conducted to verify that its physical and mechanical
properties meet the specified design requirements.

The use of cement slurries and reinforcement of
foundation elements must comply with Eurocode 2 [2],
which regulates the design of concrete and reinforced
concrete structures.

Various types of sands, loess, loess-like carbonate
loams, and sandy loams are suitable for the production
of vibratory-reinforced soil-cement piles. The content
of water-soluble salts should not exceed 3%, including
sulfate salts, which should be no more than 2%. The
optimal pH level for soil-cement formation should be
between 6 and 8.

Drilling begins by positioning the nozzle at the
designated drilling point and lowering it into the soil
through rotation. The water-cement slurry is supplied
only after the nozzle is fully embedded in the soil. The
design depth is achieved by continuous slurry supply
using the deep mixing method. The mixing of soil-
cement within the pile shaft continues until the material
reaches a homogeneous state. Borehole drilling with
auger extension starts with the first drill rod, which is
equipped with a nozzle for breaking up the soil and
mixing it with the cement slurry. The design depth of
the borehole is achieved through the gradual addition
of rods, which are connected with special couplings.
During auger extraction, additional mixing is
performed with the introduction of cement suspension.
Several mixing cycles can be conducted per auger
height to achieve a more uniform soil-cement
composition.

Fig. 2. — Reinforcement Cage Immersion Scheme:
1 — reinforcement cage; 2 — deep vibrator.

When passing through loess sandy loams and loams
above the groundwater level, water should be injected
first instead of the water-cement slurry to create a
homogeneous fluidized soil mass. The water-cement
slurry is supplied during auger extraction. When
drilling through water-saturated sands and clayey soils,
the water-cement slurry is supplied immediately upon
auger penetration.

The mixing efficiency of soil-cement depends on the
rotation speed of the loosening tool. Higher rotational
speeds improve the mixing process. The quality of soil-
cement mixing is also influenced by the auger
penetration speed. A lower penetration speed with a
constant auger rotation rate results in finer soil
loosening, which enhances the homogeneity of the
mixture. During forward movement (penetration), the
auger should operate at the following speeds:

e In sandy soils: 0.5 m/min, with 60 rotations per
minute;

e In clayey soils: 0.3 m/min, with 60 rotations per
minute.

The reverse movement of the auger and repeated
penetration cycles should be performed at a speed not
exceeding 1.0 m/min, ensuring vertical displacement
per auger rotation of 16 mm at 60 rotations per minute.

A freshly installed soil-cement pile undergoes
vibratory reinforcement immediately. The
reinforcement cage is inserted into the soil-cement
mixture while it is still in a fluid state. Initially, the cage
is embedded under its own weight, and later it is driven
further into the pile using vibratory action.

High-frequency vibrations enable the reinforcement
cage to be embedded to the design depth. Deep vibro-
compaction of soil-cement piles is carried out
immediately after the completion of the reinforcement
cage installation. A high-frequency deep vibrator,
having been lowered to the design depth after the cage
insertion, is gradually raised to perform reverse
compaction. After the project-specified time, the
vibrator is lifted by a distance equal to the sum of the
working element length and twice the radius of
influence. The vibration process continues until full
compaction of the entire pile shaft material is achieved.

Reinforcement cages are manufactured from ribbed
reinforcement bars of class A400C. The circular cross-
section diameter of the cage must be 150 mm smaller
than the pile diameter. The cage is installed
immediately after the formation of the pile in soil-
cement, which remains in a fluid consistency. At the
initial stage, the cage is embedded under its own
weight, and subsequently, under the influence of
vibration.

During winter installation, when the ambient
temperature is below 0°C, antifreeze additives should
be added to the slurry to prevent freezing. The additive
is mixed with water before preparing the water-cement
slurry. At temperatures below -5°C, the water should be
preheated. After pile installation in freezing conditions,
insulation with thermal materials (such as dry sawdust,
fiberglass, mineral wool, or polystyrene foam) is
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required for a curing period of seven days. Before

foundation preparation, all insulation materials must be

completely removed down to the undisturbed soil level.

Quality Control of Reinforced Soil-Cement Piles
Since the production of soil-cement piles using the deep
mixing method and their vibratory reinforcement are
essentially concealed construction processes, quality
control measures must be strictly observed to ensure the
reliability of the produced soil-cement elements.

After construction, the quality of the soil-cement piles
must be verified to confirm their compliance with
parameters such as material homogeneity, strength, and
dimensions. Quality control of piles installed by the
deep mixing method is performed no earlier than seven
days after installation, according to national
construction standards [3,4], using core drilling of the
pile body at 1-meter intervals along its depth, followed
by strength testing of extracted cores. The number of
control boreholes for core sampling should be at least
5% of the total number of piles.

The normative and calculated characteristics of soil-
cement are determined in laboratory conditions and
based on field studies, which include the adopted
production technology for soil-cement.

The deep mixing method for soil-cement pile
production complies with standard EN 1536 [5], which
regulates the execution of specialized geotechnical
works. Ensuring the quality of vibratory-reinforced
soil-cement piles constructed using deep mixing
technology is achieved through monitoring:

e Compliance of the cement type and grade with the
project specifications;

e Accurate adherence to the design composition and
consumption of the water-cement slurry;

e Operating parameters of the grout pump;

e Performance parameters of the deep mixer (rotation
frequency, linear penetration speed, and number of
passes);

e Operating parameters of the deep vibrator and the
vibratory compaction regime;

e The vibratory embedding process of the
reinforcement cage;

e The quality of the soil-cement mass and, if necessary,
the load-bearing capacity of the soil-cement pile.

Let us consider the three most common soil
cementation technologies: Jet Grouting, Pressure
Grouting, and Deep Soil Mixing (DSM). All of these
methods share a common purpose-improving the
bearing capacity of the foundation and reducing its
deformations. However, each method has its own
specific features that determine its effectiveness under
different conditions. Below is a comparison of these
methods, highlighting  their —advantages and
disadvantages.

Jet Grouting uses a high-pressure jet of cement grout
to break up and mix the soil. This method is highly
effective in clayey and sandy soils. Its main advantage
is the ability to reach significant depths (up to 50 m or
more) and form large-diameter piles. However, it
requires complex equipment and involves high cement

consumption due to significant grout losses. When piles
are installed at great depths, reinforcement with cages
is only carried out in the upper part of the pile.

Deep Soil Mixing (DSM) involves mechanically
mixing the soil with cement grout, making it more
economical compared to Jet Grouting. It is best suited
for weak water-saturated soils, ensuring uniform
strengthening at depths of up to 30 m. Although it
produces a smaller diameter of the treated zone
compared to Jet Grouting, this method ensures more
stable cement usage with minimal losses.

Pressure Grouting involves injecting cement or
another binding grout into the pores and cracks of the
soil. This method is most effective when voids need to
be filled locally or when fractured rock formations
require stabilisation. Its main drawback is the slow
execution speed, as the injection grout gradually
permeates the soil, requiring additional monitoring.

Thus, it can be concluded that Jet Grouting is the most
powerful and versatile method but requires complex
equipment for high-pressure grout injection and leads
to excess cement consumption due to the nature of the
technology, where part of the cement mixture remains
outside the pile body.

Additionally, if the soil layers along the pile depth
vary in their physical and mechanical properties, the
pile diameter may not be maintained consistently and
can differ according to the soil parameters. In turn,
Deep Soil Mixing is a more accessible and economical
option for weak water-saturated soils, whereas Pressure
Grouting is used for local applications, strengthening
existing buildings and structures, and filling voids in
the foundation.

Conclusions

The efficiency of soil-cement foundations primarily
lies in the simplicity of their construction technology.
The Deep Soil Mixing method benefits from the
absence of heavy machinery, reduced transportation
costs, and no dependency on the timely delivery of
concrete mix.

An analysis of the technological process
demonstrates that a proper approach to each stage of
work significantly influences the quality of the final
result. The application of modern soil stabilization
methods contributes to the optimization of construction
processes and enhances the reliability of structures.

The key stages of the soil-cement pile formation
technology that affect the final outcome include:

1. Preparation stage — Analysis of the geotechnical
conditions of the construction site, conduction of
engineering and geological investigations, and
selection of the optimal pile formation technology.
Execution of trial testing and equipment inspection.
Verification of the need to comply with special
installation requirements, such as performing work in
low temperatures.

2. Drilling boreholes — Execution of drilling
operations to the specified depth, considering soil
characteristics.
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3. Injection of cement slurry — Pumping cement
slurry under pressure into the borehole and mixing it
with the soil to create a homogeneous mixture.

4. Mixing and compaction — Even distribution of the
cement-soil mixture and its compaction to achieve the
required mechanical properties.

5. Quality control — Testing the strength,
homogeneity, and compliance of the piles with
technical requirements.

6. Vibro-reinforcement — The process of inserting a
steel reinforcement cage and compacting the soil-
cement pile.

7. Hardening and curing — The process of the pile
gaining strength up to the designed parameters.

Compliance with these technological processes
ensures the reliability and durability of soil-cement
piles.
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JOCITIKEHO 0COOIMBOCTI TEXHOIOTIYHOTO NPOIECY BUTOTOBJICHHS BiOpOapMOBAHNX I'PYHTOIIEMEHTHUX I1aJlb, 30KpeMa eTaru
ix (opMyBaHHs, BIOpPOYIIUIPHEHHS Ta 3aCTOCYBaHHS BHCOKOYACTOTHOTO BiOpaTopa mix 4ac 3ariuOJeHHs apMaTypHOTO
Kapkacy. JloBeneHo, mo (i3uKo-MeXaHi4Hi BJIaCTUBOCTI I'PYHTOIIEMEHTHHUX IAJlb, 30KpeMa Mil[HICTh Ha CTHCK, IIOKPAIYIOThCS
NpY BUKOPHUCTAHHI ITIMOMHHUX BiOpaTOPIB IiJ] Yac BCTAHOBJICHH Najb. [lopiBHAIBbHUI aHai3 BiOpOapMOBaHUX i 3BUYAWHHUX
IPYHTOLIEMEHTHHX TIaJIb IIOKa3aB CYTTEBE 3POCTaHHs HECy4oi 34aTHOCTI BiOpOApMOBAaHUX Majlb, IO JO3BOJISE 3MEHIIUTH 1X
KUJIBKICTh y KOHCTPYKLIi (yHOAMEHTYy Ta 3HHM3UTH 3arajibHi BHTpaTd Ha OyniBHHMITBO. KpiM Toro, y crarTi mpoBeaeHO
MOPIBHAHHS METOJIB HeMeHTalil IpyHTiB - Jet Grouting, Pressure Grouting i Deep Soil Mixing, siki 3aCTOCOBYIOTBCS UIs
MOKpAICHHS HeCY4Oi 34aTHOCTI IPYHTIB Ta 3MeHIIeHHA Aedopmaniil. KojkHa 3 X TEXHONOTiH Ma€e cBOI OCOOIMBOCTI, SIKi
BU3HAYAIOTh €()EKTHBHICTB iX 3aCTOCYBaHHS 3a Pi3HUX yMOB. PO3ITISIHYTO IepeBaru Ta HelOJIKH KOKHOTO METOJy, 30KpeMa
3JIaTHICTh JOCATAaTH 3HAYHNX TIINOWH, EKOHOMIYHICTh Ta MOXKJIUBICTB JIOKAJILHOTO 3aCTOCYBaHHS.
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Elucidation of the technological conditions for the formation of alkali
silicates heat-insulating products based on ash-removal of thermal power
plants and liquid glass

The raw material mixture from the silicon-like techno genic component the ash-removal of thermal power plants and the
preparation methods of waterproof porous heat-insulated materials wide usage for raw mass hot foaming powdered two-stage
technology are developed. The development uses the polyfunctional properties of liquid glass as a) the binder component; ¢)
breeder; c) the speed regulator of the clamping mass hardening. Its optimized version begins to solidify at its usual temperature
from the moment its "reproduction” is soluble glass and forms a paste-shaped cake with a set of properties necessary for the
next fragmentation. The proposed formulation allows compositions processing in various ways, with the formation of granular
heat-insulating fillers, materials for thermal insulation in complex structures, slab and shell-like types of thermal insulation
materials. The task is set, depending on the goals and features of the tasks being solved; it is possible to conduct several different
methods at the final stages of their obtaining. Two stages of the recycling process determine the character and behavior of the
rare-glass composite systems constituent components during heat treatment, their strong adhesion to most structural materials
and the need to solve billets easy removal problem from the molding unit. Study results can be used in the field of building
materials production, in particular porous artificial products, in obtaining granular insulating material and light aggregate for
concrete industrial and civil construction, in thermal engineering as thermal insulation, etc.

Keywords: alkaline-silicate heat-insulation composite materials; ash removal; liquid glass; thermal foaming.

*Corresponding author E-mail: dog.chemistry@gmail.com

Copyright © The Author(s). This is an open access article distributed under the terms of the Creative
Commons Attribution-NonCommercial-ShareAlike 4.0 International License.
( https://creativecommons.org/licenses/by-nc-sa/4.0/ )

Introduction
Alkali-silicate porous materials obtained by means of
thermal or cold foaming of alkali metals silicates
aqueous solutions (soluble glass) or solid alkali silicate
hydrogels [1 — 6], are referred to the present-day,
efficient inorganic insulates, promising due to the
ability to achieve low values of the relative density and

thermal conductivity while maintaining sufficient
structure strength and easy handling of foaming and
induration processes within a wide range of
composition formulations. The above benefits are
based on the equilibrium and homogeneity of the main
raw mixture component: soluble glass and hydrogels
based on it.
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Composite  alkaline-silicate  porous  thermal-
insulating materials, both granulated and block type,
contain significant amounts of the gas phase. There are
various technological approaches to obtaining such
materials at gas development directly in the strata of the
formed composition. Moreover, the process of gas
development at high temperatures can be based both on
the special additives reactions, and on the
crystallization and chemically bound water vapors
liberation.

Identification of Previously Unsettled Parts of the
General Problem

Analysis of the existing suggested raw mixtures
formulations and methods of obtaining thermal
insulating materials proves that introducing a
significant gel formers amount has a serious drawback:
the gelling agent breaks the soluble glass structure to
form hydro silicic acid gel, which is capable of
retaining less water than soluble glass. This adversely
affects the porosity of the resulting rare glass
compositions. Therefore, there is a need to introduce
such substances that are inert to soluble glass at the
normal temperature.

In addition, a significant drawback of the known
methods is performing air-entrainment at fixed
temperatures in the furnace within the range of 300 —
700 °C. Such a mode of heat treatment reveals several
contradictory trends. At relatively low temperatures,
the air entrainment process is complicated due to the
low warming up rate of the raw mass internal areas,
resulting in the increased duration of its air-entrainment
process. At the same time, the slow warming up of rare-
glass mixtures also leads to significant losses of
chemically bound water, due to which air-entrainment
of the mixtures occurs. The high rate and unevenness
of their heating is manifested in the size, regularity of
the pores and the strength of the entire porous structure,
in the internal ten-sons of the products. Therefore, an
important prerequisite for obtaining the expanded
material possessing a set of required properties and
their reproduction, is compliance with the principle of
correspondence between the rate of crystallization and
chemically bound water isolation and the rate of new
solid silicate structures formation.

In all of the above-described methods, the first stage
is to obtain a solid or plastic composition from soluble
glass which can then be subjected to heat treatment. At
the same time it is not necessary to use different
additives that cause coagulation of silicates. It is
possible to obtain a plastic composition using soluble
glass simply by means of adding an inert disperse
component.

The purpose of the Work

The study performed is aimed at the search and
development of an optimized raw material mixture
variant of the silicon oxide containing techno genic
component: fly ash of thermal power plants and
methods of obtaining the fly ash based porous alkaline-
silicate composite thermal insulating materials of
extended application, differing from the analogues by

their composition, the content of the starting raw mass,
the sequence and modes of the target product
formation, the applied technological equipment.

Experimental part

Raw Materials and Regulations for Composite
Alkaline-Silicate Insulation Materials Preparation
Development

The proposed development is an option for
interconnected, interdependent choice of composition
combining and complex practical implementation,
content of raw material based on techno genic origin
liquid glass and a method for utilization an ash-making
coal-energy complex by creating wide usage water-
resistant, porous, thermal-insulating material.

In the raw mixture, the industrial soluble glass,
thermal power plants fly ash of the mixed chemical
composition (see Table 1), sticky Portland cement and,
additionally, a thickener (pre-staged partially
dehydrated hardened “dry glass™) are used.

Table 1- Chemical composition of the thermal power
plants fly ash, mass. %
[ Si0, | ALO; [ Fe,0, [ MgO | CaO [ Na,0 | K.0 [ Ti0O, [ SO, |
[ 51,68 | 16,75 | 1447 | 088 | 438 [ 035 | 258 | 0.86 | 424 |

In the prepared samples, the fly ash is manifesting good
reinforcing properties, high thermal stability, sufficient
resistance to aggressive media, has a small bulk
density.

At the same time, the results of the authors’ studies
[5, 6] (on the ability of alkaline-silicate systems with
Al,Os3 in alkaline media to form insoluble products of
Na,O-Al,03-2S1,03-nH,0)  permit to  consider
aluminum oxide contained in ash to be a modifying
component that provides the raw mix with the
properties necessary for the targeted product formation.

In forming the raw mix, the results were taken into
account on improving the water resistance of alkali
silicate composition by means of replacing the two-
calcium silicate (belt) hydrophobia components with
the sticky Portland cement; the results are presented
in [6].

The “setting” rate control of the suggested raw mix
during the formation of hydro silicic acid aerogel
(depending on the executed tasks purposes) was
performed by means of varying properties of the
thickener used and by means of regulating the hardened
processed mass fragmentation in the further processes
and its subsequent hot foaming.

In the present project, the set task of making the
targeted porous thermal insulating material is achieved
by means of the raw mass hot foaming technology,
which procedure includes the four main stages:

1) preparation of the starting raw mixture components
and homogenization of the latter;

2) the composite system “gaging” by soluble glass
and formation of a persistent gel; fragmentation of the
hardened raw mass and placement of the granulate into
lined dismountable molds;

3) heating and transferring of the work pieces’
substance into the pyro plastic state (110 — 115 °C); 4)

Academic journal. Industrial Machine Building, Civil Engineering. — 1 (62)' 2024

ISSN: 2409-9074(print) 53



further hot foaming and reproduction of the regular
porous macrostructure of composite systems (130 —
220 °C) and formation of the targeted processed
product’s properties (500 — 550 °C).

The blowing agent in this case is water (mainly
silanol or molecular, strongly bound by hydrogen
bonds with unbridged oxygen atoms), which is released
during heat treatment of composite systems.

Study Results and Their Discussion

The raw mix prepared according to the optimized
formulation, in contrast to the previously considered
analogues, starts hardening at the usual temperature
from the moment of its “gaging” with soluble glass and
forms a plastic cake with the properties necessary for
further fragmentation.

The suggested raw mix also permits to overcome the
difficulties associated with drying of viscous rare-glass
mix to remove a large output amount of water (56 — 62
%) to the water content of 33 — 38 % needed to obtain
a rigid hydrogel capable of thermal blowing.

The optimized formulation of the raw mix allows
processing of the compositions in various ways, with
the formation of thermal insulating materials of
extended application. An important prerequisite for
their reproduction with the necessary properties system
is strict compliance with the regulatory requirements
established by the previous empirical studies.

In parallel with the formulation development, the
technology of samples manufacturing was being tried.
Thereat, the decisive factor, in contrast to the
regulations [4], the exclusion of the raw mix
granulation stage after heat treatment 110 — 115 °C and
the use of sealed closed forms at their temperature
annealing.

The suggested hot air entrainment of the silicate
compositions structure “blowing” of the systems in a
aerogel form passes quickly, avoiding the viscous-
adhesive state. The determining factor in the process of
the systems thermal activation was the technical
performing of their heating reproduced rate [see 7].

The conscious choice of its optimal mode is
motivated by empirical data to determine the thermal
foaming features of composite systems obtained by the
method of differential-thermal analysis (DTA)
presented in Fig. 1.

The air entrainment process includes the three main
stages, the duration and nature of which depends on the
type and amount of water containing the raw mix: —
within the range of 100 — 110 °C, the hardened
composite system partially transforms into the
pseudopyroplastic state and begins to deform with
increasing volume;

— within the range of 130 — 147 °C, an intensive release
of free and adsorbed water and intensive air
entrainment of the sample mass occurs;

— at the temperature values above 147 °C, the removal
of constitutional moisture, the completion of
restructuring, physical and chemical transformations of
composite systems are observed.

Based on the analysis of the thermo graphic data and
the macrostructure of the samples obtained, it can be

concluded that the greatest contribution to the
formation of the product’s structure with maximum
homogeneity is made by the constitutional water, while
removal of the excess adsorption moisture at the initial
stages leads to the formation of large through pores and
capillary channels in the raw mass. Therefore, the
initial rare-glass composition should contain a
minimum amount of free and adsorbed water.
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Figure 1 - DTA thermo grams of sodium rare-glass
composites aerogels in coordinates AT — T, recorded at
heating the samples in adequate conditions at different

rates: curve 1 — 4 deg. / min.; curve 2 — 7 deg. / min.;
curve 3 — 20 deg. / min.

As the efficient ways to reduce the free water’s
effects, the following ones can be recommended:

— direct thermal dehydration and transformation of

soluble glass into aerogel (the basis of the present
variant of the suggested technical solution);
— liquid granulation of composite systems (for example,
in Al, Ca, Zn, Mg chlorides solutions or their mixtures);
— introducing of mineral fillers or chemical additives
into the rare-glass composite system, which leads to the
development of gelation processes.

According to the results of the study [6], alkaline-
silicate compositions in solutions at heating form a
number of hydrated associates with differing properties
(see Fig. 2). This permits modifying the properties of
the raw mix thickener - grated “dry glass” — by means
of the partial unwatering of the purchased product in a
liquid state at different temperature values, in the
conditions of the technological cycle for the target
product formation, simultaneously with the same
equipment, without the use of additional equipment.
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Meanwhile, the empirically determined
physicochemical behavior of composite silicate
systems, the features of unwatering and the viscosity
state passing, strong adhesion of the intermediate
transformation products to
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Figure 2 - Solubility in the Na20 — SiOz — H20 system

metals, ceramics, glass allow to suggest technological
regulations, stages, sequence of operations during
processing, development and selection of the
equipment materials, variations in the methods of
obtaining and using porous targeted composites.

Laboratory practice proves that the excess amount of
the soluble glass introduced in a liquid state during the
“gaging”, on the one hand improves the rheological
properties, the plasticity of the treated raw mix, and on
the other hand, during the subsequent heat treatment,
causes additional viscosity of the system, deteriorates
the heat transfer conditions, requires more prolonged
temperature holding at higher temperature values and
leads to the increased energy costs. Therefore, a
necessity arises to find an efficient way of regulating
the rate of gelling, using the method of shifting the
equilibrium of physical and chemical processes of the
disperse systems dehydration by adding less hydrated
forms of the dried soluble glass; with the degree of the
grated “dry glass” dispersion, with its dosage and
regulating the processes of the hardened processed mix
fragmentation during the granulate formation and the
subsequent hot air entrainment.

The improved formulation of the raw mix preparing
allows processing compositions in various ways with
the formation of insulating materials of extended
application: granular insulating filler (Fig. 3, [8]),
materials for thermal insulation for the structures
complicated in the form (Fig. 4, [9]), the plate and film-
like types of insulating materials (Fig. 5, [10]). This
task (depending on the purpose and features of the
performed tasks) is solved by the capability of
performing the final stages by means of several
different ways of the products obtaining.

The use of the two stages procedure of the suggested
renovation in the technology of preparing the porous
thermal insulating materials determines:

1) the nature and the behavior peculiarities of the

rare-glass composite systems components during

the heat treatment, their strong adhesion

manifestation related to most structural materials;

2) the necessity to solve the problem of easy work
pieces removal from the formation molds;

3) the choice of the method for lining the internal
surfaces of dismountable equipment molds;

4) thermo physical and chemical properties of the
used lining material.

1

c) d)

Figure 3 - Illustration of the granular thermal insulating
fillers’ samples, obtained in the lined molds without
limitation of formation volume: a), b) - cutting of iso-
sized elements; ¢) - cutting elements of plastic hardened
raw cake of the set preformed thickness; d) —of work
pieces, formed in separate dismountable molds.

a) b)

Figure 4 - Illustration of fragments of thermal insulation
zones sections in complicated form structures performed
by the working zone filling with fragmented elements
and the subsequent heat treatment in dismountable
equipment of varying complexity: a) - without limiting
the free volume of formation; b) - with restriction of

formation space

a) b)
Figure 5 - Illustration of the items fragments formed:
a) — in the form of plates; b) — in the form of films

Developed step by step circuit forming composite
alkaline silicate porous insulating materials based on
soluble glass and fly ash thermal power plants include:
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1) the preparation of initial components of raw mix
grinding, milling sifting through a sieve (80-
315 microns), fly ash thermal power plants, sticky
Portland cement, partially dehydrated "dry glass",
dried at the given temperature, in accordance with
the proposed regulations for the processing of the
composition system (105, 190 °C);

2) preparation constituent raw powder components and
dosed amount of soluble glass according to proven
recipes optimized;

3) homogenization of the of the raw material mixture
powder components by thorough mixing (for
example, using a mixer);

4) "formation" of raw material by soluble glass and
mixing to thickening of the stable gel composition
and formation under standard conditions;

5) mechanical fragmentation hardened plastic cake into
individual elements (rolling perforated thorn,
punching, cut-ting, cutting and other methods)
defined size, shape and configuration of the
coefficient  swelling (depending on the
characteristics of tasks,

6) placing the fragmented elements in lined shape with
unlimited volume on a heat-resistant pallet
separately, without touching the neighbors;

7) heating at a speed of 4-7 degrees. / min and
transferring granular material blanks in pyro plastic
state (110-115°C, 15 min exposure, may seal)
followed by a two-stage heat treatment hot foaming
and play regular porous structure of the body pellet
(130-220 °C, 20 min exposure) non sticky carrying
blanks to form resistant lined pan and then heating
to 500-550 °C and their exposure (to give them
satisfactory water and vapor resistance), cooling
and receiving the end products.

The features of the suggested project are:
— ease and availability of obtaining components and

preparing the raw mix;

— formation of the raw mix directly at its “gaging”
with soluble glass under the normal conditions;
— the thermal insulation method is fast;

— the possibility of easy formation and fragmentation
of the raw work pieces, their inherent properties makes
it possible to spread in time and space separate stages
of thermal insulation: the stage of preparation,
formation of granulate (possibly, in a specialized site);
storage; transportation; technological packing in the
working area complying with the increased resistance
requirements to the heat transfer (possibly, in the
construction site);

— processing of complicated working areas: selection
of the raw mix cake thickness, the size and shape of the
starting fragmented elements (depending on the target
task and in order to provide more tight packing);

— the versatility of the thermal insulation method
(based on the manifestation of significant adhesion
ability of alkaline-silicate composite systems in relation
to most structural materials: metals, ceramics, glass,
wood);

— low shrinkage with the suggested formulation of the
raw mix and the method of treatment;

— indifference to most components and stability of the
thermal insulation material properties, high thermal and
chemical resistance, no combustibility, ability to
withstand significant temperatures;

— combination of the valuable properties set: low
thermal conductivity factor, thermal stability,
incombustibility, durability, low cost.

Conclusions

The raw mix of silica-containing techno genic
component - fly ash of thermal power plants - and the
methods of preparing waterproof porous thermal
insulating materials of extended application on its base
according to the powder low-temperature technology
has been developed using multifunctional properties of
soluble glass as: a) a binding component; b) blowing
agent; c) the raw mix hardening rate regulator. The
physical and chemical, technological aspects of
obtaining and using the suggested alkaline-silicate
compositions have been considered.
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3'sicyBaHHA TEXHOJIOTIYHHUX YMOB VISl (POPMYBAHHA JIYKHO-CHIIIKATHUX
TEeIUI0i30JIAIiHUX BUPOOiB HA OCHOBI 30/1M-BUHECEHHS TEIIOBUX
€JIEKTPOCTAHWIH i piIKoOro ckia

Po3po6neHo cupoBHHHY CyMIll i3 KpEMHE3eMBMICHOI TEXHOTEHHOI CKJIaJ0BOI — 30JIM-BUHECEHHS TETUIOBHUX €IEKTPOCTAHIIH
Ta CIOCOOU MPHUTOTYBAaHHS BOAOCTIMKMX MOPUCTHUX TEIUIOI3OIALIHIX MaTepialiB IIHPOKOTO MPU3HAYEHHS 3a ABOCTAIIHHOIO
TEXHOJIOTI€I0 Tapsyoro CIIHIOBaHHS ITOPOIIKOMOIOHOI CHPOBHHHU. Y PO3p0OIi BUKOPHCTOBYIOTHCS IMOJI (YHKIIOHATBHI
BJIACTHBOCTI DIZKOTO CKJa SIK a) 3B’S3YIOUOr0 KOMIIOHEHTa; 0) MOpOyTBOPIOBAa4a; B) PETYNATOpa IIBHIKOCTI TBEPIiHHS

cupieBoi macu. CupieBa Maca, MPHTOTOBJICHA

32 ONTHMI30BAaHOI0 PELENTYPOlo, MOYMHAE TBEPAHYTH 32 3BUYANHOI

TEeMIIepaTypH BXKe 3 MOMEHTY 11 «3a TBOPEHHS» PO3UNHHUM CKJIOM i YTBOPIOE MACTOMOAIOHMI KOP)K 3 HAOOPOM BIIaCTUBOCTEH,
HEOOXiTHUX Uil HacTymHOi ¢parMenranii. ONTHUMIi30BaHAa peLENTypa MPUTOTYBaHHS CHPIEBOI CyMilli J03BOJSIE
nepepoOIeHHsT KOMIO3UIIH Pi3HIMHU CIOcO0aMu 3 (HOPMYBAHHSAM TEPMOIZONSLIHHAX MaTepialiB MUPOKOTO MPU3HAYCHHS:
TrpaHyJIbOBAHUX TEIUIOI30JLIHHIX HATIOBHIOBAYIB, MaTEpPialiB IS TEPMOi30IIOBaHHS y CKIATHUX 32 (POPMOIO0 KOHCTPYKIIISX,
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IUTMTHOTO 1 000JOHKO MOAIOHOTO BHIIB TEPMOI3OIALIHHNX MaTepianiB. Taka mocraBieHa 3a/iada B 3aJCKHOCTI BiJ HiieH i
0COONIMBOCTEH BHUPIIIYBaHUX 3aBJaHb JOCATAETHCS MOXUJIMBICTIO MHPOBENCHHS JACKUIbKOMa BIAMIHHHUMHU Croco0aMu
3aBepUIaJIbHUX CTadid iX oTpuMaHHA. [[BOoX cTamiiiHiCTh mpolecy mepepoOieHHs BHU3HAYAIOTh XapakTep 1 MOBediHKa
CKJIaJIOBUX KOMIIOHEHTIB PiKO-CKJITHOI KOMIIO3UTHOI CHUCTEMH iJl 4ac TepMiuHOi 00poOKH, X MillHa aAre3iro 10 OUIBIIOCTI
KOHCTPYKIIMHUX MaTrepianiB 1 HEOOXiAHICTh BHUpIMIEHHS HpoOJIEeMH JIETKOro BHIAJICHHS 3aroTOBOK i3 po30ipHUX (opm
ocHalleHHs. Pe3ynbTaTi ZOCTiPKeHb MOXKYTh OyTH BHKOPHCTaHI y raly3i BUpOOHHITBA OyAiBEIBHUX MaTepialliB, 30KpeMa
MOPUCTUX IITYYHUX BHPOOIB, IPH OTPHMAaHHI 3€pHUCTOTO i30JALIHHOrO MaTepiady Ta JErkoro 3amoBHIOBada AJsI OETOHY
MPOMHUCIIOBOTO Ta IIMBUILHOTO OY/IBHUITBA, y TEINIOTEXHIMI SIK TEIUIOi30JIAIIis TOIIO.

KnrouoBi cioBa: myXHO-CHIIIKATHI TEIUIOI30JALINHHI KOMIO3HUIIMHI MaTepiaiay; BUIAJCHHS 30JIM; PiIKe CKIO; TEpMidHE
CMiHIOBAHHSI.
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Determining the impact of motor vehicles on atmospheric air
using existing predictive models

Motor vehicle emissions have become a significant air pollution problem, especially in cities with high industrial concentrations
like Kryvyi Rih. Despite ongoing air quality monitoring, assessing the direct impact of vehicles is challenging. Vehicle
emissions, primarily released in the lower atmosphere, affect areas where human activity is most concentrated. To evaluate the
impact of motor vehicles on air pollution, mathematical models are used to estimate pollutant concentrations based on traffic
volume, intensity, fuel type, and other factors. In Kryvyi Rih, areas with the highest traffic intensity were identified, and CO
and NO: dispersion models were developed. The CALRoads View software, using the CALINE4 model, and “EOL Plus,”
based on the OND-86 methodology, were applied. A comparison of the results helped determine the suitable applications of
each model for analyzing vehicle emissions in large urban areas.

Keywords: motor vehicles, air pollution, pollutant emissions, forecasting models, mathematical models
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Introduction

Atmospheric air is a critical component of human life,
and its degradation due to anthropogenic factors
adversely affects both quality of life and public health.
In industrial cities such as Kryvyi Rih, air quality often
fails to meet established permissible concentration
limits due to emissions from industrial enterprises and
motor vehicles.

With the continual increase in the number of vehicles
in urban areas, emissions from road transport have
become the dominant source of air pollution.
Moreover, the rising vehicle count intensifies the load
on urban infrastructure, resulting in traffic congestion
at interchanges and intersections, which in turn leads to
increased emissions. Therefore, it is crucial to conduct
emission forecasting to develop effective strategies
aimed at reducing air pollution.

Review of Recent Studies and Publications

Modeling the environmental impact of road transport
is a vital tool for forecasting ecological consequences,
and it is extensively explored in numerous scientific
studies. Various methodological approaches and
models are employed to address different objectives,
including the prediction of transport emission levels.
These models often comprise complex, multifactorial

mathematical solutions that account for a multitude of
variables [1,2].

Special attention is given to the development of
mathematical models for assessing the dispersion of
pollutants in the air. Regression models analyzing the
impact of motor vehicles on atmospheric air pollution
not only assess the current situation but also offer
effective tools for forecasting emission trends, taking
into account traffic intensity, vehicle type, and
operational conditions [2,3].

Several studies actively utilize statistical forecasting
methods to identify general emission trends and their
correlation  with  transport flow  parameters.
Additionally, software packages for simulating the
dispersion of pollutants in the atmosphere are widely
applied. These tools allow for accurate evaluation of the
impact of transport emissions on air quality in specific
urban settings [4].

Given the continuous growth of the vehicle fleet and
the heterogeneous structure of traffic flows, integrating
such models into environmental monitoring systems is
essential for formulating strategies to mitigate
environmental harm.

Identification of Gaps in Existing Research
The heavy industrial burden in Kryvyi Rih places

Academic journal. Industrial Machine Building, Civil Engineering. — 1 (62)' 2024

ISSN: 2409-9074(print) 59


http://journals.nupp.edu.ua/znp
https://doi.org/10.26906/znp.2024.63.3877
mailto:nikolay@galaktionov.com
https://creativecommons.org/licenses/by-nc-sa/4.0/

significant pressure on the local environment, and
emissions from motor vehicles further exacerbate air
pollution. The concentration of pollutants frequently
exceeds regulatory limits for individual substances
emitted by both industrial facilities and vehicles.
However, accurately quantifying the contribution of
motor transport to overall pollution levels is
challenging due to the mixed nature of emission
sources.

In this context, it is imperative to conduct
comprehensive research and develop predictive
emission models that enable precise assessment of
transport-related  environmental  impacts.  The
development of integrated environmental protection
measures, the establishment of monitoring systems for
vehicle emissions, and appropriate legal regulation are
essential steps toward reducing ecological risks and
safeguarding public health.

Furthermore, the introduction of modern technologies
into the transportation infrastructure—such as electric
vehicles and advanced emission control systems—can
substantially improve environmental conditions and
contribute to sustainable urban development.

Problem Statement
The aim of this study is to analyze the contribution of
motor transport to the overall air pollution levels in

Kryvyi Rih and to develop a predictive model for

assessing this impact, along with measures to mitigate

its negative environmental effects.
Research Objectives:

- analyze air pollution sources in Kryvyi Rih, with a
specific focus on categorizing motor transport as a
separate emission source.

- develop a model for forecasting the impact of road
transport on air quality in various city zones,
considering traffic flows and operational
conditions.

- formulate recommendations for comprehensive
environmental measures aimed at reducing the
negative impact of motor transport on air quality.

Main Content and Results

Motor transport is one of the primary contributors to
environmental  pollution, particularly of the
atmospheric environment. Various predictive modeling
approaches are widely used to assess its impact on air
quality. The primary methods for evaluating transport
emissions include:

- emission modeling and statistical methods —
involving specialized software tools to estimate the
volume of pollutants emitted by vehicles.

- emission models — designed to quantify emissions
of pollutants from vehicles, aiming to calculate the
total mass of harmful substances released over a
given period, depending on input parameters.

- dispersion models — used to determine the
distribution of pollutants in the atmosphere based
on meteorological conditions and emission source
characteristics.

- traffic models — focus on analyzing traffic flow and
forecasting future changes in transport systems,

incorporating data on traffic, road infrastructure,
and urban planning.

- field research methods — involve direct
measurements of pollutant concentrations on-site.

These approaches allow for accurate evaluation of the
scope and nature of transport-related environmental
impacts.

Transport Emission Modeling. Emission modeling
involves calculating the amount of pollutants released
by vehicles into the atmosphere during operation.
Specialized software solutions employ emission
models that account for factors such as:

- vehicle type — different vehicle categories (passenger
cars, trucks, buses) exhibit varied emission profiles.

- engine technologies and fuel type — diesel, gasoline,
and electric vehicles differ in their environmental
impacts.

- road conditions and traffic regimes — speed, stops,
congestion, and other factors influence emission
volumes.

- vehicle count — traffic intensity directly affects total
emissions in a specific area.

Specialized transport emission modeling tools, such
as MOVES, EMFAC, and COPERT, facilitate
calculations that support the development of transport
policies aimed at reducing air pollution. These tools are
used to assess the environmental impact of motor
vehicles, including the estimation of emissions of
pollutants and greenhouse gases. Each model has
specific features and is used in different regions and
contexts.

- MOVES (Motor Vehicle Emission Simulator) —
developed by the U.S. Environmental Protection
Agency (EPA), it is used for calculating emissions
from motor vehicles [5].

-  EMFAC (Emission Factor Model) — developed by
the California Air Resources Board (CARB), it is
employed exclusively within the state of California
for evaluating vehicle emissions and air quality
management [6].

- COPERT (Computer Programme to Calculate
Emissions from Road Transport) — a European
model created under the auspices of the European
Environment Agency to assess road transport
emissions in EU countries [7].

COPERT uses data from the EMEP/EEA Emission
Inventory Guidebook (2019 edition) [8], which outlines
standards and methodologies for emission calculations
based on European environmental regulations and
EMEP research findings. This enables EU countries to
effectively evaluate transport systems' environmental
impact and develop sound environmental policies.

EMEP is a program established under the Convention
on Long-Range Transboundary Air Pollution
(CLRTAP) and coordinated by the United Nations
Economic Commission for Europe (UNECE). It
focuses on air quality monitoring and assessment
across Europe, supporting international efforts to
reduce air pollution.

The results of vehicle emission impact assessments
obtained using the COPERT software are available via
the interactive Emisia emission map [9] (Fig. 1).
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Figure 1 — Interactive emissiorné map "Emisia" from
the COPERT software tool

Various approaches and methods are employed to
determine the concentrations of pollutants in the
atmosphere, including field measurements and
mathematical modeling.

Field measurements are conducted using networks of
stationary and mobile monitoring stations, which
directly measure the concentrations of pollutants in the
air. These systems provide real-time data on pollution
levels but may be limited in terms of spatial coverage
and typically account for emissions from all sources,
such as industrial discharges and motor vehicle
emissions.

Dispersion models are mathematical tools used to
simulate how pollutants released into the atmosphere
are transported and dispersed in space. These models
allow estimation of pollutant concentrations at various
distances from emission sources, taking into account
several factors, including:

- meteorological conditions — wind speed and
direction, temperature, humidity, and precipitation
influence the dispersion of pollutants;

- topography — terrain features (mountains, hills,
plains) affect airflow and the movement of pollutants;

- type of emission source — different sources (e.g., point
or line sources, such as roadways) produce different
dispersion patterns.

Examples of dispersion models include CALRoads
View (Lakes Environmental), CALINE4, AERMOD
(Lakes Environmental), ADMS, and EOL+, which are
commonly used to assess the impact of road transport
on air quality in specific areas. These models enable the
prediction of pollutant concentration levels at defined
locations, which is essential for planning
environmentally  sustainable infrastructure and
minimizing health risks to the population.

- CALRoads View is used for modeling the impact of
vehicular emissions on air quality. The software
integrates the CALINE4, CAL3QHC, and
CAL3QHCR models.

- CALINE4 is specifically designed to estimate
pollutant concentrations from roadway traffic and
considers various road types and meteorological
factors. The CAL3QHC and CAL3QHCR models
are enhanced versions of CALINE3, incorporating
the ability to simulate traffic queue effects on
pollutant concentrations and account for temporal
variations in meteorological conditions and traffic
volumes.

- AERMOD 1is an atmospheric dispersion model
developed by the United States Environmental
Protection Agency (EPA) for regulatory purposes.

- ADMS-Roads is used for modeling vehicular
emissions on urban roads and highways.

- EOL+ is based on the OND-86 regulatory
methodology ("Organizational Normative
Document 1986"), which provides a framework for
calculating pollutant dispersion in the atmosphere
from both industrial and vehicular sources. The
OND-86 method remains a foundational guideline
for estimating ground-level concentrations from
industrial emissions, although its outdated nature
may limit compliance with modern environmental
standards and requirements.

To investigate the impact of motor vehicles on
atmospheric air pollution, we identified areas with the
highest traffic intensity within the city of Kryvyi Rih
and developed pollutant dispersion models for those
locations.

Three high-traffic intersections were selected for
detailed analysis:

e 95th Quarter Roundabout, one of the busiest traffic
hubs in Kryvyi Rih, recorded a traffic volume of
1,258 vehicles in 20 minutes, equivalent to 3,855
vehicles per hour. Traffic flow was nearly uniform
from all directions, with a high proportion of public
transportation.

e Vilna Ichkeria Street recorded a traffic volume of
1,548 vehicles in 20 minutes, or 4,641 vehicles per
hour, also featuring evenly distributed flow and
significant public transport presence.

o Intersection of Metallurgiv Avenue and Nikopolske
Highway recorded 1,204 vehicles in 20 minutes, or
3,609 vehicles per hour, with similarly balanced
traffic from all directions and heavy public
transportation use.

For further modeling, nitrogen dioxide (NO:) and
carbon monoxide (CO) were selected as the most
common and representative pollutants. Emission power
values (g/s) were determined for these substances based
on daily traffic intensity, and a graphical representation
of their dependence was developed [12].
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Figure 2 — Pollutant emissions during the day g/s

The graph (Fig. 2) shows that traffic intensity begins
to increase from 6:00 a.m. to 9:00 a.m., after which it
gradually decreases throughout the day. Between 2:00
p.m. and 6:00 p.m., traffic intensity rises again,
followed by a subsequent decline. Peak traffic hours are
observed at 9:00 a.m. and 6:00 p.m., corresponding to
the periods of population mobility from home to work
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and from work to home. As traffic volume increases,
emissions of air pollutants also rise accordingly.

To assess the impact of motor vehicle emissions, the
CALRoads View software suite was used, employing
the CALINE4 dispersion model. This model was
selected for its high accuracy in simulating the
dispersion of pollutants emitted by motor vehicles
within urban road networks. CALINE4 enables the
estimation of pollutant emissions and their
concentrations  while accounting for various
influencing factors, including wind speed, local
topography, meteorological conditions, and traffic
intensity.

The model was configured to simulate dispersion
under worst-case wind direction conditions, where the
software automatically identifies the direction that
results in the maximum pollutant concentration.

The modeling domain was defined as a square area
measuring 3,000 x 3,000 meters.

The road type was categorized as urban, with a
surface roughness length of 400 cm, which reflects the
local turbulence of the air and affects pollutant
dispersion.

The wind speed was assumed to be 3 m/s across all
sections of the study area, with an air temperature of
20°C.

At the selected site, the roadway consists of three
traffic lanes in each direction, amounting to a total
width of 22 meters, with an additional 3 meters on each
side. Thus, the total mixing zone width was set to 28
meters.

Based on these parameters, dispersion models were
constructed for carbon monoxide (CO) and nitrogen
dioxide (NO2) emissions. The highest predicted
concentrations were found within the 95th Quarter
roundabout, Vilna Ichkeria Street, the intersection of
Metallurgiv Avenue and Nikopolske Highway, as well
as at other nearby intersections within the vicinity of
the study area.

The 95th Quarter roundabout, a large circular
intersection, is not equipped with traffic lights and
connects major city avenues, each comprising three
lanes in both directions. This location experiences high
traffic density, including a significant volume of private
vehicles and public transport.

As we can see (Fig. 3), according to the results of
calculations, CO emissions do not exceed the

established MPC values. Within the limits of highways,
the maximum value for this section is 0.458 mg/m3 (0.4
ppm) or 0.09 MPC.
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Figure 4 — Distribution model NO2 95 quarter.

The results of NO: emission calculations (Fig. 4)
indicate that the concentration values exceed the
established maximum permissible concentrations
(MPC) within the intersection area under investigation.
The maximum concentration recorded for this section
is 0.61 mg/m* (0.32 ppm), which corresponds to
3.04 MPC.

A pollutant dispersion model was also developed for
the section of V. Ichkeria Street. This street originates
in the vicinity of the 95th Quarter and terminates at a
Y-shaped intersection near Artem 1 mine, Volodymyr
Velykyi Street, and Mariyska Street. The primary
research focus was on the intersection with Darwin
Street, which functions as a bypass route for heavy-duty
vehicles and is characterized by high traffic volumes,
including public, passenger, and freight transport.
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Figure 5 — CO distribution model on Vilna Ichkeria
Street

In this section (Fig. 5), CO emissions do not exceed
the established MPC values along the roadways. The
maximum value recorded for this location is
0.687 mg/m? (0.6 ppm), or 0.14 MPC.

The results of NO: emission calculations (Fig. 6)
again indicate that concentration values exceed the
established MPC within the intersection where the
study was conducted. The maximum recorded
concentration for this site is 1.2 mg/m* (0.64 ppm),
which is equivalent to 6.02 MPC.
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Figure 6 — Distribution model NO2 Vilnoi Ichkerii
Street

The intersection of Metalurhiv Avenue and
Nikopolske Highway represents a location where one
of the city’s central avenues intersects with a bypass
route that carries major transit highways H23, H11, and
P74. This area is characterized by heavy traffic flow,
including public, passenger, and heavy-duty transport.

As shown in the CO emissions calculation results
(Fig. 7), the values do not exceed the established MPC
along the roadways. The maximum concentration
observed for this section is 0.573 mg/m? (0.5 ppm), or
0.115 MPC.
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Figure 7 — CO distribution model Intersection of
Metallurg Avenue and Nikopol Highway
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Figure 8 — NO: Distribution Model Intersection of
Metallurg Avenue and Nikopol Highway

The NO: emission results (Fig.8) show that
concentration levels once again exceed the MPC at the

studied intersection. The highest value recorded for this
section is 1.07 mg/m? (0.64 ppm), or 5.36 MPC.

Additionally, dispersion calculations for pollutants in
the ground-level atmospheric layer were conducted for
the analyzed areas using the "EOL Plus" software
package, which implements the OND-86 methodology
("Method for Calculating the Concentrations of
Harmful Substances in Ambient Air Emitted by
Industrial Facilities").

The maximum concentration values based on the
calculations for the investigated sections are
summarized in Table 1.

Analysis of the results of ground-level pollutant
dispersion calculations revealed that nitrogen dioxide
(NO2) concentrations exceed the established
environmental safety standards (maximum permissible
concentrations — MPC). For other substances present in
vehicular emissions within the studied sections, no
exceedances of MPC were recorded.

It should be noted that the pollutant dispersion
calculations in the atmospheric air were performed
under the worst-case meteorological conditions for
each calculation point and for each pollutant, taking
into account the simultaneous maximum possible
emission values.

Table 1 Maximum concentration values

Concen-
. Concen- .
A polluting . tration,
Research area tration .
substance me/m3 portion of
& MPC
1,9 0,38
95th Quarter co
Ring NO» 1,09 5,49
2,21 0,44
Vilnoi co
Ichkerii St. NO» 1,15 5,75
Intersection of co 221 0,44
Metallurgists
Ave. and 1
Nikopol NO2 16 3,78
Highway

When comparing the two pollutant dispersion
models, it is observed that the results for carbon
monoxide (CO) differ, while nitrogen dioxide (NO-)
emissions are highly similar. This discrepancy may be
attributed to differences in the calculation algorithms
and emission input parameters of the respective
models. Nevertheless, the general trends observed in
both models remain consistent.

Conclusions.

The conducted study has established that road
transport has a significant impact on the ambient air
quality in the city of Kryvyi Rih. The developed models
show that CO emissions do not exceed the MPC values
along roadways, though they still contribute to overall
air pollution. In contrast, NO: emissions exceed the
MPC values at intersections across all studied sites.
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Both dispersion modeling methods—based on the
OND-86 methodology and the CALINE4 model—can
be applied in future studies. However, CALINE4 offers
a key advantage due to its ability to account for
complex meteorological conditions and road
geometries, which is particularly important in
urbanized areas such as Kryvyi Rih, where numerous
roads are located in close proximity to residential areas.
Furthermore, the model effectively handles various
types of pollutants, such as nitrogen oxides (NOy) and
carbon monoxide (CO), making it a versatile tool for
analyzing the impact of road transport on air quality.

Due to its accuracy and adaptability to local
conditions, CALINE4 not only supports assessment of
current pollution levels but also enables the
development of predictive models for designing
effective environmental protection measures.

In contrast, the OND-86 model is better suited for
simulating emissions from stationary sources, such as
industrial facilities. While it can also be applied to
assess the impact of road transport by treating it as a
linear emission source, this approach limits its accuracy
because  vehicular emissions have  dynamic
characteristics influenced by changes in vehicle speed,
type, and other factors.

Unlike CALINE4, which is specifically designed to
model linear pollution sources such as roadways, OND-
86 does not consistently account for the specific
features of vehicular movement and meteorological
conditions that influence pollutant dispersion along
transport corridors. Therefore, although OND-86
remains useful for general pollution analysis, its
precision in evaluating the environmental impact of
road transport is lower compared to more specialized
models like CALINE4.

Thus, the modeling of vehicular emissions provides a
valuable tool for assessing the current road
infrastructure, developing predictive models for the
expansion or construction of new roads and transport
interchanges.

The importance of predictive models lies in their
ability to evaluate future environmental consequences
under various scenarios of transportation infrastructure
development and traffic dynamics. These models help
forecast how changes in traffic volume, vehicle types,
or regulatory measures may affect air pollution levels.
This, in turn, enables the timely development of
strategies to reduce emissions, improve the
effectiveness of urban environmental initiatives, and
minimize health risks for the population.
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Bu3HauyeHHs BILIMBY aBTOTPAHCIOPTY Ha aTMocdepHe MOBiTPs
3a J0NOMOI'0I0 iCHYIOUHX IIPOTHO3HUX Mojeeil

OCTaHHIM YacOM BUKWJIU BiJi aBTOTPAHCIOPTY CTAIOTh JENalli CEPHO3HIIION MPOOIEeMOI 3a0pyJHEHHS aTMOC(HEpPHOTro
HOBITPsI, 0COOJIMBO B MiCTax i3 BUCOKOIO KOHIEHTPALIEIO IPOMHUCIOBHX IiIPHEMCTB, TakuX sK Kpuswuii Pir. Xoda B Takux
MiCTax MOCTIHHO 3IHCHIOETHCSI MOHITOPHHT SIKOCTI HOBITPSI, BU3HAYHTH O€3I0CEepEeHIH BIIMB aBTOTPAHCIIOPTY 3ATHIIAETHCS
CKIagHAM 3aBHaHHAM. OcoONMBICTIO aBTOMOOLTBHOrO 3a0pyAHEHHS € Te, IO IMIKIAIMBI BUKHIM, IO MICTATBCA Yy
BiZIIPalbOBaHUX Ta3ax, MOTPAIUIAIOTh y HAWHWKYI, MPH3eMHI mapu atMocdepu — came Tam, Je BigOyBaeTbCcs OCHOBHA
JKUTTENISUTBHICTD JTIOOUHU. [ OIIHKM BIUIMBY aBTOTPAHCIIOPTY Ha 3a0pyIHEHHS HOBITPS BUKOPHCTOBYIOTH Pi3HI METOAM
MPOTHO3YBaHHS, SKi TIPYHTYIOTBCS Ha MaTeMaTHYHHX Mofjensx. Lli Momenmi [O3BOJSIOTH OIIHUTH KOHIGHTpAIii
3a0pyAHIOBAJIBHUX PEYOBHH Y MOBITPI B 3aJIEKHOCTI BiJ] KITBKOCTI TPAaHCHOPTHHX 3ac00iB, IHTEHCHBHOCTI PyXY, THITY IaluBa
Ta iHIINX (aKTopiB.

Jlnst TpoBeeHHs IOCTIDKEHHS B IUIMBY aBTOTPAHCIIOPTY HA CTaH 3a0pyAHEeHHs aTMochepHoro nmosiTps Micta Kpusuii Pir
BU3HAYEHO IUITHKMA 3 HAHOUIBIIO IHTEHCHBHICTIO PyXy Ta moOyzmoBaHi Mozeni posmosciojukeHHs CO Tta NO2. [lns
BU3HAUCHHS BIUIMBY aBTOTPAHCIOPTY BHKOpHCTaHO mporpamuuii komruiekc CALRoads View i3 3acTocyBaHHSAM MOz
CALINE4 Ta nporpamunii kommieke « EOJI [lmrocy, sxuit peanizye metoauky OH/I-86. Ha ocHOBI cliBCTaBICHHS Pe3yJIbTaTiB
PO3paxyHKiB BCTAHOBJIEHO MOXJIMBI C(epH 3aCTOCYBaHHS KOXXHOI 3 MoOJeNed I aHaJi3y BHUKHIIB aBTOMOOUTBHOTO
TPAHCTIOPTY B YMOBaX KPYITHHX MICbKHX arjoMepartiii.

Karwouogi ciioBa: aBTOTpaHCIOPT, aTMOC(EPHE MOBITPsI, BUKUIM 3a0pyAHIOIOYHAX PEUOBHH, MPOTHO3HI MOJIEIi MAaTeMaTUYHI
MOJIEIT.
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Computer modelling of the flow structure in a combined mixer for aqueous
suspensions with solid and gas phases

Computer modeling of multiphase flows in mixers for aqueous suspensions with solid and gas phases opens up new
opportunities for optimizing mixing processes in industry. The creation of CFD-DEM models allows taking into account the
interaction of liquid, solid and gas phases, fixing the features of circulation, mass transfer and rheological behavior of the
medium. The article considers the features of the formation of the flow structure in a combined-type mixing chamber, analyzes
the nature of changes in turbulent and convective processes in the presence of a gas phase and solid inclusions, and also

substantiates approaches to building effective mixing modes.
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Introduction

Computer modeling of flow structures in mixers for
aqueous suspensions containing solid and gas phases
remains one of the priority areas of applied
hydrodynamics and mechanical engineering.

The formation of an optimal multiphase flow
structure directly determines the energy efficiency of
mixing processes, the quality of the final product, and
the resource load on the equipment.

The issue of improving the efficiency of mixing
systems is highly relevant in the fields of water
treatment, chemical technology, and mineral
processing, where liquid-solid-gas media with complex
rheological behavior dominate [1].

Analytical approaches based on simplified flow
models do not fully capture the dynamics of multiphase
systems.

Computational fluid dynamics (CFD) and discrete
element modeling (DEM) methods offer opportunities
for analyzing local flow characteristics, phase
interactions, mixing regimes, and the development of
boundary structures [2].

Computer modeling enables consideration of the
multifactorial nature of processes in which mechanical,
hydrodynamic, and thermal effects are realized
simultaneously.

Analysis of Recent Research and Publications

The problem of numerical modeling of multiphase
flows in mixing systems has evolved gradually, as the
challenges of applied hydrodynamics became more
complex.

O. Kasat, A.R. Khopkar, V.V. Ranade, and A.B.
Pandit [1] laid the foundation for describing the
processes of solid phase mixing in liquid media, using
computational fluid dynamics (CFD) combined with
discrete element modeling (DEM).

Their calculations made it possible to identify
patterns of solid inclusion transport in mechanical
mixers and to formulate criteria for evaluating mixing
efficiency.

The challenges of modeling dense multiparticle flows
were systematized by S. Van and Y. Shen [2], who
emphasized the complexity of describing multiphase
interactions in conditions of high discrete element
concentration.

Their approaches aim to expand the capabilities of
CFD-DEM modeling by integrating multiphysical
models of mass transfer, heat transfer, and chemical
reactions.

Local aspects of mixing processes were examined by
S. Duan, S. Feng, C. Peng, C. Yang, and Z. Mao [3],
who analyzed the micro-level structure of mixing in
gas-liquid and solid-liquid media.
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Their application of the CFD-E approach made it
possible to trace the relationship between local
concentration fluctuations and the macroscopic
efficiency of mass transfer.

AM. Zapata Rivera and his colleagues [4]
demonstrated that without considering empirical
observations, it is impossible to achieve a high
correlation between simulation results and real three-
dimensional flows in mixing tanks.

Understanding the spatial variability of multiphase
medium properties was advanced by V.S. Biletskyi [5],
who emphasized the need to adapt numerical
algorithms to changes in phase density and viscosity
during flow.

Based on his findings, a new concept for constructing
CFD models for complex technological systems has
been formulated.

In discussions about transitions between different
flow regimes, D.A. Alaita [6] made a notable
contribution by highlighting the critical importance of
accounting for laminar-to-turbulent transitions in
particle-laden flows.

His approach established new requirements for
models aiming to accurately reproduce regime
dynamics under real-world conditions.

High-speed multiphase processes were explored by
D. Friso [8], who demonstrated how the structure of
momentum and heat transfer changes with increasing
Reynolds number.

V.M.S. Vullenweber and his colleagues [9], studying
the micro-level behavior of solid particles in turbulent
flows, showed that particles not only passively move
with the flow but also actively influence its local
characteristics, altering the structure of turbulent
fluctuations.

The combination of approaches proposed by the
aforementioned researchers indicates that numerical
modeling of multiphase flows is entering a new stage
of multiphysical integration.

The description of phase interactions, consideration
of changing rheological properties, and the
incorporation of turbulent effects are increasingly being
combined within unified computational models,
opening new prospects for solving complex
engineering challenges.

Identification of Previously Unresolved Aspects of
the General Problem

In recent years, computer modeling of multiphase
flows has made significant progress; however, certain
aspects related to mixing systems with complex
configurations remain insufficiently studied.

Most existing models focus on describing two-phase
media, which creates difficulties in accurately
reproducing real processes involving the presence of a
gas phase [2; 4].

The presence of gas alters circulation contours,
modifies local velocity fields, and affects mass transfer
efficiency, thus requiring more sophisticated numerical
analysis approaches and a transition to three-phase
models.

In studies dedicated to CFD-DEM modeling, the
issue of accounting for turbulent effects during the
interaction of discrete solid particles with liquid and gas
phases remains relevant [3; 9].

Simplifications in modeling these processes limit the
ability to accurately describe real mixing phenomena,
where flow fluctuations and micro-level interactions
significantly influence suspension stability and mass
transfer efficiency.

The lack of consideration of these features
complicates the application of numerical models in
practical tasks where high accuracy in reproducing
multiphase dynamics is required.

Finally, for combined-type mixers, where local high-
velocity flows, recirculation zones, and phase
segregation coexist, there are no universal numerical
models capable of capturing both the macro- and
micro-level flow structures during interactions between
all phases [1; 5].

Thus, the scientific task lies in developing a
comprehensive CFD-DEM model of the flow structure
in a combined mixer for aqueous suspensions
containing solid and gas phases, taking into account the
effects of turbulence, interphase interactions, and
multiphase instability.

Problem Statement

The aim of this article is to develop a conceptual
CFD-DEM model of the flow structure in a combined
mixer for aqueous suspensions containing solid and gas
phases.

In line with this objective, the research focuses on
identifying the patterns of hydrodynamic structure
formation in a multiphase environment, analyzing the
influence of the mixer’s geometric parameters on the
dynamics of phase interactions, and substantiating
criteria for optimizing the mixing process.

Achieving this goal involves the application of
computer modelling using computational fluid
dynamics (CFD) methods to describe the flow of the
liquid and gas phases, discrete element modelling
(DEM) to simulate the dynamics of solid particles
within the multiphase flow, as well as a multiphysics
approach to integrate models of turbulence, mass
transfer, and phase interactions.

Main Material and Results

The flow of the medium in combined mixers is not
formed as a simple phase combination, but as a
complex interaction process, where the liquid, solid,
and gas components simultaneously contribute to the
construction of a dynamic, changing system.

The mutual penetration of phases creates a dynamic
structure in which local circulations, convective
transfers, and turbulent fluctuations continuously
influence each other, leaving no space for the
establishment of stable regimes.

The formation of the flow is accompanied by constant
changes in velocity, density, and viscosity in different
areas of the mixer, leading to the appearance of
temporary zones of order or, conversely, local
disruptions of circulation loops.
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Each disturbance in the flow initiates a wave of
subsequent changes that alter the overall picture even at
the macrostructural level.

This dynamic nature makes it impossible to describe
the process through fixed instantaneous states and
requires an approach that accounts for the continuous
temporal evolution of the environment.

In complex mixing systems, no characteristic—
whether velocity, concentration, or flow structure—
remains constant, but instead continuously evolves in a
chain of self-transformation, which defines the primary
challenges in numerical modelling of multiphase flows.

The geometry of the mixer determines the
architecture of the flow at a fundamental level. A
cylindrical chamber with a rotor of combined blade
shape installed at the center creates conditions for the
development of two main types of motion: axial lifting
of the mixture due to the mechanical rotation of the
rotor and secondary circulatory currents resulting from
the injection of gas through nozzles (Fig. 1).

The interaction of these two mechanisms defines the
primary nature of the multiphase environment, where
solid particles do not merely follow the flow but
constantly alter their trajectories in response to local
changes in velocity, pressure, and turbulent stresses.

— |
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Figure 1 — Schematic of a combined mixer for aqueous
suspensions with solid and gas phases

At approximately half the height of the mixing
chamber, the zone of most intensive mixing forms. In
this area, turbulent energy reaches its highest levels,
which ensures active mass transfer between the liquid
phase, gas bubbles, and solid inclusions [8]. The upper
layers of the chamber and the regions near its bottom
are characterized by a reduced level of turbulent
fluctuations, where the accumulation of solid particles
and gas bubbles occurs, creating the risk of forming
zones with reduced mass transfer.

The dynamics of these processes depend not only on
the structural parameters of the mixer but also on the
operating characteristics of the system — rotor speed,
gas flow intensity, liquid phase viscosity, and solid
component concentration (Fig. 2). It is the complex
interaction of these factors that determines the

possibility of maintaining a homogeneous flow state
over time.

The stratification of the medium, revealed during the
simulation, is not a random phenomenon. It reflects the
natural balance of forces in the mixing system:
mechanical activation, gravitational settling, and the
buoyant force of gas bubbles. An increase in the
concentration of the solid phase in the peripheral zones
of the chamber indicates insufficient efficiency of local
convective mechanisms.

The discovery of the spiral logic of particle
movement allows for a better understanding of not only
the mechanisms of their movement but also the nature
of the formation of zones of active and passive mass
exchange.

Coefficient of Concentration Variation, %
50
40
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Figure 2 — Dependence of the solid phase
concentration variation coefficient on rotor speed

Computer modelling of discrete trajectories shows
that solid particles move from the central axis to the
periphery and return back through the formed
recirculating flows (Fig. 3). The delay of particles in
stagnant zones near the walls is related to the
combination of turbulent dispersion, gravitational
settling, and local velocity gradients [3; 9].

Figure 3 — Circulation contours and particle
trajectory movement in the mixer.

In a multiphase environment of a combined mixer, no
process exists in isolation: energy transfer between
different scales, phase interactions, and continuous
fluctuations in structure form a complex network of
changes, where the state of one element directly
influences the behavior of the entire flow. Disturbances
in local flow, changes in concentration or velocity in a
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particular zone, immediately affect other levels,
creating a dynamic system of interdependent reactions
that constantly evolve over time.

The integration of the gas phase into the overall flow
structure changes not only the local parameters but also
the principle of organizing the circulation processes.
When gas bubbles are introduced through nozzles at the
lower part of the mixing chamber, they create lifting
forces that alter the direction of primary convective
flows and simultaneously restructure the internal flow
structure. The formation of vertical circulation contours
based on gas bubbles increases mass transfer intensity
and prevents the formation of horizontal layers with
increased solid-phase concentration, which often occur
in systems without aeration.

The distribution of gas bubbles in the chamber shows
stratification by size, adding another level of
complexity to the dynamics of the environment. Larger
bubbles concentrate near the axis, where the axial flow
has the highest velocity, while smaller bubbles more
evenly spread across the radius, forming a network of
micro-flows. These small-scale structures enhance the
exchange of substances between phases and ensure the
expansion of the spatial region of effective interaction,
maintaining the system's dynamic activity even in
regimes with reduced primary flow intensity.

Such a multi-level distribution of the gas phase
changes the overall structure of circulation: where
small bubbles dominate, there is higher mixing
efficiency due to the increased interfacial surface area.
The enhanced mass transfer mechanism is realized
through small bubbles, which cannot be achieved by
mechanical mixing alone.

The turbulent flow structure, formed by the
simultaneous influence of mechanical and gas
activation, is not homogeneous across the height of the
mixer. In the upper part, horizontal flows prevail,
flowing around the walls of the chamber and reducing
axial circulation. In the lower part, however, the
upward movement along the axis dominates, caused by
the lifting force of the bubbles and mechanical drag
from the rotor.

The formation of a multiphase flow in the mixing
chamber is a continuous process of phase interaction,
where no movement develops autonomously. Energy
transfer between different movement scales, constant
fluctuations in the internal structure, and the mutual
penetration of liquid, solid, and gas phases change both
the instantaneous flow characteristics and the overall
stability of the system over time. In an environment that
is constantly in a state of dynamic equilibrium, small-
scale disturbances can alter large-scale circulation
contours, while the general direction of primary flows
determines the development of microstructural
elements.

The gas phase, introduced through nozzles at the
bottom of the chamber, actively participates in these
processes. As noted by A.M. Sapata Rivera and
colleagues, gas bubbles passing through the liquid
medium not only create lifting forces that promote
vertical movement of the mixture but also initiate the
formation of convective contours that restructure the

overall circulation structure. Such incorporation of gas
into the internal dynamics of the flow enhances vertical
mass transfer and prevents the formation of horizontal
zones with high solid-phase concentrations, which are
characteristic of mixers without aeration.

The structure of the distribution of gas bubbles in the
chamber shows stratification by size, which forms
additional levels of organization of the flow. As D.
Frizo points out, large bubbles concentrate near the axis
of the mixer, where the axial rise speed of the liquid is
maximal, while smaller ones are distributed mainly in
the radial direction, forming a network of micro-flows.
These structures support effective mass exchange
between phases and contribute to maintaining dynamic
activity even in regimes of reduced turbulent energy in
the primary flow.

The presence of such a dual distribution—Ilarge
bubbles dominating along the axis and small bubbles
scattered throughout the volume—provides a unique
mass transfer dynamics: a combination of rapid vertical
convective currents and slow horizontal micro-
movements. This interaction of structures determines
the mixer’s ability to maintain suspension homogeneity
and the stability of the hydrodynamic regime across a
wide range of technological loads.

The structure of the multiphase flow in the mixer is in
a constant state of change. The formation and
destruction of local convective contours, the
accumulation and dispersion of solid particles, and the
shifting position of gas bubbles—all these processes
occur continuously, altering the configuration of the
system in the time dimension. Such non-stationarity
makes numerical modelling challenging and explains
the sensitivity of mixing processes to even slight
changes in external parameters.

Increasing the intensity of gas aeration changes the
nature of mixing not only by increasing the lifting force
in the liquid medium but also through a profound
restructuring of the internal flow structure. As the gas
flow rate increases, the upward velocity in the center of
the chamber strengthens, shifting the zone of maximum
mixing toward the upper part of the mixer. At the same
time, excessive gas lift intensity can generate unstable
regimes: large bubbles push solid particles to the
periphery, creating areas with local oversaturation near
the walls and reducing the overall efficiency of mass
transfer.

The mixing regime in a combined mixer is
determined by the relationship between the rotor’s
rotational speed and the intensity of gas injection.
Optimal working parameters allow for maintaining a
uniform distribution of the solid phase throughout the
chamber volume, preventing the formation of stagnant
zones or areas with uneven concentration. Shifting this
balance—toward excessive aeration or insufficient
mechanical activation—changes the flow nature,
leading to phase stratification and a gradual reduction
in mixing efficiency.

Numerical modelling of multiphase processes offers
the opportunity not only to describe the changing flow
regimes but also to track the critical conditions at which
the flow structure loses stability. Analyzing turbulent
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energy distribution, velocity fields, and solid inclusion
concentrations in mixing chambers helps identify
threshold values of operational parameters, beyond
which the circulation character changes and the
system’s dynamic equilibrium is disrupted. Crossing
these boundaries leads to a transformation of the flow,
which directly impacts mixing efficiency.

In combined mixers, even small changes in rotor
speed or gas flow rate lead to a restructuring of
circulation contours. These changes are not limited to
local zones but spread throughout the flow structure,
altering velocity profiles and mass transfer processes.
Establishing a new regime depends not only on the
initial intensity of the disturbance but also on the
system’s ability to quickly return to a stable state
without significant fluctuations.

Disruptions in the mixing regime in production
conditions often lead to local aggregation of solid
particles, the appearance of zones with reduced mass
transfer, and a decrease in overall process efficiency.
Such deviations can affect not only product properties
but also the productivity of the production line, as even
short-term disruptions in the flow structure change the
kinetic parameters of reactions or the physico-chemical
properties of the suspension. Using numerical
modelling to create regime maps for mixers enables
planning the system’s operation within safe regimes
and reducing the likelihood of unstable conditions in
real operational conditions.

The formation of stagnant zones in the mixing
volume is a result not only of decreased local turbulent
energy but also of the complex interaction of phases on
a micro level. The accumulation of solid particles near
the chamber walls is the result of a combination of
mechanical drag by turbulent eddies, gravitational
settling, and insufficient compensation of these effects
by the lifting force of gas bubbles. In cases of excessive
bubble coalescence and a decrease in the total
interfacial surface area, the efficiency of mass transfer
is noticeably reduced.

Using CFD-DEM models allows not only visualizing
the overall flows but also tracking individual particle
trajectories, determining their average residence time in
zones of active mixing, and identifying local
concentration fluctuations. Under optimal working
conditions, the average residence time of solid particles
in the active turbulence zone is about 70-80% of the
total movement time, indicating high mixing
efficiency. A decrease in this figure signals the
appearance of stagnant zones, which can significantly
impact the final quality of the technological product.

Energy analysis of the mixer’s operation shows that
combining mechanical rotor rotation with gas aeration
allows for reducing specific energy consumption
without losing process efficiency. Gas bubbles, by
aiding the rise of the liquid phase, partially compensate
for the required mechanical energy, reducing the
overall load on the rotor drive. This opens up the
possibility for creating energy-efficient mixing systems
capable of operating at high productivity with reduced
energy consumption.

Parametric studies of the mixing chamber show that

changes in its geometric proportions, without
corresponding adjustment of operational
characteristics, can significantly affect the flow

structure. Reducing the chamber height or increasing its
diameter without proper adjustment of rotor speed leads
to weakening of vertical circulation and disruption of
the force balance in the multiphase environment. Under
these conditions, the risk of phase stratification
increases: solid particles and gas bubbles accumulate in
peripheral or bottom zones, and the mass transfer
efficiency between phases decreases noticeably.

The flow structure in multiphase mixing systems is
determined by the ratio between the chamber height,
rotor diameter, and rotational speed. As D.A. Alaita
notes, this relationship forms the stability of circulation
contours and determines the nature of mass transfer
within the mixing volume. Within the range of optimal
parameters, the flow maintains phase uniformity and
stability of the circulation structure without significant
increases in energy costs, ensuring the necessary
technological conditions over long periods.

Exceeding this balance, even to a small degree, alters
the course of the process. Local zones with low mass
transfer intensity form, where solid particles
accumulate, and the gas phase forms clusters that fall
out of the general circulation pattern. The development
of such isolated structures leads to a gradual loss of
multiphase flow uniformity, changing not only the
mixing efficiency but also the rheological properties of
the environment, affecting the stability of the
technological process.

Understanding these relationships is not only of
theoretical value. In the practice of designing mixing
systems, the alignment of geometric and operational
parameters determines the equipment’s service life,
energy efficiency level, and the stability of the
suspension’s technological characteristics.

At the general level, combined mixing of aqueous
suspensions with solid and gas phases appears as a
multi-level system of interactions. At each level—from
the movement of individual particles to macroscopic
circulation—specific mechanisms of mutual influence
between phases are realized. Understanding these
mechanisms through computational modelling not only
allows for reconstructing the actual behavior of the
flow but also for developing effective strategies to
optimize technological processes in industry, focusing
on increasing homogeneity, maintaining regime
stability, and reducing energy consumption.

Conclusions

Computer simulation of the flow structure in a
combined mixer for aqueous suspensions with solid
and gas phases has made it possible to identify the
patterns of multiphase flow formation in complex
technological systems. The built CFD-DEM model
reproduced the main physical processes accompanying
mixing, including circulation loops, phase segregation,
and the formation of recirculation zones.

The scientific novelty of the study lies in determining
the critical parameters of the rotor rotation regime and
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the intensity of gas aeration, which ensure optimal
homogenization of the solid and gas phases with
minimal energy consumption. For mixers of this type,
the relationship between the structure of turbulent
characteristics and the spatial arrangement of gas
bubbles and the local concentration of solid particles in
different zones of the mixing chamber was established.

The practical significance of the obtained results lies
in the possibility of using the built model for optimizing
the structural parameters of mixers, calculating regime
characteristics, and developing recommendations for
improving suspension preparation systems in water
treatment, chemical, and mining industries. Taking into
account the peculiarities of phase circulation, turbulent
energy distribution, and the behavior of solid particles
in a multiphase environment allows for enhancing the
energy efficiency of mixing processes and the stability
of the final technological characteristics of the product.

Modelling multiphase flows is gradually moving
beyond standard approaches and requires considering
the deformation of gas bubbles in the flow dynamics.
The change in the shape of the bubbles and their
behavior under the influence of local conditions affects
not only the microstructure of the medium but also
determines the character of mass transfer processes
across the entire mixing system. In regimes with high
circulation intensity, where the properties of the
medium change over time and space, such effects gain
particular significance.

Along with bubble deformation, significant roles are
played by processes of bubble coalescence and
breakage, as well as the aggregation of solid particles.
The change in the number of phase transitions and the
appearance of new areas of non-uniformity in the
suspension alters the mass transfer trajectories, which
requires new approaches to numerical description. The
development of models capable of integrating
hydrodynamic and microstructural phenomena into a
single computational picture is a logical direction for
the development of this field.

Particular attention is paid to the variable rheological
properties of the medium, as an increase in the solid
component concentration changes the viscosity and
manifests thixotropic effects. Such changes directly
affect the development of turbulent structures, altering
the local fluctuation energy and determining the
stability of circulation loops over time.

Expanding computational models to include chemical
reactions in a multiphase medium opens the possibility
to describe not only hydrodynamic but also kinetic
aspects of mixing. The interaction of flow and reaction
processes in a combined computational scheme creates
the basis for the development of new types of
technological systems, where the optimization of
energy and material resource usage becomes an
integrated part of the overall dynamics of production.
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KoM’ roTepHe Moe/IIOBaHHA CTPYKTYPH MOTOKY Y KOMOiHOBAHOMY
3MIlyBayvi /IS BOAHHUX CYCIIeH3iil 3 TBepa0I0 Ta ra3oBo0 ¢pazamu

VY crarTi BUKOHaHO OIS HPOIECIB KOMIT IOTEPHOTO MOJAENIOBAHHS CTPYKTYpH Oararoa3HOTo MOTOKY y 3MillyBa4ax Ui
BOJIHHX CYyCIICH31H i3 TBEpIOIO Ta ra30Boio (pazamu. [IpoaHanizoBaHO 0COOIMBOCTI B3aEMOIii piAKo1, TBepAOi Ta ra3oBoi pa3 y
3MINIYBAIFHUX CHCTEMAX, a TAKOK BU3HAYCHO, SK JIOKAJIBHI IIBUAKOCTI, TypOyJIeHTHI (IyKTyalii Ta peoIoTi4Hi BIaCTHBOCTI
cepeoBHIIIA BIUTUBAIOTH HA XapaKTep HUPKYILLii 1 MacooOMiHy. [lounnatoun 3 po3eutky CFD-DEM metoniB, MoenoBaHHS
JTO3BOJIWIIO HAONMM3UTH PEKOHCTPYKINIO peajbHUX IPOIECiB y 3MillyBayaX M0 TPHUBHMIpHOI KapTWHH, OJHAK CKIAIHICTH
peasbHOT IMHAMIKH CePe/IOBHILA J0CI BUMArae BIOCKOHAJICHHs Moziesiel. JIociKeHHs OKa3yoTh, 1110 ra3osa (asa He JIHIe
HiATPUMY€ LUPKYISILIHHI TPOIecH, a W 3MiHIOE JIOKaJIbHI CTPYKTYPH IIBUAKOCTi, 1 TaKMM YMHOM BIUIMBA€E Ha PO3MOMILT
TBEP/IMX YaCTHHOK y roroii. Kpim Toro, B mporieci aHaiizy BUsIBIEHO, o aedopmaliis Oyap0aIiok rasy, IXHs KOaueCeHIis i
pyHHYBaHHS, a TAKOX arperarlist TBepA0ro KOMIIOHEHTa IPU3BOIATE JI0 YTBOPEHHS 30H i3 Pi3HOIO IHTEHCHBHICTIO MaCOOOMIHY
Ta JOKAIFHIMHU HEPiBHOMIPHOCTSAMH KOHIeHTpalii (a3. PoboTa 3minryBaya 3aie:KUTh BiJl CIIBBIAHOIICHHS BUCOTH KaMEpH,
nIiaMeTpa poTopa i MIBHAKOCTI Horo oOepTaHHs, IO BU3HA4Ya€ CTaOUIBHICTh HUPKYILIIHAX KOHTYpPIB 1 PIBHOMIpPHICTH
posmoniny ¢a3. BinxuieHHs BiJ ONTHMalbHAX PEKUMHUX XapPaKTEPHUCTHK TPH3BOIMTEH JO PO3BUTKY HECTIHKUX 30H, I€
HaKOMTMYEHHS TBEPJMX YACTHHOK 1 Ta30BUX OYNBOANIOK MOPYIIyE 3aralibHy €(EeKTHBHICTH Mpolecy 3MimryBaHHs. Okpemy
yBary NpuIiIeHO IIMTaHHIO BIUIUBY PEOJIOTIYHUX BIACTUBOCTEH CyCIeH3ii Ha TypOyJIeHTHI XapaKTepHCTUKH IOTOKY, OCKITBKI
MIIBUIIEHHS KOHLEHTpalii TBEpPJOro KOMIIOHEHTa 3MIHIOE B’SI3KICTh i BIUIMBAE Ha JIOKAJIBbHY CTIMKICTh IHUPKYJISALIHHUX
CTPYKTYp. Y CTarTi TakoX PO3MISIHYTO IEPCHEKTHBU IHTerparii XiMiYHO-KiHETUYHHX IPOLECiB Y OOUMCIIOBAIBHI MOJEI
3MIlIyBaHHs, 10 BiIKPHBAE MOXIIMBOCTI /Ul CTBOPEHHS HOBHMX TEXHOJIOTIYHHX pillleHb Y mpoMucioBocTi. TakuM 4rMHOM
YHCceNbHE MOJIENIOBAHHS 3MIITyBAJIbHUX CHCTEM 13 OaraTogasHUM CepeOBUINEM 3aJHIIA€Thcsl ePEKTHBHUM 1IHCTPYMEHTOM
IUIL ONTHMI3allii Cy4acHHX BHPOOHMYUX TIPOIECIB, CHPSIMOBAaHMX Ha MiJBUINEHHS CHEProe(eKTHBHOCTI Ta 3HWKEHHS
TEXHOJIOT1YHHX BTPAT.

Kuiouosi ciioBa: CFD-DEM mopentoBanss, 6aratoda3Hi MOTOKH, KOMOIHOBaHUI 3MilllyBa4, MacooOMiH, ra30Bi OyJIbOAIIKH,
LUPKYJSLIHHI CTPYKTYPH.
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Mobile compact gravity-force concrete mixer

The article discusses the design of a compact gravity-force concrete mixer, which combines the advantages of gravity and
forced mixers. An analysis of existing designs and the mixing processes within them was conducted. The proposed design is
promising due to its high energy efficiency, reliability, and compactness. Its small size simplifies transportation, and its
versatility allows it to be placed at any construction site, which increases its flexibility of use. The mixer ensures high-quality

mixing of solutions and adapts to various conditions.
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Introduction.

Every day, the construction industry in Ukraine faces
significant challenges in the modern world. The
constant destruction of private households or low-rise
buildings is causing increased demand for restoration
and new construction in the country. This, in turn, leads
to an increase in demand for the manufacture of
concrete structures, which cannot always be met due to
the lack of affordable and practical tools. Therefore, it
would be advisable to consider the potential
functionality of existing concrete mixing equipment
and its parameters, as well as to propose a design idea
that offers a modern solution for such cases. It should
be noted that the compact size and energy efficiency of
the future design are key factors, since possible damage
to power grids leads to an unstable supply of electricity
to people's homes, which requires the design to operate
in such a mode that it achieves the maximum amount
of concrete mix produced in the shortest possible time.
Another critical parameter is compactness, which is a
personalised solution for moving and storing concrete
mixers. It is believed that larger models of concrete
mixers can be used; however, due to their high metal
content and size, they are not always advisable for use
in low-rise and private households.

However, ensuring productivity while reducing
dimensions should remain comparable to analogues,
while maintaining the cost of manufacturing and using
this design. It is also advisable to pay attention to the

reliability of the design and reduce the number of
potentially vulnerable components of the concrete
mixer [1].

Review of the research sources and publications.
During the study of other publications on this topic, the
works of prominent scientists who have dealt with
solving problems related to operating modes and
parameter selection for this type of equipment were
analysed [1-11]. In their works, considerable attention
was paid not only to the principle of operation of
mixers, but also to achieving adequate mixing of ready-
made mixtures, which significantly influences further
research. It is worth distinguishing the comparative
assessment of the efficiency of various mixers in terms
of design, as studied in the work of Rogozin [.A. [11],
since a universal indicator has been developed that
allows evaluating the performance of mixers based on
their design, which in turn provides a basis for a
simplified analysis of the feasibility of design options
for new construction equipment. His work also
examines the efficiency coefficient of the mixer, which
is determined by the machine's design features and
parameters, resulting in the achievement of process
efficiency through the parameter of mixing
homogeneity. It is noted that this parameter can be
achieved in several ways, namely by adjusting the
coefficients of heterogeneity of the mixture
concentration components, the degree of mixture
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separation, or the values of the limit shear stress of the
solution, which still result in an exponential
dependence of the building material preparation
process. A quality mixing process for a construction
mortar will involve macro-mixing and micro-mixing.
Meeting the quality conditions for mixing will result in
a symmetric mixture structure with a homogeneous
distribution throughout the entire volume of the drum's
working space.

The requirements of DSTU standards [12, 13] for
construction equipment, as well as the quality and
speed of preparing ready-mixed concretes, were taken
into account. Specifically, about general points, we can
highlight  ergonomics, safety, transportability,
resistance to dynamic loads, and resistance to
vibrations. Based on the standards above, further
research on the gravity-fed mixer should consider an
optimal layout of working parts, a reduction in material
consumption, and a unified overall design..

¢)
Figure 1 - Forced-action concrete mixers,
a) RSP-800,
b) SGSh-500,
c) BP2-100.

In addition, the rheology of construction mixtures,
namely the hydrodynamics of viscous substances, was
analysed. This is one of many initial factors for quickly
and reliably achieving mixture homogeneity [9, 10].
Construction mixtures, particularly concrete, are non-
Newtonian viscous fluids. Their behaviour, like that of
all sand-cement mixtures, depends not only on the
water content, but also on the combinations of
interactions between the binder and different fractions
of the aggregate. Parameters of the rheological model,
such as yield stress, plastic viscosity, and thixotropy,
are crucial for designing mixers and selecting optimal
operating modes. Hydrodynamics in mixing enable the
determination of the distribution of velocities, flow
vectors, and stresses in the liquid or semi-liquid phases
of a cement-sand mixture [4].

An analysis of the main model designs currently
available on the Ukrainian market has revealed that
several distinct concrete mixers and their operating
principles can be identified, which can serve as a basis
for developing a new design, as they are the most
common representatives in their category.

Most forced-action concrete mixers [15, 16, 17] are
continuous in operation; their design includes a
stationary drum and working blades that rotate relative
to the drum axis. The working mixture is loaded into
the stationary drum, and the blades, performing a
rotational movement, ensure the mixture is thoroughly
mixed. The finished mixture is discharged through an
opening located at the bottom of the drum, which does
not always meet operational requirements. In addition,
complete unloading of such a mixer is complicated [3,
4,5, 8].

A unique feature of the design is that the mixer drive
can be located under the drum, above the drum, or, in
the case of horizontal shafts, on the side. A drive shaft
transmits the torque through a pipe to a traverse, to
which the blades are attached. The pipe is rigidly and
hermetically fixed to the lower plane of the drum,
ensuring that there is no contact between the rotating
drive shaft and the working medium, thereby providing
greater reliability to the structure. However, this type of
concrete mixer design is metal-intensive and,
accordingly, heavy and expensive, which limits its
mobility [2, 3].

Gravity mixers [17, 18] operate on the principle of the
natural collapse of the mixture in the drum, under the
influence of gravity. In such a mixer, the blades are
rigidly fixed to the inner surface of the drum. As the
drum rotates, the components of the mixture are
prevented from sliding along the drum walls. The
advantages of this mixer are its simple design, high
reliability, and consequently, lower material
consumption and cost, as well as its compactness and
ease of transport.

In addition, complete unloading of the mixer is not
problematic. Therefore, its design is the most common
among mobile concrete mixers. However, this mixer
design also has the disadvantages characteristic of
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gravity mixers, namely the difficulty of obtaining a
uniform mixture composition [1, 4, 5, §].

b)
Figure 2 - Gravity-type concrete mixers.
a) Skif BSM-200,
b) Forte EW9180P.

Definition of unsolved aspects of the problem.
This study aims to optimise the parameters of a small-
sized concrete mixer that combines the advantages of
different operating principles, including gravity and
forced action mixers.

Among the main parameters studied, special attention
was paid to energy efficiency and mixing quality. The
general parameters included compact size, reliability of
components, and metal intensity, which also took into
account the manufacture of special concrete mixer
components.

Problem statement.

One of the key problems with this type of equipment
is maintaining a balance between mixing quality and
energy efficiency. It is believed that further research on
this topic, combining the design features of gravity and
forced action mixers, will result in improved mixture
quality with significantly lower energy consumption.

From the perspective of insufficient justification of
the parameters of similar equipment, it stimulates
further possible research on this topic.

Basic material and results.

The mixing process itself is much more complicated
than it may seem at first glance. To obtain a
homogeneous mixture, it is necessary to distribute its
components evenly throughout the entire volume of the
mixing drum and to achieve dispersion of liquid
droplets and air bubbles, while maintaining a uniform

shear stress in the mixture during circulation. To
accurately study the mixing process, a parameter is
needed that can summarise and evaluate the quality of
the prepared mixture. The most accurate and fair
criterion for construction mixtures is the heterogeneity
criterion, also known as the coefficient of variation; as
this parameter increases, the heterogeneity of the
mixture increases [1-7].

KVGV = @ L _)2

c \n-13 W
where ¢ — arithmetic mean value of the
concentration of the key component in all » samples
of the mixture, %;
¢ —concentration of the key component in the i-th
sample of the mixture, %.
Among the main parameters, mixing performance
will also be taken into consideration.

Hekcmz = V3a2 'Zu’ m3 / hour. )
Hekcm = V3a2 Zu Lo m3 / hour. (2)

Vaar, — total volume of the mixture in the mixer body,
m’;

po — average density of concrete mix, kg/m?;

Z, = 3600/t, number of machine cycles per hour;

t,- duration of one cycle, which consists of the sum of
the duration of loading components t;, and their

movement [7, §].

A b
o) ]
U
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Figure 3 - Compact mixer
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An analysis of the main model designs currently
available on the market has revealed several separate
concrete mixers that can serve as the basis for a
theoretical design. During construction or renovation
work, both forced-action and gravity concrete mixers
can be used. After reviewing existing mixers and
considering the necessary calculations, the following
model is proposed [19].

The design kinematic diagram of the mixer for a
rotating drum entirely coincides with that of a
conventional gravity mixer. The mechanical energy of
rotation from the electric motor drive 1 is transmitted
through a bevel gear to the rim of drum 2, causing it to
rotate. The drum, as before, rotates freely around the
central axis. The central axis 4 is rigidly fixed to the
movable frame 1, and the movable frame 1 can tilt,
tilting the drum 2 to the required position. The central
axis 4 runs along the axis of the drum 2, coaxially in the
central pipe 5. In the central pipe 5, bearings are located
at the upper and lower ends, on which the central axis
4 is fixed. The central pipe 5 is hermetically sealed to
the lower part of the drum 2, which allows the drum 2
to rotate freely on the bearings of the central axis 4. At
the same time, the mixture cannot directly contact the
central axis 4, which ensures the proper reliability of
the drive. A traverse 6 is installed on the upper end of
the central axis 4 using a spline connection, so it cannot
rotate with the drum 2. The blades 7 are attached to the
traverse 6, allowing for the necessary radial positioning
relative to the axis of the hollow pipe 5.

The mixer operates as follows. Drum 6 contains a
preloaded mixture that is to be mixed.

Depending on the technological needs (mixture
recipe), the number and location of the replaceable
blades 5 are set (mixing can also occur without the
blades 5 in gravity mode). By changing the position of
the movable frame 1, the required tilt angle of the drum
2 is set. The position must be such that the mixture
inside the tank covers the blades of the drum, allowing
the mixture to rotate with the drum. The blades 8
prevent the mixture from sliding along the inner walls
of the drum 2. The mixture moves with the drum 2,
while the blades 7 of the traverse 6 remain stationary
and begin to forcibly mix the mixture. Simultaneously,
in addition to the forced mixing provided by the blades
7 of the traverse 6, the gravity mixing process continues
with the help of the blades 8 of the drum 2. This makes
it possible to ensure high mixing efficiency in a shorter
period.

Conclusion. after considering the advantages of the
proposed design for a mobile compact gravity-force
concrete mixer, we found that despite its low material
consumption, the design is highly reliable. The drum 2
rotates on a rigidly mounted axis 4 and rests on two
bearings, which are spaced as far apart as possible. This
ensures extremely stable operating conditions for the
bevel gear, especially under a full load. Additionally,
the design is compact and easy to transport. If needed
(for example, when manually moving the mixer from
one floor to another), drum 2, along with traverse 6, can
be easily detached from movable frame 1, which
significantly simplifies transportation, as reinstalling
drum 2 is not difficult.
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Mo0isibHuit rpaBiTaniiHuil 0eTOHO3MILyBa4Y PUMYCOBOI il

VYV cTaTTi pO3MNITHYTO KOHCTPYKLIIO MajJoradapUTHOTO IPaBiTAllifHUA OeTOHO3MINIYBa4 MPUMYCOBOI Iii, AKUi Mir O6u OyTu
e(eKTHBHUM Yy IIPUTOTYBaHHI OCTOHHHMX CyMilled 3a paxyHOK IIO€JHAHHS IPHHIOUMIB poOOTH OeTOHO3MINIyBadiB
rpaBitaniifHoi i mpumycoBoi xii. [IpumyckaeTses, o 3a3HaYeHa KOHCTPYKIis MaorabapuTHOTO TPaBiTAI[IHHO-TIPIMYCOBOTO
GETOHO3MIlllyBa4ya BHABUTLCA MEPCIIEKTHBHOI0 Ta iHHOBamiiiHOIO y cdepi mpuroTyBanHs OyjiBeqbHHMX cyMmimei. [i
YHIKaJIBHICTb ITOJISITa€ B TOMY, III0 BOHA YCIIIIITHO MTO€THYE IIEPEBary sK IPaBiTAI[IHHIX, TaK i IPUMYCOBHX OETOHO3MIIIyBadiB,
a Tako)k eeKTUBHO BUpIIIy€e MPpobieMH, 110 BAHUKAIOTh PH iXHBOMY 3aCTOCYBaHHI Ha OyAiBeNbHUX Maiinanunkax. Takox y
CTaTTi MPOAHAI30BAHO AHAIOTH ICHYIOYMX OETOHO3MIllyBauiB rpaBiTaliiiHol Ail i mpumycoBoi mii. JocmimkeHo mporecu
BUHHKAIOY1 IPH 000X BUAAX 3MILIyBaHHA CyMilllel B iICHYIOUMX aHAJIOTax, SKi BUKOHYIOTH JIaHi omeparii nepeMinryBaHHs Ha
OyxmiBenpHUX MaimaHumkax. [lepenOayaeThes, M0 MaHa KOHCTPYKIS 3a0e3medye BHCOKY €()EeKTHBHICTh 3MIIIyBaHHS, Ma€e
MOKpAIeHy CHEProeeKTUBHICTh Cepe]l aHAJIOTIB, HAMIMHICTh CBOIM pO3TallyBaHHAM BYy31iB. ONUH i3 TOJOBHHX ILTIOCIB
3aIPOIIOHOBAHOI KOHCTPYKIIi MoJsrae B MajgorabapuTHOCTI KOHCTPYKIIIT, IO CHPHUsE MOJETIICHHIO TPAHCIIOPTYBaHHS 1i 10
OyniBenpHOMY MaiaH4MKy. Lle He Timbku 30inbIIye eeKTUBHICTE POOIT, ane W poOHUTH mporec OyIiBHUNTBA EKOHOMIYHO
BUTiHIMM. Po3pobieHa KOHCTPYKIISL € JOCTaTHRO KOMIIAKTHOIO Ta YHIiBepcalbHOIO. J[0aTKOBOIO MepeBarolo €
YHIBEpPCAIbHICTh KOHCTPYKLII, sIKa TO3BOJISIE PO3MIIyBaTH OONaIHAHHSA B OyAb-IKOMY Micui OyaiBenbHUX poOiT. Lle poOuts
3MilIyBa4 THYYKUM 1 aJjaiTOBaHUM JO0 Pi3HUX YMOB Ta 3aBJaHb Ha OyZiBeIbHOMY MaiiiaHuuKy. BoHa 3a0e3neuye edekTuBHe
3MilIyBaHHA OyiBeIbHUX PO3YHHIB Y BCTAHOBIEHOMY 00'e€Mi, 3a0€3Meuyoun Mpu oMY €Heproe()eKTUBHICTh 3MIITyBaHHS.
OpHak BOHA TaKOX Mae IepeBart 3aBAsKu 00'eTHAaHHI BUHHKAIOUHX IIpoIiecax B 000X BUAaX 3MIIyBayiB, a TAKOX MOXKJIMBOCTI
PO3MIIeHHsT 00IagHaHHS B OyIb-IKOMY MicIlli OyIiBeNbHHUX pOOIT. 3arajgoM, JaHa KOHCTPYKIis IpaBiTallifHO-IIPHMYCOBOTO
0eToHO3MillyBaya BUIAETHCS HEPCHEKTHBHOIO 1 OOILMIOYOI0, BUPIIIYIOYHM YHCICHHI TEXHIYHI Ta €KOHOMIYHI AacIeKTH,
MOB's13aHi 3 OYIIBHUIITBOM
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Calculation of structural parameters of a vibratory machine

The article is dedicated to the development of a vibratory machine for compacting concrete mixtures, ensuring the adaptation
of vibration modes to the mixture's condition to enhance energy efficiency and concrete quality. The study was conducted
through literature analysis, vibration parameter modeling, and calculation of structural characteristics. It was established that
modern methods, such as DEM and CFD, highlight the need for flexible vibration control to prevent microstructure defects. A
machine design based on elastic pneumatic shells operating in resonant mode is proposed. Key formulas for calculating the
vibratory platform are provided. The design achieves a 15% reduction in energy consumption compared to traditional machines,
stable compaction, and adaptability to various mixture types. The results confirm the effectiveness of the proposed solution for
forming a dense concrete microstructure. Further research involves experimental validation and parameter optimization.
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Introduction

The quality of hardened concrete significantly
depends not only on the control of preliminary
technological operations, such as the scientifically
grounded selection of components (cement, aggregates
of various fractions, water, chemical admixtures) [1],
precise dosing to achieve the required granulometric
composition and to ensure high homogeneity of the
mixture during mixing [2], but also on the efficiency of
vibration compaction [3]. The optimization of its
parameters (frequency, amplitude, duration) plays a
decisive role in the formation of a dense microstructure
[4] and in achieving the required physical and
mechanical properties of the final product [5]. The aim
of this study is to develop the design of a vibration
machine that allows the adaptation of vibration
parameters to the state of the concrete mixture, while
ensuring energy efficiency and stability of quality.

Review of Research Sources and Publications

The process of compacting a concrete mixture by
vibration is the central stage in the entire technological
chain of concrete and reinforced concrete production.
The efficiency of this stage directly determines not only
the strength, but also the overall structural stability,
durability, and absence of internal defects [5], [6].
Although vibration compaction has been studied for
many years, its true intricacies have been revealed only
with the introduction of digital simulations, sensor
technologies, and artificial intelligence-based
algorithms [3], [7], [8]. These tools enable, for the first
time, an in-depth understanding of the behavior of a
concrete mixture at the moment of dynamic
disturbance—precisely where micropores close and
aggregate grains rearrange [4], [9].

One of the key approaches in recent studies has been
the discrete element method (DEM), which allows for
modeling the behavior of each individual element
within the system. In [3], DEM was used to visually
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demonstrate the response of fresh concrete particles to
vibrational loading—how they move, interact with one
another, and how contact configurations change. These
visualizations  effectively  transform  abstract
assumptions into comprehensible models. Continuing
in this direction, [7] combined DEM with CFD
(computational fluid dynamics) modeling, making it
possible not only to observe particle motion but also to
track changes in the rheological characteristics of the
mixture under vibration.

Another important aspect is the settlement of
aggregates, which directly affects the homogeneity and
strength of the concrete structure. Study [9] found that
vibration causes local concentrations of aggregate that
disturb structural balance and may lead to internal
defects. An alternative approach, presented in [4],
proposes a method of precise vibration control,
enabling the optimization of vibration parameters
according to the actual state of the mixture, thereby
reducing the risk of uneven compaction and pore
formation.

The duration of vibration also lacks a universal
optimum. In particular, for high-density and high-
strength concretes (so-called UHPC—ultra-high-
performance concretes), even slight over-compaction
leads to the destruction of the delicate microstructure.
Authors of [6] concluded that microcracks emerge at a
stage that visually appears fully satisfactory. A similar
sensitivity is observed in slipform systems [5], where
both insufficient and excessive vibration duration
reduce compactness, leading to premature structural
wear.

On the other hand, new approaches to evaluating the
energy efficiency of compaction—such as the model
proposed in [2]—enable quantitative analysis of how
much energy is transferred to the concrete mass and
how it correlates with the degree of compaction. This
allows moving away from empirical parameters toward
a scientifically grounded compaction control system.

Another current trend is the changing nature of
concrete mixtures themselves. With the introduction of
composites, nanodispersed additives, and complex
forms, traditional visual control methods for
compaction have largely lost their effectiveness. Here,
machine learning and artificial intelligence
technologies are coming into play. In [10], a method for
evaluating vibrational effects in nanocomposite
structures was proposed, opening prospects for
adaptive compaction control based on real-time data.

Studies [8] and [11] focus directly on real-time
algorithms capable of analyzing sensor readings during
compaction and automatically detecting deviations—
such as reduced density, incomplete settlement, or
excessive porosity. These systems are integrated into
production processes and can potentially adjust
vibration parameters in real time.

Problem Statement

Based on the above, it becomes clear that vibration
parameters cannot be considered fixed values but
should be adjusted depending on the current state of the
mixture. Rigidly set parameters are no longer effective.

Without adaptation and flexible regulation, quality
instability, resource overuse, and ultimately, risks of
structural failure arise.

The use of vibration machines in near-resonant modes
makes it possible to significantly reduce loads on the
drive mechanism and, accordingly, lower the overall
energy consumption of the equipment. This is because,
when operating close to the natural frequency of the
oscillatory system, energy 1is spent only on
compensating for losses, rather than on forced
excitation—the coefficient of dynamic efficiency here
plays a key role [1; 3, 12]. Under such conditions, the
energy required to maintain stable oscillations
decreases in proportion to the dynamic sensitivity of the
system, making resonance mode highly attractive for
energy-efficient compaction of concrete mixtures.

However, ensuring stable operation in this range
requires a highly accurate control system—specifically,
maintaining the imbalance rotation frequency within a
very narrow band around the resonance peak.
Implementing such functions necessitates complex
electronic circuits, digital controllers, and feedback
loops based on acceleration, strain, or density sensors
[6; 8]. From a technical standpoint, this is feasible, but
from an economic perspective, it is not always
practical: the cost of the control system often rises
faster than the productivity of the equipment itself. This
is especially noticeable in large-scale vibration
platforms, where electronics can represent a significant
share of total system costs [1].

Additionally, as machine power increases, the
dynamic forces to be compensated by the control
system also grow. This demands more reliable
components, backup algorithms, and maintenance by
highly qualified personnel. As a result, the energy
savings achieved through resonance mode are partially
or fully offset by the costs of maintaining high-tech
control systems [11].

A second important aspect of efficient vibration
compaction of concrete mixtures is the use of vibro-
impact mode. Initially, the mixture must be vigorously
agitated, which requires large amplitude and low
frequency. Subsequently, for effective compaction,
frequency increases while amplitude decreases [13].

Main Material and Results

Based on the identified issues and the analysis of the
literature, a design of a vibration machine was
developed that adapts vibration regimes to the state of
the mixture, ensuring both energy efficiency and
operational stability. Its core is a movable upper
platform (pos. 2), on which a mold with the concrete
mixture (pos. 1) is placed. It interacts with the lower
stationary support (pos. 5). Between these elements,
elastic pneumatic shells (pos. 6) are installed, serving
as the source of reciprocating motion. To prevent
unwanted horizontal displacements of the moving part,
guides (pos. 4) are provided.

Compressed air is supplied from a compressor (pos.
10) or from the plant’s main pneumatic line. Its
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distribution is controlled by spool pneumatic
distributors (pos. 7), which regulate air delivery to the
pneumatic shells. To reduce pressure fluctuations in the
system, a receiver (pos. 9) is installed. A controlled
valve (pos. 8) allows rapid interruption or initiation of
air supply.

The operating frequency of the pneumatic
distributors is regulated by an electric drive (pos. 11),
which controls the rotation speed. To enhance the
downward movement of the platform, additional elastic
elements (pos. 3) are used, accumulating the energy of
the return impulse.

The asynchronous motor 11 is controlled via
frequency converters, allowing smooth adjustment of
rotational speed over a wide range while maintaining
high efficiency. The use of such a frequency converter
eliminated the need for a more expensive DC motor.

In the presented schematic, cylindrical compression
springs with constant stiffness are used as springs
(pos. 3). As noted in [14], the vibration platform
operates steadily in resonance mode. To ensure
resonance in this design, variable stiffness of the elastic
shells (pos. 6) and springs (pos. 3) is required.

The stiffness of the shells is determined by the
following formula:

C=Ci+C>+Cs (1)

where: C; — stiffness of the elastic layer of
compressed air (N/m); C»- stiffness determined by the
effective area (N/m); Cs; — stiffness of the elastic
rubber—cord shell (N/m).

As follows from formula (1), the stiffness values C,
and C;s for a structurally selected elastic shell vary only
within narrow limits. The stiffness value C; is

determined as:
Ci=n (bl( + LK) p (2)

ne: n — number of elastic shells;

_y 2
b, = @ 1+ k1% +k, @) ) — width of contact of
the elastic shell in the transverse cross-section with the
table (m); L, — length of contact between the elastic

shell and the table (m); p — compressed air pressure
(Pa).

[

._.
L)

P Tm

.

Figure 1 — Schematic diagram of a vibrating platform on elastic shells
1 — mold with concrete mix; 2 — upper movable table; 3 — springs; 4 — guides; 5 — fixed table; 6 — elastic shells;
7 — pneumatic distributor; 8 — valve; 9 — receiver; 10 — compressor; 11 — electric motor.

Taking into account the width of contact between the
shell and the table surface, expression (2) takes the
form:

n(r-2) y Yz

A+ ks + kG’ + L ()

where: 7 - inner radius of the shell in the initial state
(m); y — radial deformation of the shell (m); ki, ka -

Ci=np

empirical or experimentally selected coefficients
accounting for the geometry and elasticity of the
material.

On the basis of expression (2), under the given
constructive length of the table and the size of the
elastic shell, the change in stiffness C; will be
determined by the variation in compressed air pressure.
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The stiffness Cs in this case can be approximated
through the radial stiffness of a cylinder compressed
between two planes, according to the formula:

C3 — ErgLy (4)

)

where: Er - elastic modulus of the rubber—cord; R -
outer radius of the shell (m); L, — length of the shell
(along the guiding axis, i.e., its “length lying on the
table”) (m).

The stiffness determined by the effective area C,
constitutes about 6-8% of the sum of stiffnesses C; and
Cs.

The stiffness of the upper springs and lower elastic
shells is found from the resonance amplitude condition:

FintG
C= ﬁpes (5)

The energy expended for the displacement of inertial
masses of the vibration platform (primarily the moving
table (2) with the mold and the concrete mixture (1)) is
described by the power balance equation. This equation
accounts for the work of resistive forces that dissipate
energy. For harmonic oscillations in steady-state mode,
viscous damping forces proportional to velocity play a
key role.

The general power balance equation is:
PnpuB = Pgemn + PTepT + Pger + Pinw (6)

where: P,o,- power dissipated through system
damping; P, - power lost to overcome friction in
guides; Pg..- power transmitted into the concrete
mixture to overcome its viscous resistance; Pj, - power
dissipated in other elements.
For energy over a vibration period T:

T
Enpms = fO Pnpusdt =E;Le1vm + ETepT + Eger + Eipw (7)
The dissipative energy due to damping per period T:

Eaemn = f(;r bexs(x,(t))zdt (8)

where: b~ equivalent viscous damping coefficient
of the system (N-s/m); x'(t)- velocity of the moving
table (m/s).

Thus, the instantaneous energy dissipated by
damping is:

EﬂeMl‘I ) = F,‘ueMnx,(t) = beKB(x,(t))z (9)

where: Fjeyy = byewnX’(t) - damping force.
For harmonic oscillations:

x(t) = Asin(wt) (10)
x'(t) = Awcos(wt) (11)
where: 4- amplitude (m); w - angular frequency

(rad/s).
Then the energy dissipated by the damper per period
is:

T
Ejenn = beKBf (Awcos (wt))?dt
0

T
= DoypA%w? f cos?(wt)dt
0
E}leMH = T[beKBAzw (12)
The equivalent damping coefficient is defined as:
beKB = bp + bnp + bHanp + b6eT + biHLu (13)

__ nmKoc(P)
w

where: b, = - equivalent damping of elastic

shells, proportional to air pressure P; by,- damping in

metal  springs (small, since 5. =~ 0.001 —0.01);
byanp =% - damping associated with friction in

guides (for harmonic oscillations);
bger = B Uger Vser- damping due to concrete, S-
experimentally determined proportionality coefficient,
User - dynamic viscosity of the concrete mixture, Vi, -
volume of concrete in the mold;
by~ other damping (supports, joints, etc.), typically
5-7% of the equivalent damping.

Energy dissipated by friction in guides:

ETepT=4Fl‘epTA =4MNA (14)

where:  Fopr = pN- friction force; u- friction
coefficient; N- normal force.
Energy consumed for compaction of concrete is

determined by:
T 1
EﬁeT = fo P6e’r dt = 2 k ﬂﬁeTAz w? V6eTT (15)

where: k- empirical coefficient accounting for mold
geometry and distribution of the concrete mixture
within it.

The influence of concrete on the dynamics of the
vibration platform is a well-known problem considered
in studies [15-17].

Key advantages of the proposed design include:

- universality: the machine adapts to different types
of concrete mixtures thanks to adjustable
vibration parameters, allowing optimization of the
compaction process depending on material
composition.

- energy efficiency: resonance mode operation with
elastic elements reduces energy consumption by
10-20% compared with similar machines.

- compaction quality: uniform distribution of
vibrational energy ensures high density and
homogeneity of concrete products while
minimizing defects.

Conclusions
This paper presents the development of a vibration
machine design that enables the adaptation of vibration
regimes to the state of the concrete mixture, ensuring
both energy efficiency and quality stability. Based on
the analysis of modern studies, the need for flexible
control of vibration parameters was identified, which
formed the basis for problem formulation. The
proposed design on elastic shells, with stiffness
calculated for resonance mode, demonstrates the
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feasibility of achieving optimal compaction conditions.
The results confirm that the developed machine reduces

experimental validation of the design and optimization
of its parameters for different types of concrete

energy consumption and provides high-quality mixtures.
concrete products. Future research may focus on
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Introduction

In the context of modern construction technologies,
the problem of improving the efficiency and reliability
of equipment for concrete mixture preparation is
gaining particular relevance [1-3]. One of the key units
in this process is the forced-action concrete mixer,
which ensures high mixing quality and consistency of
mixture parameters. Despite their advantages, such
mixers are characterized by complex kinematics and
significant energy consumption. Therefore, their design
solutions must rely not only on empirical approaches
but also on scientifically grounded calculation methods
that enable adaptation to specific operational conditions

[4].

Review of the research sources and publications

Currently, the mixing equipment market offers a wide
variety of technical solutions, with twin-shaft
horizontal, turbulent, and planetary mixers being the
most common. However, most of these machines
demonstrate limited efficiency when operating with

stiff and low-workability mixtures, thus necessitating
specialized equipment for producing such concrete
compositions [5]. A significant contribution to the
formalization of mixing processes has been made
through the application of similarity theory. Both
domestic and foreign studies have explored the
transition from model-scale to full-scale systems using
dimensionless criteria. These criteria account for the
physical and mechanical properties of mixtures, the
geometric parameters of mixers, and the interaction
dynamics between the mixing elements and the
medium [6-9]. A systematic modeling approach has
been shown to reduce the scope of experimental studies
while maintaining the accuracy of technical
assessments. Several studies propose criteria
characterizing mixing power, dispersion level, and
homogenization degree. Their application in the design
of equipment for stiff mixtures enables the formulation
of universal dependencies for predicting productivity
and energy consumption [10].
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Definition of unsolved aspects of the problem

Despite evident advantages, the use of similarity
criteria in industrial equipment design has not yet
become standard practice. This is due to the complexity
of building accurate models and the need for a high
level of specialist training. Therefore, studies
combining experimental methods and theoretical
modeling remain relevant and require further
development [8].

Problem statement

The aim of this study is to determine the main
performance indicators of a new-design forced-action
concrete mixer based on the analysis of its structural
and operational characteristics using similarity criteria.
This approach enables scaling and parameter
optimization during the transition from a laboratory
prototype to an industrial-scale unit.

Basic material and results

The novelty of the research lies in the first-time
adaptation and application of a system of dimensionless
similarity criteria to a concrete mixer whose design is
protected by a Ukrainian patent [11]. This system of
criteria had previously been used in general form for
evaluating processes in mixing devices but had not
been applied to the calculation of output rate and energy
consumption for a mixer with a triple-circuit mixing
scheme. In this study, the similarity criteria were
employed to derive formulas for determining the output
rate and drive power without the need for full-scale
experiments.

The mixer’s working unit incorporates three
horizontal shafts: the upper and lower blade shafts
ensure the movement of mixture components and the
breakdown of small agglomerates composed of soluble
particles. The middle shaft, operating in zones I and 11
of the mixing chamber, first transports dry components
and subsequently the prepared concrete mixture to the
discharge zone (Figure 1).

All three shafts are involved in organizing multi-
circuit material flow inside the mixer, resulting in a
significant increase in the effective working volume,
where intensive mixing occurs—up to the full volume
of the mixing chamber. To utilize gravitational forces
and enhance the cascading multi-circuit movement of
the concrete mixture particles, the shafts are installed at
an angle B at different vertical levels (Figure 1b)

For this mixer design, a system of dimensionless
similarity criteria [12—15] was proposed and adapted to
the specific features of a machine with a triple-circuit
mixing scheme. For the first time, the combined
influence of gravitational, inertial, elastic, surface-
active, and turbulent effects was generalized and
expressed through five criteria, Cpi—Cps.

. Cr1 — The ratio between the generalized
pressure exerted by the mixing element and the
dynamic pressure of the medium. It indicates the
intensity of energy transfer to the mixture.

P
pv?

Cp1 = (1

. Cpz2 — The ratio of gravitational force to the
kinetic energy of the medium. It is an analogue of the
Froude number (Fr), representing the effect of gravity

on flow behavior.
_ gl
Cpr = o2

2)

o Cp3 — The ratio of the medium's resistance to
deformation (expressed via Pi) to its elastic recovery
ability (modulus of elasticity, E). It characterizes how
strongly the medium resists the mixing element.

Cp3 = EI,J_;Z 3)
. Cpa — The ratio of surface activity to external
pressure. This criterion accounts for interfacial
interactions in mixtures containing additives or

surfactants.

.2
Cpy = 22 “)

P

. Cps — A generalized Reynolds number adapted
for concrete mixing. It reflects the ratio of inertial to
viscous forces in the process.

CPS = Re = 9an (5)

Where:

P — generalized specific pressure from the mixing
element;

p — density of the medium;

v — velocity of medium (concrete mix) movement;

g — gravitational acceleration;

1 — characteristic cross-section of the
microvolume;

Pi — generalized resistance of the medium;

E — modulus of elasticity of the medium;

0. — surface activity of the substance.

These criteria, established based on general laws
governing the interaction between working elements
and the surrounding medium, allowed the derivation of
scale transition coefficients from a baseline model to a
full-scale industrial machine.

To solve the system of equations and obtain the
transition coefficients, the following structural
parameters were used:

7 — blade rotation radius;

d — blade width;

b — blade height;

as well as operating parameters:

o — angular velocity of the mixing unit;

W — total mixing energy of the baseline model;

and the physical-technical characteristics of low-
workability concrete mixtures.

loaded

P .
Cp1 - p7 - 2;185 (5)
P = dF *Zp,
2,2

w™r

dF =c-p-d-b-r-

>
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b)
Figure 1 — Structural diagram of the concrete mixer
a) concrete mixer; b) arrangement of shafts inside the mixer housing; 1 — electric motor; 2 — V-belt drive;
3 — gearbox; 4 — open gear transmission; 5 — loading hopper; 6 — screw shaft; 7, 7' — upper and lower blade shafts;
8 — mixer housing; 9 — discharge pipe with gate valve; I — dry component mixing zone;
II — concrete preparation zone with a specified water-cement ratio.

Crr =5 =32; (©)
Py _ .
CP3 = ﬁ_10’56’ (7)
2 Tex
Pi=c-p-b-7fr2 dr;
Tin
Py=p-b 2 ( 3 )’
Cpy = 22 = 0,68, ©)
_Iw.
a-a_zpw.b,
Cps = Re = 2112 = 461 . )
u

Egs (6)—~(9) describe the derived relationships. Based
on the analysis and obtained results, a series of
calculations were carried out using an established
methodology for determining the key parameters of the
working machine.

Productivity (PR) for the concrete mixer:

For the baseline model (laboratory mixer):

PRecn = 3600 -2+ (D? = d?) - b-n- z, - sina -
k& -kl = 428m3/h  (10)

For the industrial mixer:
PRiecn = 3600~ (D? " Cpy —d?  Cpy) ~ (b
Cpy) "Mz sina- ki’ -kl =31m3/h  (11)

Formulas (10) and (11) consider the geometric
characteristics of the working volume and kinematic
parameters, incorporating analogues of similarity
criteria: namely, inertial effects (via Re), gravitational
influence (via Fr), and interactions involving surface-
active components.

In formulas (12) and (13), used to determine the drive
power, the following components are considered:

DP; — energy expenditure to overcome gravitational
forces (related to Fr);

DP; — energy required to move the mixture within the
volume (related to Re and CP1);

DP; — energy consumed by shear deformation and
elastic resistance (related to CP3).

Drive power (DP)for the concrete mixer:

Baseline model:

DP = A(DP1+DP2+DP3); (12)
10007
DP = 12(803+1537+1591) _ 5,53 kIW.
1000-0,85
Industrial mixer:
DP = A(DP1+DP2+DP3); (13)
1000y
Dp = 12(1318+5672+11460) _ 21 kW,
1000-0,85
Where:

A —power reserve coefficient of the electric motor;
n — efficiency of the drive system;
DP;, DP:, DP; — generalized power components.

Conclusions
This study proposes a validated approach for
evaluating the main performance characteristics of a

Academic journal. Industrial Machine Building, Civil Engineering. — 1 (62)' 2024

ISSN: 2409-9074(print) 87



newly designed concrete mixer through the use of an
adapted system of dimensionless similarity criteria.
Unlike previous studies, the criteria referenced in [12—
15] were, for the first time, integrated into a calculation
methodology for determining both output rate and drive

power of a machine with a triple-circuit mixing
mechanism, implemented in a patented design [11].

This approach enables the transition from a
laboratory-scale model to an industrial prototype
without the need for full-scale testing.
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BusHayeHHsI OCHOBHUX NMOKA3HUKIB Po00TH 0€TOHO3MILIyBaYa MPUMYCOBOI
Ail 3 BUKOPMCTAHHAM KPHUTEPIiB MOAIOHOCTI

Y aockoHaNeHHsT KOHCTPYKLIH 3MilTyBaJIFHOTO OOJaJHAHHS UL IPUTOTYBAaHHS KOPCTKUX OCTOHHUX CyMIIIEH € KIFOUOBHM
HampsIMOM MiABHIICHHS e(eKTHBHOCTI OyIiBeTbHOTO BHPOOHHHTBA. Y pPOOOTI 3aCTOCOBAHO METOJ TEOPETUYHOTO
MOJICITIOBaHHS 3 BUKOPHCTaHHAM Oe3pO3MipHHX KPHTEpiiB MOAIOHOCTI, IO AO03BOJISIE BUKOHATH MacIITaOyBaHHS poOOUYNX
mapameTpiB Bif J1JaOOpaTOpHOTrO 3pa3ka OO NMPOMUCIOBOTO OeTOHO3MilTyBada. [IpoBeneHO CTPYKTypHO-(YHKIIOHAIBHHUHA
aHaJIi3 HOBO1 TPUKOHTYPHOI CXEMH IIEPEMILTyBaHHS, IO BKIIOYA€ pOOOTY TPHOX TOPU30HTATIBHUX BAJIB 3 PI3HUMH QYHKIISIMA
TPaHCHOPTYBaHH Ta IECTPYKILIT KOMIOHEHTIB CyMillli. 3alIpOIIOHOBAHO I’ SITh aJJalITOBAaHUX KpUTepiiB moaibHocTi (anainor Fr,
Re Ta iHmMX), sKi BpaxoBYIOTh IpaBiTaliliHi, iHepUiiiHi, B s3Ki, MpyXHI # MixdasHi cHiIH, IO AIOTH y pododomy 00’emi
3MinryBaya. Ha OCHOBI OoTpHMaHHX KpHUTEpiiB BUBEAEHO (GOPMyNH JI1 PO3PaxyHKy HpPOAYKTHBHOCTI (output rate) Ta
HOTY)XHOCTI TIpuBOAY (drive power), 110 BKJIIOYAIOTh T€OMETPHYHI TapaMeTpH MillIaJIbHOTO MPOCTOPY, KYyTOBY HIBUAKICTE (M)
1 Koe(illieHTH EHeProBUTPAT. YIiepIe OOTPYHTOBAaHO EHEPreTHYHHUI OalaHC MPUBOLY 3 YpaXyBaHHSIM BTpAT Ha TpaBiTalliifHe
MepeMilleH s, 3CyBHY nAedopmamito i omip cepemoBumia. Pe3ympTaTé MiATBEPOWIN MOMJIMBICTD BHKOPHUCTAHHS
3aIpPONOHOBAHOTO MiAXOAY U MPOEKTYBAaHHA OETOHO3MIIIyBadiB 3 ypaxyBaHHAM cCHeNU(iKH >KOPCTKHX cyMimei, 0e3
HPOBEICHHS MOBHOMACIITAOHUX EKCHEepUMEHTIB. [IepCIEKTUBHUM HANpsSMOM IOAAIBLIMX JOCITIIKEHb € PO3LIMPCHHS
CHCTEMH KpUTEpiiB /U1 MaIlIMH HeNepepBHOI J1if 3 aBTOMaTH30BaHUM PETYIIIOBAHHIM PEXUMIB ITepeMilllyBaHHSI.

KurouoBi ciioBa: OGeToHO3MilllyBad, eHEProCIOKUBAHHS, 3MIITyBaHH IPUMYCOBOI [ii, KpuTepii moaiGHoCTI, Malopyxoma
CyMIiIlI, MOJICJTIOBaHHS TIPOLIECY 3MillyBaHHS, TOTYKHICTh IPUBOAY, IPOTYKTUBHICTH
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