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Abstract. In this article, we give experimental research on the dynamic behavior of steel supports of
overhead power lines (OHPL) under the action of wind loads. The methodology and scheme of the
experiment were created in two stages on the corner dead-end and intermediate supports of OHPL 220 kV
“TPP Zmiev — Zalyutino”. In the first stage, excitation of the support’s oscillations was achieved using wind
exposure; in the second stage, there were recorded free oscillations of the system “support — current wires”,
which were created by means of handmade resonance. There are presented graphs of stress variations in
the structural elements of tower lattice supports under wind action along and across the OHPL. There were
experimentally determined basic natural frequencies of steel supports, which are shown on the damping
graphs of free oscillations. Analysis of the obtained spectra of longitudinal velocity wind pulsations allowed
conclusions about the stationary nature of wind flow. There is a determination of the necessity of the
frequency detuning of OHPL support from the natural frequency of 2.2 Hz because external action with the
given frequency is possible at the current wire breakage in one of the phases. The first three natural
frequencies of oscillations for overhead line support were determined experimentally. Frequencies below
0.75 Hz are associated with the effect of wind on current wires. Analysis of the results made it possible to
clarify that the wind at angle of 90° to the overhead line route not only exerts maximum static pressure but
is also almost twice as susceptible to the considered “support — wires” system in dynamics. The presented
methodology makes it possible to study the dynamic properties and study the response of structures to
wind influences not only of overhead line supports but also of wind power installations and antenna supports
of radio relays and cellular communications.

Citation: Garanzha, |.M., Tanasoglo, A.V., Ademola, H.A., Pisareva, M.M. Dynamic behavior of power
transmission line supports under wind influence. Magazine of Civil Engineering. 2025. 18(1). Article no.
13301. DOI: 10.34910/MCE.133.1

1. Introduction

Overhead power lines (OHPL) are characterized by a significant variation not only in structural forms
but also in geometric parameters, such as the length of the spans, the difference in the marks of the
foundations, various sag arrows, etc. [1-3]. Moreover, as a rule, even on the same line, it is almost
impossible to find building structures with overhead line supports with exactly the same static design loads.
The spectrum of dynamic impacts is much wider, and the latter not only have a significant impact on the
stress-strain state of metal structures, such as towers and masts, but also lead to fatigue damage, which
is currently quite difficult to predict due to a significant number of variable factors [4—6].

That is why it is necessary not only to improve the principles of monitoring and observing the
behaviour of structures in the wind flow but also to develop simple ways to take into account the dynamic

© Garanzha, I.M, Tanasoglo, A.V., Ademola, H.A., Pisareva, M.M, 2025. Published by Peter the Great St. Petersburg
Polytechnic University
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component under the action of climatic and emergency loads, which by their nature are dynamic
phenomena.

Improving OHPL supports by increasing their reliability and durability through design using numerical
methods, including taking into account the dynamic nature of wind loads on the structure of supports and
current-carrying wires is an urgent task today.

The research object is a single-column free-standing lattice support of OHPL.

OHPL is a complex engineering structure, in which flexible elements (wires and cables) work together
with rigid supports, and at the same time, the entire network is prestressed and exposed to dynamic
phenomena [7].

In [8] is noted that when determining the maximum response of support structures to impulsive
impacts attenuation is not as important as for harmonic loads. In this case, the maximum value of the
ground reaction is achieved in a very short period of time [9]. The highest values of dynamic coefficients
are observed under the action of a “rectangular” pulse [10].

Work [11] sets out the basic principles of dynamic analysis of transition tower supports for OHPL. In
this work is noted that is possible to take into account resistance forces when using method of decomposing
solutions of oscillatory motion into their own modes of vibration by introducing them into decayed solution.
This technique allows one to significantly simplify the solution of equations, however, the presence of
dampers and dissimilar materials in design leads to errors in solutions obtained in this way.

Works [12—-15] also noted the effectiveness of using numerical integration of the system “support —
wires” motion equations under complex form of disturbance.

Solving dynamic problems is usually much more difficult than solving similar problems of static
analysis. There is a widely used rule of thumb states that for system with #n dynamic degrees of freedom
approximately n/2 of the first own frequencies and their corresponding own mode shapes can be reliably
obtained [16].

The simplest calculation algorithm aimed at using a one-dimensional oscillatory system, such as a
cantilever rod, as a construction model is given in [17].

Thus, based on of literary sources analysis, there is a lack of information on the nature of propagation
of disturbances from wind loads in time and along the span and have not been studied the shape of pulse
and its characteristics in support sections of wires and cables.

Therefore, is necessary not only to revise the existing principles of monitoring and observing the
behavior of structures in wind flow but also to develop simple ways to take into account the dynamic
component under wind action, ice and emergency loads, which by their nature are dynamic phenomena.

The research purpose is to study the magnitudes and shapes of pulses on anchor and intermediate
supports of overhead lines under wind load action taking into account the supporting influence of current-
carrying wires and lightning protection cables.

The goal is achieved by solving the following tasks:

1. Experimentally to determine the own vibration frequencies for OHPL supports to further clarify the
influence of dynamic characteristics on the supports design models together with current-carrying
wires and cables.

2. To determine the main modes of vibration for support structures that describe mechanical
properties of “support — wires” system under action of dynamic wind loads.

3. Toanalyze stresses in structural elements of supports under dynamic influence depending on wind
gusts at different speeds.

4. To analyze the influence of wind gust duration on the periods of own vibration frequencies for
support structures.

2. Materials and Methods
2.1. Experimental Research Methodology

The purpose of these experimental studies was to study the dynamic properties of tower-type
supports in the “support — wires” system and to determine the reaction of these systems to wind impacts.
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The anchor-angular support No. 57 (Fig. 1) and intermediate support No. 72 (Fig. 2) belong to the
220 kV OHPL “TPP Zmiev — Zalyutino”. The brand of the anchor-angle support is U-38; the brand of the
intermediate support is PBG-4 of the “barrel” type with blind clips.

Figure 1. General view of the anchor-corner support of a 220 kV OHPL.

Figure 2. General view of the intermediate support of a 220 kV OHPL.

The supports are located in rural areas and on arable land in the Donetsk region. In accordance with
paragraph 2.5.45 [7, 8], terrain type Il. The orientation of the line at this location north-northwest — south-
southeast (NNW-SSE). To the south of the experimental site, there was a forest belt at a distance of 0.7 km;
from the other sides, at a distance of more than 3 km, there were no significant obstacles causing changes
in the wind flow. The terrain of the site has a slight slope of 0.50 in the direction of north-northeast (NNE).

During a full-scale inspection, corrosion wear of the steel structures of the supports was revealed,
which for belts and inclined braces was 0.6—0.8 mm, and for horizontal struts located up to the level of the
lower traverse, 0.6—1 mm. Corrosion damage to bolted connection packages was also recorded. There was
no development of crevice corrosion.

In preparation for the experimental studies, calibration tests of primary converters, in particular strain
gauges and thermo-anemometric converters (TAPT), were carried out. After calibration and selection of the
experiment location, the sensors were installed on the support structure. Load cells were attached to the
belts and braces of the support zone on the belts of the lower traverse. In the cross section, three strain
gauges were installed (on the corner feathers and on the rim) parallel to the axis of the corner with an
indentation of 10 mm in order to avoid the influence of the edge effect. When the load cells were glued
together, the wind speed was recorded. When the wind speed was exceeded by a gust of 2 m/s during the
process of load cell labelling and glue polymerization, the load cells were discarded and the process was
repeated. The response of the structure was also measured using vibration velocity meters of the VEGIK
type installed at the level of the upper traverse in mutually perpendicular directions.

To monitor the incoming air flow at the top of the support so as to exclude shading of the sensors by
structural elements, a wind speed meter (thermo-anemometer) and a wind direction meter (rumbometer)
were installed. The second thermo-anemometer was installed at a height of 10 m on a horizontal bar made
of a corner profile with a length of 750 mm, located at an angle of 45° to the face of the support.
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During the experiment, when the wind direction changed in such a way that the angle between the
bar of the thermo-anemometer and the incoming flow became less than 90°, the thermo-anemometer was
moved to the opposite belt.

As an autonomous power source, a gasoline alternator was used, generated by a voltage of 220 V
and a power of 1 kW/h. To reduce the level of noise and interference from the voltage transmitted by the
OHPL, the monitoring system, the personal computer, and the generator were grounded.

During the experiment, the system was located in a passenger car. The scheme of the experiment
is shown in Fig. 3.

3700

\ OHPL rout
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— ==
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Figure 3. The experimental research scheme: 1 — support PBG-4 type;
2 — rumbometer; 3 — hot-wire transducer (HWT); 4 — strain gauges; 5 — vibration sensor VEGIK;
6 — monitoring system “USMK-1"; 7 — personal computer; 8 — gasoline generator; 9 — ground loop.

The experiment was conducted in two stages. At the first stage, the excitation of vibrations of the
structure was achieved with the help of wind; at the second stage, free vibrations of the system were
recorded, which were created using manual resonance.

When conducting such studies, it is necessary to control not only the internal parameters of the
structure (response) but also external influences, and measurements must be carried out synchronously
with a sufficiently high frequency of polling of primary converters and the ability to collect a significant
amount of statistical information [8, 9].

3. Results and Discussion

3.1. Experimental Research Results of Support Dynamic Behavior in Wind
Flow

The first stage of the experiment was carried out for five days. In total, 57 hours of implementations
of the output signals of the primary converters were recorded, of which 16 hours were selected for analysis.
The survey of all primary converters was conducted at a frequency of 64 Hz.

In the course of the experiment, two wind directions: north-west (NW) and east-northeast (ENE) —
were recorded. According to the results of wind speed measurements at altitudes of 10 m and 37.9 m, the
following ratios of average wind flow velocities with an averaging interval of 1 hour were obtained: for the
ENE direction, 1.52, and for the NW direction, 1.67. Norms [7] recommend a coefficient of 1.5 in this case.
Thus, it can be concluded that the actual measured wind profile corresponds to the normative value.

Fig. 4 shows the characteristic realization of the wind speed in the NW direction. The average velocity
with an averaging interval of 1 hour was 2.56 m/s, standard deviation (SD) — 0.788, and turbulence intensity
I(t) — 0.307. For the wind in the NNE direction, the average speed was 3.42 m/s, SD — 0.584, I(t) — 0.171.
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Figure 4. Typical realization of wind speed in the NW direction.

To determine the natural oscillation frequencies of the PBG-4 support, the obtained implementations
of the random process were transformed using the fast Fourier transform [10, 11].

The obtained spectra of longitudinal wind velocity pulsations in the NW and ENE directions are shown
in Fig. 5. The analysis of spectral densities allows us to conclude that the wind process is stationary, since
these spectra correspond to classical representations [12, 13].
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Figure 5. Spectral wind densities: a— NW; b — ENE.

Fig. 6 shows the characteristic implementations of the received signals. Fig. 6a shows graphs of
stress changes in windward belts with wind perpendicular to the overhead line; Fig. 6b shows graphs of
stress changes in diagonal belts with wind along the overhead line.
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Figure 6. Typical implementations of received signals.

In Fig. 6, the graph ‘VI' characterizes the wind speed at an altitude of 10 m above the earth surface;
graphs ‘s2’ and ‘s3’ characterize tensions in the belts, MPa.

To remove various noises, a simple coherence function was used [14, 15], showing the coincidence
of the signal spectra at different frequencies. A similar function constructed for the windward face belts
(Fig. 7) shows almost complete coincidence of the signal spectra. At the frequency bands of 0.85 to 7.5 Hz,
the mutual coherence of the two processes exceeds 0.9. This indicates that the main frequencies of natural
oscillations are located exactly in this interval. Coherence at lower frequencies also exceeds 0.9; however,
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this fact is due to the fact that at frequencies less than 0.1 Hz, systems whose first eigenvalues are in the
range f € [0,5; 8] Hz perceive the wind load as quasi-static [16].
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Figure 7. Coherence function of stress realizations in the belts of the windward face:
a — linear scale; b — logarithmic scale.

A completely different picture can be obtained for the realizations of stresses in diagonally arranged
belts, on which all the natural frequencies of oscillations manifest themselves, and the noise disappears
due to some time delay in the reaction of opposite belts to wind action (Fig. 8).
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Figure 8. Coherence function of stress realizations in diagonal belts:
a — linear scale; b — logarithmic scale.

The analysis of Figs. 5-8 allowed us to establish the natural frequencies of vibrations in the support.
The first natural frequency is 1.09 GHz, the second is 2.04 Hz, and the third is 7.98 Hz. Oscillation
frequencies below 0.75 Hz on different spectra (Fig. 5) manifest themselves in different ways and are
associated with the effect of wind on current-carrying wires.

To compare the spectra of wind speed signals and the response of the structure, graphs of the
coherence function for the direction of the wind across the line were constructed (Fig. 9).

In general, the coherence of this process can be characterized as weak [14, 15]. Some peaks have
been obtained in the eigen frequency region of the structure, but their magnitude is not significant.
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Coherence Function Estim ate

Frequency

Figure 9. Coherence function of wind speed and structure response when the wind direction
is across the line: a - linear scale; b — logarithmic scale.

3.2. Experimental Research Results of Free Oscillations
for the “Support — Wire” System

The second stage of the experiment consisted of the study of free oscillations in the “support — wires”
system. The excitation of vibrations was carried out by the method of manual resonance. The driving force
was applied at the level of attachment of the cable-resistant to the trunk of the anchor-angular support U-
38 m No. 57 perpendicular to the line.

A characteristic graph of the damped oscillations of the system for an anchor-angular support is
shown in Fig. 10. The type of graph allows us to conclude that there are several frequencies, and in the
first third, the vibrations of the support structure with a frequency of about 1 Hz are dominant, and in the
rest of the implementation period, the vibrations of the wires with a frequency of 0.2 Hz are predominant.
Moreover, the damping of vibrations occurs under the action of dry (Coulomb) friction [15, 18, 19].

1
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o
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Figure 10. Graph of free damped vibrations for an “anchor support — wires” system.
To determine the average value of the logarithmic decrement of oscillations, the formula [20, 21] is

used:
ln(oj
A,
S=—"1n/ (1)

where A, and 4, are the initial and final amplitudes separated by n periods of free, damped oscillations.
For this system, the logarithmic decrement of oscillations obtained in this way is 0/191, with a
variance of 4*10-4.

The coefficient of internal friction of the overhead line support structure is equal to (2) [20, 22, 24]:

&= % =0.04. @)
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The transformation of signal implementations using fast Fourier transform (FFT) allowed us to
construct spectral dependences of the oscillatory process (Fig. 11). The natural frequencies obtained as a
result of the first and second stages agree quite well.
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Figure 11. Spectral density of vibrations for an “anchor support — wires” system
with freely damped oscillations.

Approbation of this technique was also carried out on the intermediate support PBG-4 No. 72 with
blind clamps belonging to the 220 kV OHPL “TPP Zmiev — Zalyutino”.

A characteristic graph of the attenuation of free oscillations is shown in Fig. 12, and the spectral
density constructed according to this implementation is shown in Fig. 13, in which the dominant first natural
frequency equal to 2.37 Hz is clearly visible. Moreover, this frequency was maintained when the direction
of the driving force changed along and perpendicular to the overhead line axis. The logarithmic decrement
of vibration damping in this case is 0.049, and the coefficient of internal friction of the structure is 0.016.

o MPa,,
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Figure 12. Graph of free damped oscillations for an “intermediate support — wires” system.

The amplitude-frequency characteristics of the system were obtained using the expressions (3)
[21-23, 25]:

1

2 2
F F
Fc Fc

where Fp is the frequency of forced oscillations and F. is the frequency of natural oscillations.
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Figure 13. Spectral density of oscillations of an “intermediate support — wires” system
with freely damped oscillations.
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Thus, if the frequencies of external influence and the natural frequencies of the structure coincide,

the dynamic coefficient can be 2.61 for the anchor-angular support U-38 m and 3.99 for the immediate
support PBG-4 (Fig. 14).

2 24 28 32 36 4
F.Hz

Anch support ___ Intermed. support

Figure 14. Amplitude-frequency characteristics of supports.

4. Conclusions

1. The first three natural oscillation frequencies of the OHPL support have been experimentally
determined. Frequencies below 0.75 Hz are associated with the effect of wind on the current-
carrying wires.

2. The analysis of the results made it possible to clarify that the wind at an angle of 90° to the overhead

line route exerts not only the maximum static pressure but is also almost twice as susceptible to
the considered “support — wires” system in dynamics.

3. As aresult of experimental studies, the need for frequency detuning of the support structure from

the natural frequency of 2.2 Hz has been established, since an external effect with this frequency
is possible when a current-carrying wire breaks in one of the phases.

4. The presented technique makes it possible to study the dynamic properties and investigate the

reactions of structures to wind impacts, not only of overhead line poles but also of wind power poles
and antenna poles of radio relays and cellular communication.
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Abstract. The current conditions for the development of industrial and civil engineering in the regions with
a negative average daily temperature require an increase in the economic efficiency of heating systems
and reduction of the material consumption for its production and operation. One of the solutions to this
problem is electrically conductive concrete. Cost reduction is achieved through the use of binders of
anthropogenic origin. The electrically conductive concrete samples with dimensions of 70 x 70 x 70 mm
and prototype product with dimensions of 500 x 500 x 50 mm were used for the assessment of the effect
of the micro heating elements on the performance and physicochemical properties of mineral matrix. The
electrically conductive concrete was based on waste of anthropogenic origin (fluorine-anhydrite) and fine
aggregates. The additives in the form of 7 % technical soot suspension and 1 % of carbon fiber were used
as micro heating elements. The physical and technical studies were carried out on the 28" day after
3 cycles of heating and cooling of the samples. The obtained results confirm that carbon fiber reduces the
specific volume resistance up to 8.5 kOhm-cm. It allows the usage of proposed compositions for the
manufacture of large-format heating elements. The experimental operation of large-format heating
elements based on the developed compositions made it possible to determine its thermophysical
characteristics. The heating of the elements surface from 21.9 to 28.5 °C for 40 minutes were obtained.
Thus, the use of the developed prototype as heating elements is possibly provided that the pre-installed
electrodes are protected from electrochemical corrosion. The electrochemical corrosion must be
established through the use of methods of physicochemical analysis.

Funding: Investigations were performed on the equipment of Core Shared Research Facilities “Center of
physical and physical-chemical methods of analysis, investigations of properties and characteristics of
surface, nanostructures, materials and products” of Udmurt Federal Research Center of UB RAS

Citation: Gumeniuk, A.N., Gordina, A.F., Petrynin, S.M., Buryanov, A.F., Skeeba, V.Y. Influence of electric
current on the mineral matrix of technogenic anhydrite. Magazine of Civil Engineering. 2025. 18(1). Article
no. 13302. DOI: 10.34910/MCE.133.2

1. Introduction

Modern trends in the development of electrotechnical concretes, which traditionally consist of
aggregates with rationally selected granulometric composition, binder (Portland cement) and modified with
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carbon-containing components of various morphological structures, are aimed at increasing of economic
efficiency and environmental friendliness [1, 2]. The electrically conductive concrete based on Portland
cement is the most common type of electrotechnical concrete due to its technological advantages, such as
workability, strength, and durability. At the same time, the current intensification in civil engineering,
infrastructure development, and urbanization have led to the widespread use of concrete and reinforced
concrete on Portland cement and its negative impact on the environment [3, 4]. Production of cement and
steel causes a significant CO2 emission [4]. Environmental monitoring of industrial enterprises of the cement
industry shows that every kilogram of produced Portland cement emits about 0.70-0.85 kg of carbon
dioxide [4, 5]. The tendency of global industrial production makes it possible to forecast a volume of
5.8 billion tons of cement by 2030 [5, 6].

It has led to the development of research in the field of electrotechnical concretes aimed at solving
problems of reducing the environmental burden by recycling of industrial waste in the production of
environmentally friendly materials-substitutes for Portland cement [7, 8].

The associated industrial products (gypsum-containing waste), such as products of chemical,
forestry, and mining industries, are the potential source of raw materials for the production of
electrotechnical concretes. The annual volume of gypsum-containing waste for 2023 is about 100-280
million tons per year [7]. Global volumes of solid gypsum-containing waste are estimated from 7 to 8 billion
tons [8]. This type of waste includes phosphogypsum, borogypsum, fluorohydrite, citrogypsum,
titanogypsum, and others. One of the common gypsum-containing wastes is fluoranhydrite [4, 5]. This solid
sulfate-containing production waste is formed as a by-product in the production of hydrogen fluoride. The
technology for producing hydrogen fluoride is based on the interaction of fluorspar with 98 % sulfuric acid
according to the reaction:

The crushed fluorspar is mixed with sulfuric acid, and the resulting mass is fed into rotary kilns. At
160-280 °C, the gas leaving the kiln contains up to 80 % of HF [5, 6]. The product discharged from the kiln
contains more than 80 % of CaSO4, 0.5-5.0 % of CaF2, 10-12 % of H2S04, 1.5-4.0 % of SiO2, and
0.5-1.5 % of R203 [6].

In the works of A.A. Ponomarenko and Yu.G. Meshcheryakov [7], the composition of the by-product
of the production of HaloPolymer JSC (Perm) after 3-5 years of storage was established to include no less
than 20 % of y-CaSOa4; up to 78 % of 3-CaSOs; from 1.0 to 1.8 % of CaFz; from 0.5 to 10.0 % of H2SO4; up
to 0.2 % of HF.

The water-soluble fluoride and sulfate ions in the composition, as well as suspended matters, have
a negative impact on the environment when fluoroanhydrite accumulates in sludge storage facilities and
when discharged into water bodies [7, 8].

To reduce the negative impact, several directions for the utilization of sulfate-containing waste have
been developed: production of sulfuric acid and lime; of anhydrite binder; of gypsum binder; use as a
regulator of the setting time of binders [8, 9].

Today, one of the most common and studied directions is the production of a binder by crushing,
subsequent grinding, and milling of coarse-grained fluoroanhydrite stone. The resulting dispersed powder
is mixed with a rationally selected solution of water with a hydration catalyst, which can be sodium sulfate,
iron sulfate, potassium bisulfate, blast furnace slag, alumina sulfate, and others [10].

In the countries, such as the People’s Republic of China, the United States of America, and the
Russian Federation, leading in the volume of accumulation of gypsum-containing waste, this binder has
found quite wide application in the building materials industry [9].

Fluoroanhydrite and anhydrite binders are actively used in the production of various materials and
products, including cement-free concrete and mortars [9, 10], facing and thermal insulation materials [1, 8].

The research by Russian and Chinese scientists [11] has shown the possibility of using such binders
in the production of hollow and cellular blocks. Iron, sodium, and potassium sulfates have been successfully
tested as hardening activators.

A sulfate-containing binder, with an optimal selection of a hardening activator, is technologically
highly adaptable to modification by introducing extra additives to expand the functional properties of
products. Thus, the use of carbon-containing additives made it possible to experimentally test products
based on fluoroanhydrite with a relatively low specific resistance [12, 13].

In the last decade, a significant number of research works have been devoted to the formation of
electrically conductive properties in mineral matrices by reducing the percolation threshold, which makes it
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possible to expand the scope of application and create products with a resistive self-heating function [14].
To justify the possibility of producing these products and ensuring the required specific resistance, various
models have been proposed that justify the formation of electrically conductive paths in the matrix volume,
such as cluster [6], linear [15], and complex [16]. To ensure various forms of electrically conductive paths,
the use of additives of various morphology [17] and composition [18] has been proposed. The research
results have confirmed the effectiveness of additives based on carbon-containing materials with various
morphological features, including finely dispersed industrial soot and carbon fiber [19]. In this case, various
types of metal products made of structural or stainless steel, such as reinforcement, plates, pipes, are used
to supply electric current to the samples [20].

It is known [21] that the mechanism of electrical conductivity in mineral matrices, such as concrete
based on Portland cement or gypsum, is based on ionic conductivity. In ionic conductors, such as
electrolytes, ions move under the influence of an electric field. To transfer charge in a mineral matrix, there
must be an electrolyte containing charged particles [21] located in pores, voids, in contact zones, and in
the matrix [22].

In a mineral matrix based on industrial anhydrite, the presence of electrolyte in the structure depends
on the humidity, particle size, their mutual arrangement, and also on the wedging pressure acting in thin
layers. Pellicular moisture is several tens of angstroms thick and mainly limits the electrical conductivity of
the system [23], moisture in pores and voids is represented by relatively large inclusions isolated from each
other and does not make a noticeable contribution to the electrical conductivity of the matrix [23].

In countries with a dry climate, slabs and blocks made of dense mixtures based on gypsum binders
are actively used in the construction of walls and partitions [17, 20, 23]. With an average density of
1500-1800 kg/m3, gypsum concrete products have the required strength properties. Due to a number of
reasons, prefabricated gypsum concrete products have not found wide application in housing construction.

The load-bearing capacity of gypsum concrete masonry can be increased by reinforcement: steel
mesh, rods [15, 20]. However, steel reinforcement is known to actively corrode when in contact with
hydrated gypsum binder [22, 23].

From the data presented in the study [15, 20, 22], it follows that the pH decreases during the
hardening of the mineral matrix. The change in pH is observed immediately after the binder is mixed. Also
in the works [24, 29], it was established that the presence of sulfates allows the pH to decrease during the
first 30 minutes, before the formation of the crystalline structure.

In this regard, during the formation of the mineral matrix in a pre-reinforced product or a product with
pre-installed electrodes, an oxide film is formed on the surface of the reinforcement, which is similar to the
mechanism of formation of an inhibiting film during the manufacture of reinforced concrete [24, 25]. The
subsequent decrease in pH to an acidic environment does not allow the formation of the required thickness
of the oxide film on the surface of the reinforcing element [26]. As a result, the presence of bound and free
water molecules in the composition of the hydrated sulfate-containing binder determines the emergence of
conditions for electrochemical corrosion of iron, a destructive process of metal fracture in liquid conductive
media [27, 28].

During the corrosion process in the mineral matrix, under the influence of the corrosion current, the
metal dissolves due to electrochemical interaction with the electrolyte. The surface of the metal in the
electrolyte is electrochemically heterogeneous, which leads to the formation of microgalvanic corrosion
elements [25, 26]. On some areas of the surface, called anodes, the following reaction takes place:

Me <> Men + +ne.
On other areas called cathodes, the following reactions take place:

— in neutral medium

02 + 2H20 +4¢ < 40H ;
— in acid medium

2H++2e < H, T.

The corroding elements of the circuit, being in an open state, corrode on the anodic and cathodic
sections in the forward and reverse directions at the same rate. This is due to the fact that a potential
difference arises between the metal and the electrolyte solution, associated with the formation of a double
electric layer, i.e. an asymmetric distribution of charged particles at the phase boundary [25, 27].

In turn, the electrode potential of metals, calculated using the Nernst thermodynamic equation,
depends on the nature of the electrolyte and the ambient temperature [26, 28]. Studies have shown that
the corrosion process of a steel rod occurs actively in both acidic and alkaline electrolytes.
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The considered features predetermined the need to assess the effect of electric current on a modified
mineral matrix during heating and simulating the operation of a product based on a modified fluoroanhydrite
binder.

The purpose of this work is to study the processes occurring in a modified mineral matrix based on
fluoroanhydrite when passing electric current through structural reinforcement and to assess the
performance of the contact zone “steel reinforcement/mineral matrix” after several heating/cooling cycles.

The results obtained will allow us to assess the possibility of solving the current problem of recycling
large-tonnage chemical production waste by offering effective compositions and technical solutions for the
production of heating elements.

2. Materials and Methods

Binder. The used fluoroanhydrite was provided by HaloPolymer LLC, Perm, Russia. The chemical
composition of the binder is as follows: SiO2 — 3.5 %; Al203 — 0.7 %; Fe203 — 0.95 %; CaO — 37 %; SOs —
54.42 %; impurities — 3.43 %. According to X-ray phase analysis, fluoroanhydrite is represented by
anhydrite (d = 3.50; 2.85 A°), gypsum (d = 4.29; 3.81 A°), and calcium carbonate (d = 3.04 A°) [7, 8]. In
production, ground limestone is used to neutralize the binder, due to which the material has the following
potential material composition: CaSOs — 74.78 %; CaS04-2H20 — 13.38 %; CaCOs — 11.00 %; CaF2 —
0.82 %; H2S04 — 0.02 % [7].

Hydration catalyst. Based on the analysis of scientific research literature and the results of previous
studies, sodium sulfate was selected to be introduced in an amount of 2 % of the mass of the binder in
order to activate and intensify the processes of hydration and hardening, as well as to obtain the optimal
structure of anhydrite stone [10, 6].

Fine aggregate. To ensure the density of the mineral matrix and homogenization of the fiber in the
volume of the material, a fine aggregate in the form of quartz sand with a fineness modulus of 0.7 was
introduced.

Monsterfiber carbon fiber. To ensure electrically conductive characteristics, uniform heating of the
product, and temperature gradient, carbon fiber was introduced, which is also a reinforcing filler. The
modifier is a crushed chopped carbon thread, which is obtained by multi-stage heat treatment of PAN fibers
(polyacrylonitrile-based fibers) at temperatures up to 320 °C. Technical characteristics of carbon fiber:
tensile strength of fiber not less than 3000 MPa; tensile modulus of elasticity of the fiber not less than
230 GPa; density from 1.68 to 1.80 g/cms3; fiber stretching test not less than 0.8 %; moisture 0.1 %. The
production is certified according to the following standards: ISO 9001, OHSAS 18001, ISO 14001.

Plasticizer (Stahement-2000-M). Uniform distribution of carbon fiber in the structure of the mixture
is due to a new generation hyperplasticizer (Group |) based on polycarboxylates. The additive is available
in liquid form and complies with EN 934-2:2010. Stahement 2000-M is used to obtain highly mobile,
including self-compacting, concrete mixtures, for the production of thin-walled and densely reinforced,
vertically molded products, complex-configuration structures with a high degree of factory readiness,
monolithic reinforced concrete structures, lightweight concrete, monolithic floors, and roads.

Compositions and methods of testing and research. To study the features of the process of
heating products, fluoroanhydrite plates 500 x 500 mm were manufactured. Their compositions are
presented in Table 1.

Table 1. Component ratio of compositions.

Fine Hart(jer1ting
cogregate el
Binder (Fine sand sulfate Carbon fiber Plasticizer Water-
Compositions  (Fluoroanhydrite), Russian State Russian S’tate (Monsterfibe  (Stahement- to-Binder
kg Standard Standard rC), % 2000-M), % Ratio
GOST 8736, GOsT 4166),
Mk=0.7), kg %

Control - 0.3
AE-1 0.3 0.3
AE-2 6.961 1.168 2 0.4 0.5 0.3
AE-3 0.5 0.35

AE-4 0.75 0.4




Magazine of Civil Engineering, 18(1), 2025

After gaining strength (28 days), studies were conducted on the physical, mechanical, chemical, and
thermal properties of the developed compositions and products.

Mechanical strength. The mechanical compressive strength was determined on samples
70 x 70 x 70 mm at the age of 7, 14, and 28 days on a PGM-100MG4-A hydraulic press with a loading rate
of 0.5-0.8 MPal/s.

Specific volume resistance. The specific volume electrical resistance was determined on samples of
70 x 70 x 70 mm. The value was calculated according to the formula:

p=R-A/L, Q-cm,

where p is specific resistance of the sample; R is resistance of the sample, determined by measuring with

a two-contact method using an E7-20 immittance meter; L is distance between the probes; A is cross-
sectional area of the sample. The scheme used for measuring the specific volume resistance is presented
in the paper study [29].

Differential scanning calorimetry. The influence of heating and micro heating modifying elements
(carbon fiber) on the phase composition of the studied samples was analyzed by means of DSC analysis.
The data were obtained on a TGA/DSC1 device of Mettler-Toledo Vostok CJSC, Switzerland, at the
temperature range from 60 to 1100 °C at a temperature increase rate of 30 °C/min in an air atmosphere.

Scanning electron microscopy SEM-EDS. The microstructure of the samples was studied using a
Thermo Fisher Scientific Quattro scanning electron microscope, Thermo Fisher Scientific Inc, USA. The
samples for SEM-EDS analysis were cubic (an edge of 0.5 cm) and were selected using an angle grinder
with a diamond disk. No preliminary preparation of the samples by spraying was performed.

Thermophysical characteristics. The thermophysical properties were assessed based on the
research results obtained during the development of electrically conductive concrete [30, 31]. The test
method involves generating electrical heat by supplying direct current with U = 120 V and | = 3 A to the
electrodes according to the diagram shown in Fig. 1. The electric current was supplied until the maximum
surface heating temperature of 30 °C was reached. This temperature threshold is due to the fact that during
the exploratory stages of the experiment, heating the products above 35 °C was accompanied by the
release of water from the volume of the products.

Siccl plaic
L=440B=30 5=00 1 o 1
Stcel plake Steel plate :
= L=140B=30 5290 : Steel plate
L=440B=3() 5=90
L=440B=30 5=)
® , 500
1 1 4 5
% 2
- -
I I
- B
@ |-El[ 400 LZI ® 50 50
500

B

polarity electrode | pola.rity(e)lectmdc

) . Copper cable with a section of
5% 2.5 mm?

Figure 1. Layout of steel plates in the experimental product (plate).
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The change in temperature and its distribution over the surface of the product were recorded using
a Guide D192M thermal imaging camera. The intelligent thermal camera of the D series is equipped with a
4-inch high-brightness touch screen, IR resolution of 192 x 144, detector type of 25 ym, temperature range:
—20 °C~150 °C, 100 °C~650 °C, 650 °C~1500 °C, accuracy: +2 °C or £2 % of readings (at an ambient
temperature of 15 to 35 °C and an object’s temperature above 0 °C).

3. Results and Discussion

3.1. Analysis of Physical and Technical Properties
and Specific Volume Resistance

The analysis of the mechanical strength of the studied compositions shows that the strength of the
AE-4 composition in the control test periods is higher than that of the AE-1, 2, 3 compositions by an average
of 9.5 %. In turn, on the 28" day of hardening, the strength of the AE-4 composition was 24.2 MPa, which
exceeds the strength of the control composition by 7.5 %, the variation coefficient was 7.2 %. After that,
the set of properties was determined for the optimal strength of the AE-4 composition.

The results obtained in determining the specific volume electrical resistance of the samples and the
change in the parameter during strength gain are shown in Fig. 3. It was found that the specific volume
resistance of the control sample corresponds to the parameters given in the literary sources [40, 41] and is
27.1 kOhm-cm on the 28" day. At the same time, the specific volume resistance of the optimal conductive
composition with carbon fiber on the 28th day is 8.5 kOhm-cm. This value is 1.5 times lower than that of
compositions based on fluoroanhydrite binder modified with a suspension of industrial carbon black,
developed and studied in previous works [31-34]. The achieved characteristics are due to the formation of
a linear network of conductive elements in the form of uniformly distributed carbon fiber in the volume of
the mineral matrix [35-38]. The percolation transition zone is overcome by increasing the breakdown
voltage, which allows achieving optimal characteristics in comparison with the results presented in [39-41].
Thus, in [15], for the optimal composition, the specific volume resistance was 13.6 kOhm-cm, and the
strength was 35.81 MPa. When gaining strength, an increase in the parameter of specific volume electrical
resistance is observed for the control and modified compositions, which is associated with the continued
formation of the matrix structure and a decrease in the volume of unbound water [42, 43].

20.1

184

R comg,MPa

10

7 days 14 days 28 days

Reference AE-4 Reference AE-4 Reference AE-4
B p kOm = cm W R comp,MPa
Figure 2. Test results of the control and optimal composition AE-4:
mechanical compressive strength, MPa (red); specific volume resistance, kOhm-cm (blue).

Subsequently, the AE-4 composition was used to determine the thermophysical and physicochemical
properties and characteristics, as well as to test the heating scheme for the products.

3.2. Study of Thermophysical and Physicochemical Properties

Analysis of data in the field of practical implementation of conductive composite products allows us
to determine the parameters of direct current supplied to metal electrodes. Current characteristics varied
for current strength | from 0 to 5 A, for voltage U from 0 to 220 V; achieving a uniform temperature gradient
over the surface of the product was considered optimal.
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The final values ensuring uniform heating were: | = 3A; U = 120V. These characteristics are cost-
effective and safe for use in industrial and civil construction. Fig. 3 shows the results of thermophysical
tests of a plate with geometric dimensions of 500 x 500 x 50 mm, made of AE-4 composition. The
electrodes in the plate were located at a distance of 40 cm from each other, and the dimensions of the
electrodes were 44 x 3 cm, installed according to the diagram shown in Fig. 1. Over 40 minutes, the
temperature of the product increased uniformly. The maximum temperature of the product after 40 minutes
was 31.1 °C, which is 9.2 °C higher than the initial surface temperature. The average power consumption
was 660 W/m2,

Emissivity— 0.75;
Ambient temperature T = 19.2 °C;

Average surface temperature
of the plate T=21.9 °C

c d
Emissivity— 0.75; Emissivity— 0.75;
Ambient temperature T = 23.3 °C; Ambient temperature T= 20 °C;
Average surface temperature of the plate T =27.5 °C Average surfac-tla_ ter2n8p5er;aéure of the plate

Figure 3. Product and thermal imaging camera images obtained during heating
at 20-minute intervals: a — general appearance of the product; b — initial surface temperature
of the product; ¢ — temperature 20 minutes after the start of heating;
d — temperature 40 minutes after the start of heating.

To assess the effect of heating on the structure of the modified matrix based on the AE-4
composition, a microstructure analysis was performed. The samples were taken on the 28" day of
hardening, after several cycles of heating the product to the maximum temperature and subsequent cooling,
from different zones, depending on the location of the matrix relative to the heated element, according to
Fig. 4.



Magazine of Civil Engineering, 18(1), 2025

Zone No. 1 Rmnﬂfﬂqﬂl:cement

Zone NCI._E Zone_ No, 3

10

~

~

Figure 4. Scheme of sampling for studies of the physical and chemical properties
of an electrically conductive composition after several heating/cooling cycles.

The study of the contact zone of the metal and the fluoroanhydrite-based mineral matrix shows a low
degree of adhesion (Fig. 5a), which is caused by the formation of lamellar crystals of iron oxide between
the mineral matrix and the reinforcement (Figs. 5b and 5d), which are formed in the initial stages of
hardening, up to 10 days. In turn, the mineral matrix, including iron oxide, is characterized by a fairly loose
structure (Fig. 5c).

Analysis of the microstructure of the mineral matrix, taken from Zone No. 2, remote from direct
contact with the metal, shows the presence of poorly soluble iron (Ill) hydroxide (Figs. 6a and 6b). At the
same time, thermal influence on cubic crystalline new formations (Fig. 6¢) leads to the deformation of the
crystals and the appearance of parallel oriented microcracks, promoting the stratification of hydration
products (Fig. 6d).

-

Figure 5. SEM of the modified AE-4 sample, sampling Zone No. 1,
the area of direct contact of the steel rod (reinforcement) and the mineral matrix at different
magnifications: a — 650x; b — 2500x; ¢ — 6500x; d — 10000x.
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Figure 6.SEM of modified sample AE-4, sampling Zone No. 2, at different magnifications:
a—-650x; b, c — 5000x; d — 10000x.

Figure 7.SEM of AE-4modified sample, sampling zone No. 3, at magnifications of 2500x .

Microstructure of the sample taken from Zone No. 3, typical for the modified composition outside the
contact zone with the metal element. The presence of carbon fiber uniformly distributed in the volume of
the material is noted. The uniformity of distribution is due to the use of a plasticizer and fine filler and the
optimality of the composition production (Fig. 7a). At the same time, the absence of chemical interaction in
the area of the contact zone of the carbon fiber and the matrix is noted, which is confirmed by the absence
of new formations on the surface of the modifier (Figs. 7a and 7b).

To estimate the volume of the matrix structure subject to changes due to heating of the metal
reinforcement and to analyze the depth of migration of iron ions into the contact zone of the material around
the heating element, the migration of iron ions was analyzed by means of mapping (Fig. 8).
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Figure 8. Iron ion migration analysis, sampling Zone No. 2, after several heating cycles:
a — general structure view, boundary of Zones No. 2 and No. 3, at 120x magnification; b — chemical
compound mapping (red — CaK/S K/OK, blue — OK/ CaK/ FeK/ SK); ¢ — microstructure of elemental
mapping area at higher magnification; d — element mapping of area c; e — quantitative analysis at
point 1.

The mapping obtained as a result of energy-dispersive analysis (Figs. 8b, 8d, and 8e) confirmed the
active migration of iron ions into the structure of the mineral matrix and the presence of Zones No. 1 and
No. 2 with a microstructure different from Zone No. 3, formed due to changes in the conditions of structure
formation during heating of the product. This process is caused by electrochemical corrosion of the heating
element (reinforcement) due to the presence of a significant amount of bound and free water in the hydrated
sulfate-containing binder. In this case, heating determines the emergence of conditions for the accelerated
formation of iron-containing compounds, including iron oxides and hydroxides (Figs. 8b, 8d, and 8e).
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Figure 9.DSC analysis of samples on the 28th day of hardening,
after several heating/cooling cycles: red — modified composition; black — control composition.
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Figure 10. TG analysis of samples on the 28th day of hardening,
after several heating/cooling cycles: red — modified composition; black — control composition.

To confirm the insignificant effect of heating the product on the modified matrix located at a distance
from the heating elements, DTA/TG analysis was performed on a sample taken from Zone No. 3 after
several heating/cooling cycles.

Comparative analysis of differential scanning calorimetry, thermogravimetric analysis of the control
and modified samples showed that in the temperature range up to 280 °C, dehydration of crystal hydrate
water occurs, characterized by a significant mass loss of 15.9 % for the modified composition and 8.7 %
for the control one. In addition, a strong exothermic effect with a maximum at a temperature of 675 °C is
observed on the DSC curve for the modified composition. In the studied temperature range, phase
transformations of carbon with the release of heat are absent [35], the obtained data probably demonstrate
the result of the process of interaction of carbon with oxygen with the formation of carbon monoxide
(oxidation and burnout of the additive).

At 408.5 °C in the control composition and 360 °C in the modified composition, calcium sulfate
recrystallizes.

The control and modified compositions exhibit an endothermic effect at 797 °C in the control
composition and at 777.3 °C in the modified composition, associated with the dissociation of calcium
carbonate.
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Thus, the analysis of the obtained data allows us to conclude that carbon fiber can be used as micro-
heating elements; the additive provides satisfactory physical and mechanical characteristics,
thermophysical parameters, while the modification and subsequent heating of the product are not
accompanied by physical and chemical changes.

4. Conclusions

Based on the conducted comprehensive analysis of the influence of heating on the microstructure
and properties of the mineral matrix based on a binder of anthropogenic origin, the following was found:

1. The introduction of carbon fiber in the amount of 0.75 % of the binder mass, in combination with a
hardening activator, provides mechanical strength of 24.2 MPa and specific volume resistance of
8.5 kOhm-cm. The achieved parameters meet the operational requirements for heated products.

2. The optimal electric current values were determined to be U =120 V, | = 3 A, providing a uniform
temperature gradient over the surface of the product and heating the product by 9.2 °C within
40 minutes. The average power consumption was 660 W/m2.

3. After several heating/cooling cycles, a lack of adhesion was found between the hydrated
fluoroanhydrite matrix and the unprotected steel rod (reinforcement) due to accelerated
electrochemical corrosion of the heating element.

4. The degree of negative influence of heating on the structure and composition of the modified
mineral matrix was determined depending on the distance to the reinforcing element.

5. Migration of iron ions has been established, determining the degree of destruction of the mineral
matrix, which can be tracked by the depth of penetration of iron ions and the influence of
electrochemical corrosion products.

Thus, based on the proposed compositions, an economically efficient, low-material-intensive system
can be developed for heating residential and industrial premises. However, it is necessary to establish the
maximum possible number of heating/cooling cycles of products, to offer effective solutions to reduce the
degree of influence of electrochemical corrosion on heating elements.
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Abstract. Evaluation of the ultimate bearing capacity of a reinforced concrete slab of a pedestrian bridge
with stiff rebars is a relevant issue investigated in the article. Dynamic analysis takes account of low
velocities of dynamic loading. A 3D model of a structure is made. A stiff rebar is a U-shaped perforated
profile welded to the plate. The focus of the computation methodology is the model verification. Towards
this end, mechanical characteristics of materials are experimentally identified; full-size specimens are made
and subjected to static load testing. The numerical study focuses on analyzing two sessions of loading by
an impactor located in the center of a span. The impactor has symmetrical and nonsymmetrical impact
spots. Dynamic loading is proposed to be simulated in several stages. At the final stage, the structure
vibrates together with the impactor. The Menétrey—Willam model is chosen to describe the deformation of
concrete; the stress-strain state of the structure and stiff rebars is described by a curvilinear diagram that
conveys strengthening and shows the actual behavior of the rebars. An implicit integration scheme is
employed to identify detailed dependences showing the time-dependent change in the stress-strain state
components affecting structural safety. The conclusion is that nonsymmetrical loading is the most
substantial dynamic effect, and stiff rebars can greatly increase the survivability of the system subjected to
impacts of man-induced origin.

Citation: Alekseytsev, A.V., Kvocak, K.V., Popov, D.S., Al Ali, M. Dynamic behavior of a reinforced
concrete slab of a pedestrian bridge with stiff rebars. Magazine of Civil Engineering. 2025. 18(1). Article
no. 13303. DOI: 10.34910/MCE.133.3

1. Introduction

The present-day socio-economic environment triggers the need to design structures of infrastructure,
including elements of engineering structures featuring higher mechanical safety. Safety assurance is vital
if a structure is subjected to various man-induced effects such as mechanical impacts, explosions, fires,
etc. Concrete, reinforced concrete, steel fiber reinforced concrete and other composite structures are often
subjected to such effects [1-5]. The dynamic behavior of load-bearing structures is investigated as a
function of the rate of application of dynamic load. In some cases when the dynamics of low velocities is
addressed [6, 7], the load is represented as pulses of various forms varying in time. If high velocity dynamics
is considered [8-10], dynamic load is applied explicitly, and explicit solvers are used to make the finite
element analysis of the problem. The von Mises stress is the fracture criterion for elements made of
structural steel; principal stresses, calculated using well-known models of Menétrey—Willam, Drucker—
Prager, etc., are the fracture criteria for concrete.

© Alekseytsev, A.V., Kvocak, K.V., Popov, D.S., Al Ali, M., 2025. Published by Peter the Great St. Petersburg
Polytechnic University.
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Bridges and bridge structures, subjected to mechanical impacts, are investigated. A computational
tool, designed for low-speed dynamics, is employed to analyze various impacts, including those impacts
that are triggered by the movement of high-speed trains [11], collisions with heavy machinery [12], impact
interaction with ships and barges [13, 14], as well as impacts from rock falling on bridges in mountainous
areas [15, 16]. Pedestrian bridges and their structural components can also be subjected to similar impacts.
Impacts from a falling body can be effectively analyzed using technologies developed for modeling
emergency effects on buildings and structures. First of all, these are the approaches related to elements of
pull-down analysis [17—22] and methods of direct integration using implicit integration schemes [23-25].

In most cases, an increase in the safety of structures subjected to dynamic loading means an
increase in the consumption of materials or a higher damping capacity of a system. Relevant analytical
studies show that such an effect can be achieved by the targeted regulation of natural vibration frequencies
of a structure that requires special connections or a change in the stiffness of individual elements of a
system [26, 27]. However, such approaches are implemented only for the simplest beam systems made of
isotropic materials. Therefore, numerical simulation is the main tool for analyzing the rationality of design
solutions.

The modeling of loads, reproducing dynamic impacts on a structure, is also an important and relevant
problem [28—-32]. When low impact velocities are considered, two techniques can be used: the first one is
pulse loading and the second one is a combination of the lumped mass attached to a GAP element, in
which the gap value determines the height of the load fall for the case where free falling has gravitational
acceleration.

Damping is the key determinant of dynamic analysis results. Dynamic analysis can encompass
physical attenuation models and numerical damping used to stabilize the iterative process of computations.
Physical attenuation models encompass a well-known Rayleigh scheme, in which a stiffness matrix is used
to take into account internal friction forces, and a mass matrix is used to take into account resistance of the
medium. The V.N. Sidorov model [33] and the Kelvin—Voigt model are no less effective.

This paper addresses numerical modeling of a pedestrian bridge slab subjected to symmetrical and
nonsymmetrical dynamic effects. Pulse load is described by the shape of a complex polygon, reproducing
the transfer of kinetic energy of an impactor and subsequent joint oscillation of the system. The ultimate
dynamic load is determined. The danger of symmetrical and nonsymmetrical dynamic effects, the nature
of fracture, and the ability of stiff reinforcement to take load are identified.

The objective of the work is to evaluate the mechanical safety of slabs used for pedestrian bridge
spans under dynamic effects. In order to achieve this goal, the following main tasks were solved:

— creation of the structural solution with the use of rigid reinforcement for the slab structure in the
form of metal profiles (stiff rebars);

— experimental study of the slab with stiff rebars, during which the mechanical properties of the
materials and the ultimate loads were determined, allowing the design model to be verified;

— numerical modelling of the deformations of the structure under symmetrical and asymmetrical
dynamic actions, using the characteristics of the materials and the dimensions of the
experimental specimens.

2. Methods and Materials

2.1. Subject of Research and Problem Statement

The purpose of the study is to evaluate the stress-strain state and ultimate load for pedestrian bridge
slabs with stiff rebars in the case of dynamic loading. The following research program was implemented to
achieve this purpose:

— production of a pedestrian bridge slab and experimental determination of the ultimate static load;

— verification of the finite element model of the subject of research under static loading;

— development of a numerical model of a structure under dynamic loading and its analysis.

The study focuses on the deformation of a slab subjected to symmetrical and nonsymmetrical
dynamic loading that can trigger its ultimate state.

The subject of the study is a steel reinforced concrete slab of a pedestrian bridge with a metal profile
installed in the tensile zone (Fig. 1a, b). The length of the slab is 6000 mm (the distance between the bridge
supports is 5800 mm); the bridge width is 900 mm; the bridge height is 270 mm. The slab has conventional
and stiff rebars; they are two steel metal profiles, each has two parts. The bottom part is a solid metal sheet;
its thickness is 9.2 mm, and the top part is 8.0 mm thick. It is U-shaped (rotated through an angle of 180
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degrees). The lateral surface of profiles has openings with a diameter of 50 mm; they are spaced at intervals
of 100 mm. The top and bottom zones of the slab have structural rebars with a diameter of 14 mm.
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Figure 1. The subject of the study: (a) general view of a pedestrian slab: 1 — concrete,
2 — stiff rebars; 3 — flexible structural rebars, 4 — structure of supports, 5 — point of load transfer;
(b) standard cross-section of the slab; (c) finite element model of a slab.

2.2. Numerical Model of the Structure
2.2.1. Description of the finite element model

Ansys software package was used for numerical modeling purposes. Decomposition of the solid
body, describing concrete for this model, involves some difficulty due to the presence of stiff rebars in the
slab. Attempts to generate a good quality element mesh, using only rectangular 8-node finite elements,
were not successful. Therefore, the mesh was generated automatically (Fig. 1¢c). The size of the finite
element was 50 mm. Modeling of stiff rebars and concrete was performed using Solid 186 (20-node finite
element) and Solid 187 (10-node tetrahedral finite element).

2.2.2. Models of materials

The behavior of concrete was described using the Menétrey—Willam model [34]. As a rule, the
Menétrey—Willam model is better at modeling the behavior of binding aggregates, such as concrete than,
for example, the Drucker—Prager model without supplementary modifications [35, 36]. This model is based
on the theory of plastic flow.

The model of concrete has three main components:
1. A three-invariant limit surface fMW (Fig. 2), described by equation (1), where s> and s3 are the

equation parameters, controlling the shape of the meridional cross-section of the surface and
determined from yield strengths in uniaxial tension (R,), compression (RC) and biaxial

compression (Rb) [37, 38]. The limit surface conveys the strength condition of the material in the

Haig—Westergaard principal stress space. This surface has a single singularity point located at the
vertex, in the neighborhood of triaxial tension.
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Figure 2. Limit surface of the Menétrey—Willam model and basic expressions used to describe
it.

2. Plastic potential surface [35], responsible for the direction of the vector of plastic deformations,
described by equations (2)—(4), where ‘¥, is the dilatation angle of concrete in uniaxial
compression, which is the quotient of the tensor norm of plastic 3D deformations divided by the
deviator norm of plastic deformations; Bg and Cg are parameters characterizing the plastic

potential. Values of the dilatation angle, depending on the class of concrete, can be taken from
Table 1 [37].

Table 1. Dependence of the dilatation angle on the class of concrete.

Concrete B15 B20 B25 B30 B35 B40 B45 B50
class
W 4.59 5.68 6.62 7.42 8.24 9.17 9.98 11.13

3. Laws of the limit surface evolution, responsible for strengthening and softening of the material. The
model separately conveys evolution laws for compression (see Fig. 3a) and tension (see Fig. 3b).
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Figure 3. Absolute and relative stress-strain curves.
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Exponential softening in compression and tension is used to describe the behavior of concrete in the
process of softening. Values of standard stresses and plastic strains at characteristic points are employed
for this purpose. Elastic strains, obtained for relative stress (O =0.65, are subtracted from total strains,

obtained for relative stresses Q2 =1.0 and QQ =0.85. These elastic strains can be computed according to
recommendations provided in applicable regulations, such as Construction Regulations 63.13330.2018.
Fig. 3c shows the concrete diagram used in the analysis of a pedestrian bridge slab.

Concrete fracture was taken into account in the analysis. Fracture energy Gr is the parameter
characterizing the softening of material under tension [39]. This parameter conveys the amount of energy
that must be transmitted to the material to stop the transmission of stresses between the crack edges (to
completely break the atomic bonds). Graphically, this value corresponds to the Gft area in Fig. 4. The
deformation of stiff rebars was described by a multilinear dependence accompanied by hardening (Fig. 5).
Values of strains in the diagrams, conveying the behavior of steel and concrete, are assumed to be plastic
in Ansys. The elastic behavior is identified using the value of the modulus of elasticity.

25

f— i [y
o h (=]

Tensile stresses, Rbt (MPa)

e
i

0.0
0.0000 0.0001 0.0002 0.0003 0.0004 0.0005
Relative deformations

Figure 4. Fracture energy Gr and the tensile curve of concrete.
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Figure 5. Multilinear diagram of stiff rebar deformation.

Strength characteristics of concrete and steel, used in the numerical computation, were identified in
the course of an experimental study [40]. Structural slab reinforcement, made using individual (flexible)
bars, was simulated by discrete 3D finite elements REINF264. Hence, there was no need to decompose
the finite element mesh in such a way that rebar elements were connected to nodes of 3D elements
(simulating concrete). Therefore, a better mesh can be obtained for the models [41, 42]. The behavior of
conventional reinforcement steel is described by the bilinear relationship at the yield strength of 400 MPa.

2.2.3. Slab loading and support constraints

The bridge slab model was calculated for the case of the load application to two different zones
(Fig. 6), which correspond to the most dangerous points of loading.
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Figure 6. Nonsymmetrical (a) and symmetrical (b) floor slab loading.
The general idea of dynamic load application (Fig. 7a) is as follows:

— application of dead load and stabilization of vibrations (the first stage);

— pulse load increase that simulates the accelerated fall of bodies on the bridge; free fall or other
man-induced impact (the second stage);

— maximum pulse value for some period of time (the third stage);

— drop in the pulse load and vibration of the structure together with the impactor (the fourth stage).

Without considering the details of the impact load computation, the maximum value of the pulse load
was determined as 90 % of the ultimate value under static loading (determined in the first computation
step).

In terms of time, the load was applied to the floor slab in four stages (Fig. 12). Fig. 12 shows the
coefficients, by which the load constant is multiplied, meaning that the maximum value of the load is equal
to unity in the graph.

The first stage, or the application of dead load, takes 0.5 sec; the second stage, or an increase in
dynamic load, takes 0.2 sec; the third stage, or the stabilization of load at the peak value, takes 0.5 sec;
the fourth stage, or a reduction in dynamic load to 10 % of the peak value, takes 0.2 sec.

Support components are simulated by separate elements, which are in turn decomposed into two
parts: a panel and a line. The panel is hinge-fixed to the slab, and line A has a sliding hinge connection to
the panel (Fig. 7b). This way of modeling the boundary conditions better conveys the realistic behavior of
supports connected to the slab. It does not trigger any supplementary forces in the support zone and allows
for the rotation, preventing the support bending moment.
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Figure 7. Loading history (a); slab support (b).
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2.2.4. Description of the finite element solver

Initially, computations are performed in the Ansys Static Structural module to evaluate the load-
bearing capacity of the slab under static loading. At the second stage, modal analysis (Modal analysis
module) is performed to find natural frequencies of vibration required to determine the damping properties
of the system. At the final stage needed to solve the problem of structural dynamics, the computation is
performed in the Transient Structural module, which is based on implicit schemes of integration of the
equation of motion, taking into account inertial and damping forces. An important positive property of the
Transient Structural module is that this module can be used together with the Static Structural model,
meaning that the geometry and all parameters of the material (concrete, rebars, concrete reinforcement,
etc.) can be used in computations without changes, except for setting the parameters of dynamic analysis.

The equation of motion used to analyze the dynamic response of structures [34]:

F(t)=[MNu}" +[Cl{u} +[K]{u}, (M
where [M] is the mass matrix; [C] is the damping matrix; [K] is the stiffness matrix; F(t) is the load;

{u}" is the nodal acceleration vector; {u}' is the nodal velocity vector; {u} is the node displacement
vector.

At any point in time, these equations can be represented as a set of “static” equilibrium equations

that also take into account forces of inertia [M]{u}’) and forces of damping ([C]{u}') The Transient

Structural module uses the Newmark time integration method to solve equations at discrete points in time.
Damping is one of the main computation parameters for dynamic loading. Two types of damping, numerical
and physical damping, are available in the Ansys software package.

Numerical (artificial) damping is necessary to stabilize problem solving. There are several types of
settings for the Newmark o and 3 parameter method that use the same system of equations:

8:%+y; a=i(1+y)2, @

where 7 is the value of numerical damping.

The value of numerical damping is constant depending on the selected type of solver setting, namely:
Impact —y =0; High speed dynamics —y =0.005; Moderate speed dynamics —y =0.1; Low speed
dynamics —y =0.414.

Rayleigh constants o. and 3 were used to take into account physical damping. These constants,

multiplied by the mass matrix [M] and the stiffness matrix [K], are used to compute the damping matrix
[€]:
[C]=a[M]+B[K]. 3)

In Ansys, two approaches, including “Direct input” and “Damping vs Frequency”, can be used to take
into account physical damping. In the first approach, Rayleigh alpha and beta coefficients are input directly,
meaning that they have specific values. In this computation, the second approach is used, where the natural

frequency of vibration (0)) is applied; the damping coefficient (2’;) equals 0.05 for reinforced concrete; the

alpha coefficient equals zero (given that the external environment has no effect), and the beta coefficient
is automatically determined in the solver using the formula:

p=2= @

w

The frequency of natural vibrations of the bridge slab was determined in the module “Modal analysis”,
and it equals 14.3 Hz.
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2.3. Experimental Verification of the Numerical Model of the Structure

Computations were made to verify the results obtained using the numerical model. The conditions
and characteristics of these computations corresponded to the experimental tests described in detail in
[40]. The computation model had the following characteristics of materials obtained during the test: cylinder
strength of concrete — 32.17 MPa; yield strength and ultimate tensile strength of stiff steel rebars — 315 MPa
and 396 MPa, respectively; yield strength of flexible rebars — 355 MPa.

Fig. 8 shows the graphical dependence between slab deflection and load in the experimental
specimen and numerical model.
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Figure 8. Dependence between deflection and load in experimental and numerical models.

The comparative analysis of (1) load-deflection dependencies for experimental specimens and (2)
the results of numerical computation are in good agreement. The discrepancy between deflection values is
3 %; the discrepancy between values of the fracture force does not exceed 24 %. It confirms the proper
modeling of strength and stiffness characteristics of materials, types of finite elements, boundary conditions,
models simulating the behavior of concrete and rebars, and, as a result, it allows for reliable numerical
studies of these models by changing the type and area of application of loads. The general view of
experimental specimens and the course of the experiment is shown in Fig. 9.
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c d

Figure 9. Experimental testing of the pedestrian bridge slab: general view of the testing bench (a),
load application scheme (b), reinforcement frame (c), testing the cube and cylinder strength
of concrete specimens (d).

The compressive strength of the concrete specimens (Fig. 9d) and the tensile strength of the rebars
were experimentally determined earlier. Then pedestrian slab specimens were fabricated. Their
reinforcement scheme is shown in Fig. 9c. Slab specimens were mounted on a steel frame (Fig. 9a) and
subjected to ultimate static loading using two power generation units (Fig. 9b). Experimentally determined
mechanical characteristics of materials and average measured values of 3D dimensions of the specimen
were used in the computations.

3. Results and Discussion

The ultimate load and deflections under symmetrical and nonsymmetrical loading are determined
from the results of numerical computations of models subjected to static and dynamic loading. Under
nonsymmetrical loading, the maximum static ultimate load and deflection values are 318.3 kN and
55.8 mm; under dynamic loading, they equal 345.2 kN and 53.41 mm. Under symmetrical loading, the
maximum static ultimate load and deflection values are 291.1 kN and 52.1 mm; under dynamic loading —
331.7 kN and 42.8 mm.

Figs. 10a, 10b show the ultimate static load under symmetrical and nonsymmetrical loading.
Figs. 10c, 10d show a time change in deflection (f-c) and actual load (N-c). On average, the ultimate value
of deflection under nonsymmetrical loading was 30 % higher than under symmetrical loading, and the
discrepancy between values of ultimate dynamic load did not exceed 10 %, which translates into a greater
danger of nonsymmetrical emergency effects for such structures.
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Figure 10. Time change in deflection (a) and load (b);
N-f dependence under static (c) and dynamic (d) loading.

Fig. 11 shows the value of stresses arising in concrete and stiff rebars in the middle of the slab span
for a standard cross-section under maximum dynamic loading. For nonsymmetrical loading, stress is 1.28
times the cylinder strength, which can be interpreted as the onset of concrete fracture in the top zone of
the slab. For symmetrical loading, stresses do not exceed the cylinder strength. However for symmetrical
loading, the bottom part of both stiff rebars, capable of resisting loads, is subjected to great plastic
deformations, and is in the hardening zone with a bearing capacity margin of 13 % at the maximum
resistance of 390 MPa. In case of nonsymmetrical loading, the behavior of the left stiff rod is elastic, while
the right one has a 12 % safety margin for the maximum resistance. It confirms that dynamic
nonsymmetrical loading is particularly dangerous in terms of the ultimate limit state of the structure. In
addition to standard stresses, used for the preliminary evaluation of the stressed state of concrete and
rebars, von Mises equivalent stresses in stiff rebars were computed, and the same about principal stresses

O] — O3 in concrete. The stress state of slab elements is the same as when only standard stresses are
analyzed.

When the time change in standard stresses was analyzed according to Fig. 7a, the following
characteristic states were considered:

— load in the course of normal operation (t = 0.5 c¢);

— anincrease in dynamic loading up to the peak value (t = 0.7 c);

— maximum dynamic load (t = 1.2 ¢);

— the de-loading moment: the onset of vibrations together with the impactor (t = 1.4 c).

The distribution of stresses in the structure, corresponding to these moments in time, is shown in
Fig. 12. The analysis of the figure shows that stresses in concrete do not stabilize at the moments of onset
and termination of the peak dynamic load; on the contrary, they rise.
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and nonsymmetrical loading (b).
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This indicates the importance of taking into account the time of application of peak dynamic load: if
applied for a period longer than 1.2 — 0.7 = 0.5 s, it may lead to the collapse of the structure. In addition, at
the moment of de-loading, tensile stresses, essential for cracking, emerge in the middle of the slab. The
bottom zone of the slab is compressed. As a result of the further analysis of joint vibrations, the concrete
tensile zone extends to the top part of the slab in the neighborhood of the area of dynamic load application.
Hence, a conclusion can be made that the collapse of this structure predominantly follows the concrete
fracture pattern.

3.1. Discussion

The use of stiff rebars in bending reinforced concrete elements nearly prevents the complete
emergency collapse of structures, meaning that an increase in structural survivability can be discussed.
This property was verified by making additional computations of pre-set displacements under static loading.
Following the loss of bond with concrete in the bottom zone, the behavior of stiff slab rebars becomes
similar to that of a beam, and later it behaves as a cable-stayed mechanism. In this case, its bearing
capacity is determined by the bearing capacity of the profile of stiff rebars. Indeed, the slab preserved its
bearing capacity, even when it was loaded by pre-set displacements up to 30 cm. Local rules and
regulations have a deflection-based criterion of survivability; it equals 1/30 of the span. In the case under
consideration, 600/30 = 20 cm, but when the loading of the structure triggered a deflection of 30 cm, the
load-bearing capacity of stiff rebars was far from exhaustion. This allows us to suggest expanding and
clarifying the survivability criteria for structures with stiff rebars.

The initial value of the dynamic load, needed to identify its limit value, was taken as 90 % of the static
load value, but according to the computation results, the maximum value exceeded the static value by
8,5 % under nonsymmetrical loading and by 14 % under symmetrical loading, which may be due to inertial
effects and hardening of materials.
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The conducted research has promising prospects for comparing the accuracy of concrete models in

the simulation of bridge structures. For instance, instead of the model used in [39], the models described
in [37, 38] could be applied. Of particular interest is the simulation of the bond between concrete and rigid
reinforcement. For this, the assumptions from the review [36] could be used, with the criterion in this work
being evaluated based on the cohesion stress in the area of the stiff rebars. Since the surface area of the
profile in contact with the concrete is large, no loss of bond between the concrete and reinforcement was
observed in the calculations considered. Future studies will explore other profile shapes described in the
article [40].

4. Conclusion

1. A numerical modeling method is proposed to simulate the stress-strain state of slabs of pedestrian
bridges with stiff rebars. This method encompasses the use of experimentally verified 3D finite
element schemes that allow taking into account the actual behavior of these structures.

2. ltis identified that nonsymmetrical emergency effects are most dangerous for slabs and lead to
structural concrete failure in the area of dynamic loading.

3. Stiff rebars are proven to be highly efficient for the bending elements considered in this article. It is
found that stiff rebars prevent the complete fracture of a structure; they can rise the structural
resistance to mechanical damage and the general level of mechanical safety of structures.

4. The survivability margin of these reinforced concrete slabs with stiff rebars is up to 50 % in terms

of deflection constraints regulated by domestic and foreign standards.
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Abstract. A column is a vertical structural element that transmits loads to the foundation and is required to
withstand a variety of loads. The incorporation of reinforcing bars serves to enhance the axial capacity and
mitigate the risk of sudden collapse of the column. The potential use of alternative materials for stirrup
reinforcement represents a topic of significant interest within the academic community. Prior research has
demonstrated that the stirrup reinforcement ratio exerts a significant influence on the strength and ductility
of concrete. Specifically, higher ratios have been shown to lead to enhanced performance in both of these
attributes. This study examined the behavior of core concrete in reinforced concrete columns with varying
types of reinforcing bars, including 3x25 mm, 3x30 mm, 4x25 mm strip plate steel, and 10 mm diameter
deformed conventional stirrups. A total of thirteen columns were tested until collapse in order to evaluate a
number of factors, including column shortening, peak axial load, column stress, reinforcement and core
concrete strain, and a comparison of theoretical and actual confined core concrete compressive strength.
The study demonstrated that the incorporation of strip plate stirrups in reinforced concrete columns exerted
a marginal influence on the column’s axial capacity. The columns reinforced with conventional stirrups
exhibited enhanced peak axial load, column stress, and restraint strength, accompanied by a reduction in
column shortening. Conversely, the columns with 3x30 mm strip plates demonstrated superior ductility. An
elevated stirrup reinforcement ratio was observed to enhance the compressive strength of confined
concrete, although a discrepancy was noted between the theoretical calculations and the actual values.

Citation: Pradipta, B.K., Bhayusukma, M.Y., As'ad, S. Axial capacity and ductility of reinforced concrete
columns with strip plate steel and conventional stirrup reinforcements. Magazine of Civil Engineering. 2025.
18(1). Article no. 13304. DOI: 10.34910/MCE.133.4

1. Introduction

Concrete is the most prevalent building material in use today. Conventional concrete is composed of
coarse aggregate, fine aggregate, water, and cement [1]. These building materials are utilized extensively
in the construction of a multitude of infrastructure projects, including buildings, roads, bridges, and
underground structures such as foundations and tunnels [2]. Concrete has a high compressive capacity, is
relatively inexpensive to maintain, is readily available in raw form, and can be molded into a variety of
shapes, making it a versatile and economical material for a range of construction applications [3].
Nevertheless, concrete has a relatively low tensile strength, which necessitates the use of reinforcing steel
to enhance its tensile strength performance [4]. The reinforcement system utilizes reinforcing steel, which
is capable of withstanding tensile loads on concrete, thereby preventing cracking and enhancing the
ductility of the structure [5]. In this context, the two principal types of reinforcing steel are plain and deformed
[6]. The combination of the two materials results in the formation of a composite material that is capable of
bearing both compressive and tensile loads. This material is known as reinforced concrete [7].
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University


https://creativecommons.org/licenses/by-nc/4.0/

Magazine of Civil Engineering, 18(1), 2025

In a frame structure, columns are vertical structural elements that bear the load of the beams and
floor slabs above them [8]. A column is a structural element that serves to compress and reinforce a
building’s framework. It is responsible for transferring the total building load to the foundation, which
includes both dead and live loads, as well as earthquake loads [9]. A column, as a vertical structural
element, is required to provide resistance to bending, shear, axial, and torsional collapse due to the
aforementioned loads [10]. One of the principal causes of collapse in a column is axial loading. The
objective of transverse reinforcement is to enhance the axial capacity of the column [11].

The function of the transverse reinforcement is to maintain the axial capacity of the column by
ensuring the stability of the core concrete [12]. The installed transverse reinforcement will serve to resist
the lateral forces generated by the axial loads received by the core concrete [13]. The role of transverse
reinforcement in columns is of paramount importance, given that collapse can occur abruptly and without
warning [14]. Prior research has investigated the impact of transverse reinforcement on the axial capacity
of reinforced concrete columns subjected to confinement. This has involved the utilisation of diverse
configurations and ratios of transverse reinforcement [15].

The cross-sectional area of the transverse reinforcement is intimately associated with the transverse
reinforcement ratio, which exerts a profound influence on the ductility of the confined core concrete. In their
research, Imran and Antonius demonstrated that an elevated transverse reinforcement ratio gives rise to a
heightened ductility strength of the confined concrete. Nevertheless, if the reinforcement ratio is excessively
high, the concrete will succumb to collapse before the transverse reinforcement reaches its yield point [15,
16]. In their research, Saatcioglu and Razvi demonstrated that the strength and ductility of confined
concrete increase as the reinforcement ratio increases. Columns with low reinforcement ratios exhibited
brittle behavior, displaying a pronounced reduction in strength after reaching the peak load. In contrast,
columns with higher reinforcement ratios demonstrated the capacity to undergo significant deformation
without a notable reduction in strength [17, 18]. Similarly, research conducted by Cusson and Paultre
indicates that an increased transverse reinforcement ratio is associated with enhanced confinement
efficiency [19].

The research on the performance and influence of transversal reinforcement has become
increasingly diverse over time. This has prompted researchers to seek alternative materials that are
stronger and more efficient, such as the use of strip plate steel as transversal reinforcement. Previous
studies have demonstrated the efficacy of strip plate steel in increasing the shear capacity of wide concrete
beams, enhancing the durability of wide concrete beams after the first shear crack, increasing ductility, and
facilitating easier management during the construction process [20]. Furthermore, the use of strip plate
steel in the transverse reinforcement of concrete can enhance its shear capacity, particularly in the context
of beams. Reinforced concrete beams with the incorporation of strip plate steel exhibit enhanced resistance
to maximum loads and exhibit greater stiffness compared to their plain concrete counterparts. However, it
is observed that the crack pattern in beams with the aforementioned reinforcement tends to produce cracks
with larger inclination angles, a more uniform distribution on the side of the beam, and a greater number of
cracks compared to plain concrete beams [21].

The objective of this study is to conduct a more thorough investigation into the effect of using strip
plate steel as a stirrup reinforcement in columns on the axial capacity of columns and the ductility of columns
subjected to concentric axial loads. Strip plate steel is used as an alternative to deformed steel. The
utilization of strip plate steel is predicated on the assumption that strip plate steel is more readily
manipulable than deformed steel. Additionally, strip plate steel possesses a more substantial cross-
sectional area than deformed steel, which allows for more effective confinement of the core concrete.
Further research will be conducted on the behavior of reinforced concrete columns using strip plate steel
reinforcement. The axial load that can be achieved, the strain that occurs in stirrup reinforcement,
longitudinal reinforcement, and core concrete, as well as the amount of shortening that occurs in the
column, will be reviewed. This research is expected to corroborate the preceding research hypothesis,
namely that the axial capacity of reinforced concrete columns can be enhanced.

2. Materials and Method

This study focused on a particular type of column, characterized by conventional stirrup
reinforcement and strip plates. The conventional transverse reinforcement measures 10 mm in diameter,
while the strip plate steel has dimensions of 3x25 mm, 3x30 mm, and 4x25 mm. The design of concrete
mixtures is guided by the Indonesian Standard SNI 7656:2012. Subsequently, the concrete cylinders were
subjected to testing in accordance with the standards set forth in SNI 1974:2011. The steel utilized in this
investigation was evaluated for tensile strength in accordance with the standards set forth in SNI 8389:2017.
The particular attributes of the concrete and reinforcing steel used are set forth in Tables 1 and 2,
respectively.
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Table 1. Concrete properties.

Average Values
Slump 100 mm
Compressive Strength 23.9 MPa

Table 2. Steel reinforcements properties.

Cross-Sectional Area Yield Stress Ultimate Stress Elongation
Type of Steels

(mm?) (MPa) (MPa) (%)
D10 57.13 346.20 460.65 10.84
3x25 mm 63.42 366.10 541.58 6.56
3x30 mm 80.96 392.39 543.96 8.78
4x25 mm 84.75 383.86 524.60 9.37

A total of thirteen column specimens were subjected to axial loading until collapse occurred. Column
specimens bearing the initials D10 represent reinforced concrete columns using conventional transverse
reinforcement, whereas column specimens bearing the initials 3%x25, 3x30, and 4x25 represent reinforced
concrete columns using strip plate steel transverse reinforcement. The test area was situated between two
simple pedestals, with both ends of the columns attached to the compression tester. In all columns, the
longitudinal reinforcement comprised four pieces of 6 mm diameter plain reinforcement, which served as a
tie for the transverse reinforcement.
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Figure 1. Schematic of conventional stirrup reinforcement installation on columns.
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Figure 4. Schematic installation of 4x25 mm strip plate reinforcement on columns.

The experiments were conducted in the structural laboratory of the Civil Engineering Department at
Sebelas Maret University. The loading frame is equipped with hydraulic jacks for loading, with a capacity
of 500 kN. Furthermore, the hydraulic jack is equipped with a load cell with a capacity of 100,000 pounds
(453 kN), which serves to measure the load applied to the column. To quantify the shortening of the
specimen, a linear vertical displacement transducer was utilized and installed centrally within the span of
the column specimen. The observed shortening of the specimen spanned the range from a load of 0 kN to
the peak load tolerated by the column.
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Figure 5. Testing equipment installation scheme and test program setup.
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3. Results and Discussion

This test identifies the relationship between the applied axial load and the shortening of the column,
as well as the strain occurring in the transverse reinforcement, longitudinal reinforcement, and core
concrete. Strain gauges were installed on the stirrup reinforcement, longitudinal reinforcement, and core
concrete at the center, with the gauges connected to a strain indicator to obtain the amount of strain at
each loading interval. Column shortening was measured using an LVDT attached to the midpoint of the
column and connected to a digital load meter. The axial load applied to the column was measured using a
load cell connected to a load cell indicator. The objective of this study is to examine the axial load on the
column, the strain on stirrup reinforcement, longitudinal reinforcement, and core concrete, and the
shortening of the column. Axial load-shortening curves and axial load-strain curves are plotted up to the
point of failure, which is indicated by the column reaching its peak load.

Stirrup reinforcement strain
gauge

Longitudinal reinforcement
strain gouge
Concrete core strain gauge

Figure 7. Installation location of strain gauge.

3.1. Column Shortening

The response of reinforced concrete columns with conventional transverse reinforcement and strip
plate steel stirrups is linear elastic prior to the formation of the first crack. The shortening of reinforced
concrete columns with conventional transversal reinforcement commences at a load of 75 kN, whereas the
shortening of reinforced concrete columns with strip plate steel stirrups begins at a load of 45 kN for 3x25
columns, 30 kN for 3x30 columns, and 15 kN for 4x25 columns. As the load increases, the formation of
additional cracks causes the shortening curve to become linear. The shortening at maximum axial load in
reinforced concrete columns with conventional transversal reinforcement is less than that observed in
columns with strip plate steel stirrups. The discrepancies in shortening at maximum axial load are 26.29 %
for the 3x25 columns, 78.32 % for the 3x30 columns, and 52.90 % for the 4x25 columns. Columns with
conventional reinforcement demonstrate enhanced bearing capacity. It is observed that the shortening of
the columns is less pronounced in comparison to columns utilising strip plate stirrups, and they are capable
of withstanding greater axial loads before significant shortening occurs. This outcome may be attributed to
the fact that conventional stirrups possess a greater cross-sectional thickness in comparison to strip plate
stirrups. This allows for a more robust confinement of the concrete core, which ultimately results in the
smallest column shortening in comparison to columns with strip plate stirrups, despite the latter exhibiting
the lowest tensile strength. However, columns with 3x30 mm strip plate stirrups display greater ductility
than other columns. This is demonstrated by the larger shortening of the column in comparison to the other
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columns, despite the relatively minor differences in load. The relationship between the mean column
shortening and the peak axial load at the time of column failure is illustrated in Fig. 8.
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Figure 8. Maximum axial load-shortening curve of column specimen.

3.2. Relationship between Peak Axial Load and Longitudinal Reinforcement
Strain

Each column exhibits the same amount of longitudinal reinforcement and the same steel tensile
strength. The findings of the research indicate that as the axial load applied to the column increases, there
is an accompanying increase in the strain in the longitudinal reinforcement. From the initial to the final
stages of loading, the relationship between axial load and longitudinal reinforcement strain is proportional,
indicating an increase in longitudinal reinforcement strain for each incremental increase in axial load. The
ratio of transversal reinforcement used affects the peak. While there are differences in the strain magnitude
occurring in the longitudinal reinforcement, they are not significant. The 3x30 column has the highest strain
value in the longitudinal reinforcement compared to the other columns, suggesting that the longitudinal
reinforcement in 3x30 mm strip plate columns is more ductile than that observed in columns with alternative
stirrup reinforcement. Fig. 9 illustrates the relationship between the average longitudinal reinforcement
strain and the peak axial load at the point of column failure.
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Figure 9. Load-strain curve of longitudinal reinforcement of column specimen.
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3.3. Relationship between Peak Axial Load and Transverse Reinforcement
Strain

Each column exhibits the same form of transversal reinforcement, yet exhibits differences in tensile
strength of steel, cross-sectional area, and transversal reinforcement ratio. The test results demonstrate
that the strain in the transverse reinforcement increases in conjunction with the application of an increasing
axial load to the column. From the outset to the conclusion of the loading process, the relationship between
axial load and the strain in the transversal reinforcement demonstrates a proportional increase in strain for
each incremental increase in axial load. The ratio of the transversal reinforcement affects the maximum
axial load that can be sustained until the column reaches its failure point. The degree of strain in the
transversal reinforcement exhibits variability, but it is not statistically significant. Column D10 shows the
higher level of strain in the transversal reinforcement in comparison to the other columns. These findings
indicate that the stirrup reinforcement in conventional columns exhibits the greatest confinement strength,
the most ductility, and the most effective performance when compared to columns with alternative stirrup
reinforcement. The 10 mm diameter deformed stirrups utilized in column D10 are more readily manipulable
than alternative forms of transversal reinforcement, as they do not necessitate the use of specialized tools
for the bending of steel into stirrup shapes. The relationship between the average transversal reinforcement
strain and the peak axial load at the point of column failure is illustrated in Fig. 10.
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Figure 10. Load-strain curve of trasnsversal reinforcement of column specimen.

3.4. Relationship between Peak Axial Load and Core Concrete Strain

The columns are of identical dimensions with respect to both core concrete and concrete cover, and
are constructed using the same concrete mixture. The test results demonstrate that the strain in confined
core concrete increases in conjunction with the rise in axial load and stress on the column. From the outset
to the conclusion of the loading process, the relationship between the axial load applied to the column and
the strain in the confined core concrete demonstrates a proportional increase in core concrete strain for
each incremental increase in axial load and concrete stress. The ratio of transverse reinforcement exerts a
significant influence on the peak axial load that can be sustained until column failure and the magnitude of
concrete stress that occurs in the column. The strain in the core concrete varies among the different column
types, but it is not significant. The 3x25 column exhibits the highest strain in the core concrete and peak
axial load compared to the other columns. This suggests that the core concrete in columns with 3x25 mm
strip plate steel stirrups is more ductile than in columns with alternative stirrups. The relationship between
the average strain of confined core concrete and the peak axial load at the point of column failure is
illustrated in Fig. 11.
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Figure 11. Maximum axial load-strain curve of confined core concrete.

3.5. Actual and Estimated Compressive Strength of Confined Concrete Cores

The estimated confined core concrete compressive strength is expressed in Equation 1. In this study,
the equation proposed by Mander et al. is used to estimate the confined core concrete compressive strength
observed in column test specimens [22—-24]. The predicted results are then compared with the actual
confined core concrete compressive strength, as stated in Equation 2.

fc’c :ﬂo(—1.254+2.254\/ﬂ_24} )
Jeo feo

, P
fcc-lest = Z; 2)
n
Z(Asx)i - (Asy)j
ps — l:1 + l:1 . (3)
beys bc,s

Furthermore, the equation proposed by Attard and Setunge is used to estimate the confined concrete
compressive strength as demonstrated in Equation 4 [25-27].
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Table 3 shows the confined concrete compressive strength of reinforced concrete columns with
various types of stirrups. In the calculation of f. ., actual, it is observed that as the dimensions of

transversal reinforcement increase, the confined concrete compressive strength also increases. However,
the test results indicate that the actual confined concrete compressive strength does not differ significantly.

Based on the ratio fc’c-test/fc'ocal using the equation from Mander et al., it is evident that the actual value

is higher than the predicted confined concrete compressive strength. On the other hand, when compared
with the estimated value according to the equation from Attard and Setunge, the actual value is lower than
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the estimated value. The results from both equations indicate that the estimated confined concrete
compressive strength values do not accurately represent the actual values due to the differences obtained.

Furthermore, the calculations derived from both equations illustrate the impact of the transversal
reinforcement ratio. A larger ratio is associated with an elevated estimated confined concrete compressive
strength. Column D10 exhibits a relatively lower transversal reinforcement ratio compared to the 3x25
column by 23.59 %, the 3x30 column by 57.98 %, and the 4x25 column by 66.56 %. This indicates that the
ratio of transversal reinforcement to the cross-sectional area of the core concrete has a significant impact
on the confined concrete compressive strength that can be achieved.

Table 3. Confined concrete compressive strength column specimens

Test f cc test f cc cal Mander f cc test /. f cc cal f cc cal Attard f cc test /. f cc cal

Specimen (MPa) (MPa) Mander (MPa) Attard g
D10 31.96 24.70 1.29 35.00 0.91 1.27 %
3x25 33.06 25.57 1.29 38.06 0.87 1.58 %
3x30 31.24 26.41 1.18 42.66 0.73 2.01%
4x25 32.62 26.23 1.24 43.17 0.76 2.12 %

3.6. Crack Pattern

All columns were subjected to concentric axial loads until collapse occurred, which was limited by
the capacity of the load cell, which reached 400 kN. All columns exhibited the initial cracking at the top or
bottom, with the most prevalent type of cracking being compressive. A compressive crack is a fracture
caused by a load exceeding the structural capacity of the material. As the axial load is increased, the cracks
lengthen and widen, and the number of cracks caused by compressive axial load increases until the column
collapses. The axial load at the first crack and the load at collapse can be seen in Table 4. The columns
that have been tested with axial load until collapse can be seen in Figs. 12—-16.

Table 4. Axial load at first crack and collapse.
Specimen  Axial load at first crack (kN) Axial load at collapse (kN)

K 100 370.13
D10 A 230 386.74
D10 B 240 Not Collapsed Yet
D10 C - Not Collapsed Yet
3x25 A 300 399.99
3x25B 220 Not Collapsed Yet
3x25C 300 Not Collapsed Yet
3x30 A 160 280.00
3x30B 210 377.96
3x30C 180 Not Collapsed Yet
4x25 A 80 394.74
4x25B 230 370.26
4x25C 290 380.08

Figure 12. Column K after testing under axial load.
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(A) (B) (C)
Figure 13. D10 column after testing under axial load.

/
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(A) (B) (C)

(A) (B) (C)
Figure 15. 3x30 column after testing under axial load.
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(A) (B) (C)

Figure 16. 4x25 column after testing under axial load.

The initial cracks are predominantly observed in the concrete blanket and typically initiate at the
support area, both above and below. As the axial load increases, the number and size of the cracks also
increase, extending into the core of the column. By the time the ultimate axial load was reached, the majority
of the concrete material had cracked, and visible cracks were present in all areas of the column at the
support area. Additionally, cracks were observed in the concrete blanket and column core [28-30].

It can be observed that all columns exhibiting the initial signs of deterioration present compressive
cracks at either the top or bottom. A compressive crack is defined as a fracture that occurs as a result of a
load exceeding the structural capacity of the material in question. In general, the stirrups were unable to
confine the core concrete due to the open bond of the stirrups. This ultimately results in the longitudinal
reinforcement being unable to maintain the integrity of the core concrete, which subsequently buckles.
Therefore, the concrete failed in a collapse. As the load was applied to the test specimen, the cracks
exhibited an increase in length and width, accompanied by the formation of additional cracks due to the
compressive load until the column reached its failure point. With respect to the number of cracks, columns
with strip plate stirrups, particularly those with dimensions of 3x30 mm and 4x25 mm, exhibited a greater
number of cracks than columns with conventional stirrups. This is due to the larger dimensions of the stirrup
reinforcement, which enables columns with 3x30 mm and 4x25 mm strip plate stirrups to distribute the load
more evenly than columns with 3x25 mm deformed and strip plate stirrups. The additional reinforcement
provided by the strip plate stirrups on the sides of the column reduces the surface area of the column that
is only reinforced with concrete.

Columns without reinforcement demonstrate a proclivity to undergo load transfer when subjected to
loading, with the transfer occurring predominantly in the column support area, both above and below. This
is substantiated by the vertical cracks that emerge in the column support area. When the cracks
commenced to propagate beyond the support area, the column collapsed as a consequence of the absence
of reinforcement on the sides of the column.

4. Conclusion
The experimental testing results obtained in the laboratory led to the following conclusions:

1. Conventional columns are typically more robust in terms of load acceptance but may exhibit brittle
behavior. It can be observed that the shortening of the column is less pronounced and the peak
axial load that can be achieved is greater. This is attributed to the relatively small cross-sectional
area of the stirrups. However, columns with 3x30 mm strip plate steel stirrups exhibit enhanced
ductility as indicated by the larger column shortening with a peak axial load that is not significantly
different from conventional columns.

2. Columns with 3x30 mm strip plate steel stirrups exhibit the greatest longitudinal reinforcement
strains, suggesting that the longitudinal reinforcement in the column displays enhanced ductility
due to the 3x30 mm strip plate stirrups. The stirrup reinforcement ratio exerts a notable influence
on both the peak load that can be attained and the strain on the longitudinal reinforcement, although
the observed difference is not substantial.
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3. It can be observed that conventional columns experience the greatest strain on the stirrup

reinforcement in comparison to other types of columns. Conventional stirrup reinforcement exhibits
the greatest confining strength, the greatest ductility, and the most effective performance compared
to columns with alternative stirrup reinforcement. With the same shape of stirrup reinforcement,
conventional stirrup reinforcement is more readily workable because it does not necessitate the
use of specialized tools to bend the reinforcement. The stirrup reinforcement ratio affects the
achievable peak load and the strain in the stirrup reinforcement, although the impact is not
significantly different.

4. Columns with 3x25 mm strip plate steel stirrups exhibited the highest core concrete strain and peak

load compared to the other columns. This suggests that the core concrete of the column is more
ductile due to the 3%x25 mm strip plate stirrups. The stirrup reinforcement ratio affects the achievable
peak load and strain in the core concrete, although the difference is not statistically significant.

5. Columns with larger ratios of stirrup reinforcement exhibit enhanced compressive strength of

confined core concrete, a finding that aligns with the theoretical predictions put forth by Mander et
al. [22] and Attard and Setunge [25]. However, the observed compressive strength values did not
fully align with the predicted values.

6. Columns with strip plate stirrups, particularly those with dimensions of 3x30 mm and 4x25 mm,

exhibited a higher incidence of cracking. The larger dimensions of stirrup reinforcement impart
greater ductility to the column, enabling more even load distribution. The strip plate stirrups provide
supplementary reinforcement at the sides of the column, thereby reducing the surface area of the
column reinforced with concrete only.

7. Columns with strip plate stirrup reinforcement can be substituted for columns with conventional

reinforcement due to the fact that both types of reinforcement have the capacity to withstand axial
loads that tend to be similar. However, it should be noted that strip plate stirrup reinforcement has
the advantage of being more ductile than conventional stirrup reinforcement. These columns have
been determined to be suitable for use in residential buildings. The test specimens employed in this
study exhibited dimensions equivalent to those of standard residential columns. Further
investigation is necessary to assess the performance of larger specimens.

The application of strip plate stirrup reinforcement in reinforced concrete columns has a notable

impact on the axial capacity of these structures. However, this influence is not particularly pronounced as
evidenced by the comparable peak axial loads observed in the tested columns. Furthermore, the strains
experienced in the longitudinal reinforcement, stirrups, and confined core concrete exhibit minor
discrepancies, yet these differences are not statistically significant. Similarly, the compressive strength of
the confined core concrete does not exhibit a considerable variation.
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Abstract. To ensure reliable operation of the pipeline, the design takes into account the natural vibration
of the structure caused by the uniform flow of the product along the pipeline. A pipeline section in the form
of a steel-concrete cylindrical shell placed in the soil condition is considered. The inner part of the pipeline
is made of steel, and the exterior is covered with a concrete layer 30-50 mm thick. Determination of natural
vibration frequencies for a two-layer cylindrical shell in the soil is clarified using two methods. The first
method is analytical, according to which the dependence for the frequency is obtained using the half
momentless theory of cylindrical shells. The second is numerical and is based on the finite element method
(FEM) with the construction of the computational model in the Lira Sapr environment. Modeling of steel and
concrete layers of the composite shell in the software package was carried out by 4-node plates, which are
combined into a common structure by means of absolutely rigid bodies (ARB). Two cases of taking into
account the soil condition surrounding the shell were considered. In the first case, a soil mass (with
dimensions of 5.3x5.3 m) is created by volumetric bodies, while in the second case, the pastel coefficient
for the concrete layer is specified. It was found that the second method of setting the soil conditions allowed
to reduce the time of data input by 5-6 times with the same results obtained. The discrepancy between the
frequencies of natural vibration for the object of study determined by the analytical method and FEM does
not exceed 10 %, and for the first 3 frequencies of the spectrum is not more than 6 %, therefore, both
methods are applicable. The use of an analytical expression made it possible to obtain results an order of
magnitude faster with the pastel coefficient than with the help of numerical soil modeling using volumetric
elements.
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1. Introduction

Trunk pipelines are laid in different soil conditions, including areas with predicted watering and in
waterlogged soils. For stability calculations, the pipeline section is represented as a cylindrical shell placed
in the different soil condition. To prevent floating of the pipeline section, balancing measures are carried
out for such sections. Steel pipelines are protected by concrete weights, which in the course of works can
damage the original geometry of the pipe cross-section and negatively affect the reliable operation of the
structure. One of the options to exclude such situations is the use of pipe-concrete products, the inner part
of which is made of large-diameter steel pipes (d < 1000 mm) with the parameter 0.015 < /R <0.05

and the outer part is formed by a concrete layer 40—100 mm thick. The reliability of such structures must

© Maltseva, T.V., Dmitriev, A.V., Sokolov, V.G., 2025. Published by Peter the Great St. Petersburg Polytechnic
University.
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be ensured by vibration resistance design calculations. Natural vibration can arise due to the movement of
the pumped product. The sources offer calculation methods using analytical expressions and numerical
solutions obtained by the finite element method (FEM) in various software packages. Below is an analysis
of these works and the vibration resistance calculation models used in them.

In publications, there is the rod models of pipeline without influence of soil. In [1], the influence of
critical values of fluid flow velocities in a pipe on the natural vibration of the pipe section is considered. The
pipe in static equilibrium loses stability. Based on the Timoshenko beam theory, equations describing
nonlinear vibration near a nontrivial static equilibrium configuration are formulated and the influence of
system parameters on the equilibrium configuration, critical velocity, and frequency of natural vibration is
shown.

In [2], the effect of fluid velocity on the dynamic characteristics of the pipe was studied using two
methods: the derived analytical expressions for the critical flow velocity and natural frequencies of the pipe
and the developed FEM. However, the developed FEM cannot reflect the effect of fluid flow on the pipe
vibration mode.

In the study [3], the flow characteristics in the pipe are studied using computational fluid dynamics
by numerical solution of low velocity compressible flow problems. In all these works, to determine the
frequencies of natural vibrations of single-layer pipelines, taking into account the velocity of the flowing
fluid, it is proposed to use analytical expressions or numerical solutions obtained for the calculation scheme
of the pipeline in the form of a rod without taking into account the influence of the external environment on
the pipe. The papers show the influence of static [4] and dynamic [5] ground modes on the vibrations of the
underground pipeline. Itis revealed that the oscillatory process of the pipeline can be realized at frequencies
close to resonance frequencies. At frequencies close to resonance, the values of moments can be large in
the pipeline sections, which is the cause of the pipeline stability loss. Pipelines partially resting on the
ground based on the rod theory were studied in [6]. This approach does not allow to take into account the
section deformation, and it was proposed to use it for the calculation of thick-walled cylindrical shells with

parameters 0.07 < /R < 0.125.

The application of cylindrical shell theory to the calculation of pipelines made it possible to take into
account vibrations in the transverse direction of the pipeline. In [7], the vibrations of an underwater pipeline
for the pipe-liquid-soil system were investigated, but the issue of internal pressure acting on the pipeline
walls was not considered. In [8, 9], the influence of internal unsteady pressure on the bending vibrations of
the pipe was studied for closed cylindrical shells, but the influence of the external environment was not
studied. The authors of [10—12] used different shell theories: Sodel, Fliigge, Morley—Koiter and Donnell to
determine the frequencies of natural vibrations of the pipeline. The result of the solution within the
framework of these theories is the determinant for determining the natural frequency of vibrations, which
was found in [13] for aluminum shells. In [14, 15], radial vibrations of the shell without taking into account
the ground conditions are studied, the solution is obtained using the Vlasov—Novozhilov half momentless
theory of cylindrical shells. In [16], analytical dependences for determining the frequencies of natural
vibrations of a large-diameter pipeline partially buried in the ground were obtained. In [17], a similar
approach is realized for a 2-parameter soil foundation. In [18], the natural frequencies are obtained for a
metal-ceramic cylindrical shell placed in an elastic Pasternak base, but the internal pressure from the
pumped product is not taken into account. Works [19, 20] are devoted to 3-layer shells, but the functional
of the obtained solutions is extremely narrow, as it does not take into account the internal pressure on the
wall of the shell, as well as the repulsion of the different soil conditions, preventing the deformation of the
walls.

On the basis of the three-dimensional theory of elasticity, a parametric study was carried out, in which
the influence of the parameters: shell thickness, mean radius, length and numbers of vibrational modes on
the critical velocity of the shell without the influence of the ground was determined [21].

In [22], numerical modeling in ANSIS and, in [23], numerical modeling in ABAQUS were carried out,
and the results of numerical modeling were compared with the results obtained from analytical formulas.
Not always researchers compare the results of numerical modeling with analytical solutions. For example,
in [24], the frequencies of natural vibrations for a subway tunnel are obtained in the MSC Patran Nastran
software package, without comparison with analytical solutions, because they are not obtained for the
problem under consideration. The issue of the influence of different soil conditions for buried pipelines is
poorly studied.

The authors of [25, 26] investigated the free vibrations of cylindrical shells in an elastic inertia-free
medium based on the Winkler—Pasternak hypothesis. The frequencies of free oscillations were obtained
taking into account the deformation of the cross-section of the closed shell, but without taking into account
the ground resistance forces. The influence of damping properties of the ground on the frequency
characteristics of the pipeline is not taken into account.
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In the problem [27] of static loss of pipeline stability solved by the FEM, the influence of rheological
properties of the ground on the pipeline blowout is taken into account. The soil-pipeline interaction is
considered using two approaches in [28]: laboratory experiment and numerical modeling using the discrete
element method (DEM). The review article [29] analyzes experimental and numerical studies on pipeline
deformations under the influence of dynamic processes in soils (seismic activity). Tests on a vibration test
bench to estimate the soil resistance force required to move the buried pipeline in the transverse direction
are presented. It is found that the drag force decreases at higher vibration amplitude and becomes more
appreciable in case of complete liquefaction of sand, indicating its viscous behavior. The application of
elasto-viscos-plastic soil models for structural design is shown in [30, 31]. However, these works do not
take into account the natural vibrations of the pipeline in the ground caused by product transportation.

The authors of this article did not find any works, in which composite shells are considered in sail.
This paper is devoted to partial elimination of the mentioned gaps, i.e., it is proposed to model the free
vibrations of a steel-concrete cylindrical shell in an elastic soil medium analytically and numerically. A plane
problem of the momentless shell theory is considered, in which the influence of the ground is taken into
account through the radial ground repulsion. The ground repulsion varies along the circumference around
the shell. The influence of the pumped product is taken into account through the longitudinal force.

The purpose of this paper is to study the influence of the soil on the configuration of the pipeline in
its natural vibrations and to compare the natural frequencies of vibration for a closed two-layer cylindrical
shell in the ground, obtained using the analytical formula and FEM.

2. Materials and Methods

The first method for determining the frequency of natural vibrations is analytical. The formula for the
natural frequencies of vibrations for a two-layer cylindrical shell is obtained by the authors on the basis of
the momentless theory of cylindrical shells and for the articulated support of the ends of the pipeline section
under consideration. Here is the system of equations.

The equations of equilibrium for the cylindrical shell are written in the form [32]:
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the equations (1) take the form:
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components of the inertia force were substituted into the expression (2), taking into account the linear
relationship between forces and deformations, displacements and deformations, we obtained the linearized
differential equation of motion of the shell in displacements:
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The terms with the multiplier C;, in the equation (3) describe the influence of the soil on the pipeline

section. In problems on vibration stability in the framework of shell theory, these additional summands are
considered for the first time. The backpressure of the ground medium in the radial direction (see Fig. 1) is
described by the expression:

qg = Ci, xR, x(0.5— 0 xcos -0y xc0830).
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e —

Figure 1. The effect of soil pressure on a pipeline section.

The boundary conditions described the articulated resting of the shell ends:

V{§=Oa &ZL =O}a 62{i=0’ §=%=0},

R (4)
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Solving the equations (3) with the conditions (4), obtain the displacements in the form of Fourier
series.

Free oscillations of the cylindrical shell are represented by the harmonic law (p(t) in the form of:

"

o(t)=sinw,, xt; @"=-0p, xsinw,, X1, (5)

where ®,,, is natural frequency.

n

Expression for determination of natural frequencies for the pipeline:

Xi +n.m4(m2 —1)(m2—1+p]+q*z .m*

n
(Dmn =" s (6)
2m P Ry (dnh, +m* +m?
here: n is number of half-waves in the longitudinal direction; m is number of half-waves in the
nXmx R
circumferential direction; A, =——" "0 s length parameter of a two-layer cylindrical shell; L is section

Lx\/a

length (m); Ry=R-—Z, is shell radius (m); R is radius of the steel layer of the shell (m);
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E\hf — E;h3
2(Eyly + Eyhy)

thickness of concrete and steel layer of the shell, respectively (m); & = i + h, is wall thickness of the two-

Zy= is distance from the jointing layer to the original surface (m) (Fig. 2); &, h, is

layer shell (m); E; is modulus of elasticity of concrete layer (N/m2); E, is modulus of elasticity of steel

layer (N/m2); h, :h/RO‘ﬂZ(l—vz) is relative shell thickness parameter; v is Poisson's ratio;

n= Ev/Eo is heterogeneity factor; E, = (1—\12)-12D/h3 is reduced modulus of elasticity (bending)

(N'm2); D= ;[El {(hl -Zy )3 + Zg} +E, {(h2 -7 )3 —ZSH is flexural stiffness (Nm);

3(1-v7)
EO[E1h1+E2h2]/h is reduced modulus of elasticity (tensile/compression)  (N/m?);

p>l< =Py (RO/EOh-hvz) is internal working pressure parameter; p, — internal pressure in the two-layer
shell  (N/m2); = R,/ E,-h-h? is shell material density parameter (cZm?);
Psh =Po\ Lo/ o v
1
Po = —[(ylhl + 7,0, )/h] is reduced density of the shell material (N-c?/m?); y; is concrete density N/m3;
g

Y, is steel density N/m3; Cl*z = RgClz/Egrh . hv2 is reduced coefficient of soil rigidity (posteli coefficient);

C.= Egr/RO (1 +vgr) is soil stiffness coefficient (N/m?); E,,. is ground elastic modulus (N/m?).

concrete

V/
S

q

Figure 2. Geometric dimensions of the two-layer shell.

Lira Sapr software was used to calculate the natural vibration frequencies using the second method.
Modeling of each layer of the two-layer shell (Fig. 3) was carried out by plates, and to ensure the joint
operation of the layers were used to combine the displacements for each corresponding node by staging
absolutely rigid bodies (ARB). The linear displacement constraint of the boundary nodes along the Z (X3)
and Y (X2) axis was introduced to create a hinge-unstiffened shell end fixation.

Consideration of the soil, in which the shell is placed, was performed in two ways. In the first method,
a ground mass of volumetric bodies with a cross-section size of 5.3x5.3 m was created. In the second
method, the mass was not created, and the elastic rebound of the soil was taken into account by assigning

the pastel coefficient C;,= 473620 N/m3. As external loads, only the own weight of the shell layers was

taken into account (without taking into account the weight of the soil conditions). Determination of natural
vibration frequencies was carried out using “Modal Analysis”, which was used to form a matrix of the
masses of the structure and the number of vibration forms.
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Figure 3. Modeling of a cylindrical shell.

3. Results and Discussion

For numerical implementation, a section of a cylindrical two-layer shell with the radius of the first
layer R = 0.71 m and thickness hl = 18 mm is considered. The thickness of the second layer is

h, =40 mm. The length of the section under consideration is taken as 7, 8 and 9 m. The modulus of
elasticity of concrete, modulus of elasticity of steel and density of layers are respectively equal to
E| =3.24711-10"° N/m?, E, =2.06-10"" N/m?, y; = 24516.6 N/m?, v, = 76982.2 N/m?®. Poisson's ratio
for steel and concrete of class B30 is taken equal to v = 0.3. The structure is placed in a ground medium
with different ground deformation modulus and parameters: ground density is Yor = 11770 N/m3; ground

Poisson’s ratio is vy, = 0.49. Internal pressure is assumed to be p, =0 MPa.

The values of natural vibration frequencies for different lengths of pipe sections are summarized in
Table 1. The first column shows the values of vibration frequencies using the analytical formula (6), the
second column shows numerical solutions of vibration frequencies found using the FEM method when the
soil medium array is created, the third column shows the frequencies found using the FEM method when
the soil stiffness coefficient is set.

Analysis of the data in Table 1 shows that the difference in the frequency values determined by the
FEM with the soil array assignment (column 2) and by assigning the bedding coefficient C;, = 473620
(N/m3) (column 3) does not exceed 2 %, therefore, in order to reduce the labor input during model creation,
it is recommended to use the second method of taking into account different soil conditions using the C;.
coefficient. The second method allowed to reduce the time of data processing by the processor by 5-6
times.

Table 1. The results of determining the frequencies of natural oscillations in various ways.

PC Lira PC Lira PC Lira PC Lira PC Lira PC Lira
Analytical Sapr Sapr Analytical Sapr Sapr Analytical Sapr Sapr
f | ) f | ) f | )
o(r|r_1|12u)a mass ratio C- o(r::zu)a mass ratio C': O{FTZLJ)a mass ratio C'z
(Hz) (Hz) (Hz) (Hz) (Hz) (Hz)
1 2 3 1 2 3 1 2 3
L=7 m (R/L=1/10) L=8 m (R/L=1/11) L=9m (R/L=1/13)

w11=71.52 @®77=69.80 ®17;=68.99 ®;;=55.16 ®1;=57.08 ®17;=56.04 @;;=43.86 w;;=48.4 w1;=47.14

w]2=64.23 @®12=69.90 ®17=63.13 ®]2=62.53 ®17=68.21 ®17=67.58 wj2=61.61 w17=67.2 17,=66.54

®73=164.1

®13=169.4 3=164.7 ®3=164.4 @®13=169.3 0

®73=163.8 ®73=169.2 ®73=163.8 ®73=163.5

®27>=109.2 ®27,=109.6 ®27,=109.3 @27=92.18 ®27=95.40 ®27=95.01 ®77>=81.62 ®27=86.2 ®27=79.20

®23=174.3 ®23=174.6 ®23=174.3 w23=172.1 ®23=170.9 ®23=170.6 ®23=170.9 ®23=168.7 w23=168.4

®32=211.9 ®37=186.5 ®37=186.3 ®32=167.4 ®37=154.8 ®37,=154.6 ®3>=137.6 ®37=132.3 ®37=132.0

®33=194.6 ®33=199.7 ®33=199.5 w33=184.4 ®33=188.2 w33= 1879 w33=178.7 w33=181.3 (33=180.7

Comparison of the results of determining the frequencies of natural vibrations using the expression
(6) and FEM shows that the difference for the first 3 frequencies does not exceed 6 %, and for the rest of
the results 10 % (Fig. 4).
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Figure 4. Variation of natural oscillation frequency from the length of the pipeline section.

For the pipe section with length of 7 m, the minimum frequency was w12 (Fig. 4c), the change in
cross-section corresponded to the shell form of oscillations. For the pipe sections of lengths 8 and 9 m, the
minimum frequencies corresponded to the w11 form (beam without cross-sectional deformation, Fig. 4a).
All other vibration shapes were shell-shaped. Increasing the length of the pipe section by 1 m resulted in
an average 1.5-3.1 % decrease in natural vibration frequencies (Figs. 4a—d). The increase in the stiffness
of the soil led to an increase in the frequency of natural vibrations of the system steel-concrete shell+soil.
The stiffness of the system in the cross-section of the pipe increased due to the soil (Figs. 5, 6). For the
seven vibration forms, the changes in the pipe configuration taking into account the soil stiffness coefficient
are shown in Fig. 5. Taking into account the influence of the soil massif, the first three vibration forms are
shown (Fig. 6).

The analytical method has clear advantages over the FEM, since the calculation of frequencies took
10 times less time with almost the same results. Also, using the analytical method, it is possible to take into
account the influence of internal working pressure by the parameter p*, while using the FEM, this factor
cannot be taken into account, because when modeling this loading, it is taken into account not as a force
preventing the deformation of the cross section but as an additional mass taken into account when
calculating frequencies, so all the data in Table 1 are obtained with zero internal pressure.

T
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Figure 5. Waveforms for the pipeline section under consideration.
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Figure 6. The waveforms for the pipeline section under consideration
at n=1 in the soil mass (the size of the mass is 5.3%x5.3 m in cross section).

4. Conclusion

1. The discrepancy between the frequencies of natural vibrations for the object of study determined
by the analytical method and FEM does not exceed 10 %, and for the first 3 frequencies of the
spectrum does not exceed 6 %, therefore, all the methods are applicable. The use of an analytical
expression made it possible to obtain results an order of magnitude faster with the pastel coefficient
than with the help of numerical soil modeling using volumetric elements.

2. When calculating the frequencies of natural vibrations by the FEM, the second method of setting

ground conditions allows reducing the time of data input by 5-6 times with the same results.

3. Based on the analysis performed, it is recommended to use the analytical expression given in this

paper when designing large-diameter pipeline transportation structures for the purpose of maximum
productivity.
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Abstract. Research relevance is determined by the need for development of the effective design and
organizational-technological solutions at the stage of design or renovation of housing construction objects
in the conditions of tightening requirements for the duration, cost, and quality of construction projects being
implemented, as well as the limitations of scientific developments used for determination of the
characteristics for the above-mentioned solutions in terms of the completeness of the factors under
consideration and the objectivity of taking into account the relationships between them. Problem statement:
The paper considers a design solution formed in relation to the enclosing structure within housing
construction object, which involves the use of thermal insulation material as a separate layer of the
structure. It is necessary to form mathematical description of the relationships between the technical and
cost characteristics of the thermal insulation material and the energy and economic efficiency indicators of
the design solution. Research aim: development of tools to determine the characteristics of design solutions
formed in relation to the enclosing structure within housing construction object, based on energy and
economic efficiency criteria. Research tasks are the following: review and comparative analysis of scientific
developments in the field of determination of characteristics for design solutions formed in relation to
enclosing structures within housing construction objects; development of analytical model describing
correlation between the specific cost and technical characteristics of thermal insulation material used as a
separate layer of the enclosing structure; implementation of the model on a practical example; formation of
recommendations for the use of the model during solution of the problems related to determination of
characteristics of design solutions for enclosing structures. Results. The analytical model has been
developed that describes the linear dependence of the specific cost of thermal insulation material used in
the enclosing structure on its technical characteristics. The results of the implementation of the analytical
model on a practical example confirmed its high practical significance. Findings. The developed analytical
model can be used for predictive calculation of the specific cost of thermal insulation material corresponding
to the mineral wool on the basis of the specified values for its technical characteristics. Due to the
composition of the factors taken into account, the developed analytical model can be effectively integrated
into the structure of tools for determination of the characteristics for design solutions related to enclosing
structures within housing construction object on the basis of energy and economic efficiency criteria.

Citation: Lukash, K.A., Shurshilin, E.A., Olekhnovich, Y.A., Radaev, A.E. Correlation model for cost and
technical characteristics of thermal insulation material used in enclosing structure. Magazine of Civil
Engineering. 2025. 18(1). Article no. 13306. DOI: 10.34910/MCE.133.6

1. Introduction

In the modern conditions of the construction industry’s upgrowth, characterized by tightening of
requirements for the duration, cost, and quality of construction projects, the issues of rational justification

© Lukash K.A., Shurshilin E. A., Olekhnovich Y.A., Radaev A.E., 2025. Published by Peter the Great St. Petersburg
Polytechnic University
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of design and organizational-technological solutions (formed at the stage of design or renovation of housing
construction objects) with taking into account energy and economic efficiency indicators, gain particular
importance. At the same time, the above-mentioned indicators are generally significantly influenced by the
characteristics of enclosing structures within construction objects. Nevertheless, the results of the
preliminary analysis of scientific developments related to the formation of design solutions for enclosing
structures have shown the limitations of the applied tools in terms of objectively taking into account the
relationships between the characteristics of design solutions in terms of the technologies and materials
used and the corresponding indicators of energy and economic efficiency. At the same time, the problem
of mathematical description of the above-mentioned relationships is aggravated by the presence of a wide
variety of applied building materials and technologies. The above circumstances determined the feasibility
of conduction of the research aimed at the development of tools for determination of the characteristics for
design solutions formed in relation to the enclosing structure as part of housing construction object on the
basis of energy and economic efficiency criteria.

The object of the research is a design solution formed in relation to the enclosing structure as part of
housing construction object, which involves the use of thermal insulation material as a separate layer in the
structure.

The subject of the research is the relationship between the characteristics of the thermal insulation
material within the enclosing structure and the indicators connected to the energy and economic efficiency
of the corresponding design solution.

At the initial stages of the research, the review and comparative analysis of scientific developments
in the field of determination of the characteristics for design solutions formed in relation to enclosing
structures within construction objects has been conducted. Based on the results of the mentioned-above
review and analysis, the following conclusions have been made:

1. Scientific developments related to the subject area under consideration are classified according to
the following main features:

— category of scientific results: methodological developments [1—4]; instrumental developments
[5-37];

— category of instrumental developments: models and methods based on analytical calculation
[5-19]; models and methods involving the implementation of optimization procedures [20-37];

— research area: analysis of the relationships between the characteristics of design solutions for
enclosing structures within housing construction objects and the corresponding energy efficiency
indicators on the basis of experimental and statistical studies [1-4]; determination of the
characteristics related to the temperature and thermal conditions for enclosing structures within
housing construction objects [5-12]; determination of energy [13-15] and economic [16—19]
efficiency indicators for design solutions connected to enclosing structures within housing
construction projects; determination of characteristics for design solutions connected to
enclosing structures within housing construction projects on the basis of energy and economic
efficiency criteria [20-37];

— category of computational algorithms used: stochastic swarm intelligence algorithms [20, 25, 29,
35]; stochastic evolutionary algorithms [23, 27, 29-33, 36, 37]; deterministic integer convex
optimization algorithms [26].

2. The overwhelming majority of scientific developments have relatively low practical significance due
to the following features:

— significant dependence of the results obtained on the volume and quality of the initial
experimental or statistical data [1—4, 24, 28];

— lack of description for principles related to the developments’ application during the procedures
of comparative analysis of various design solutions for enclosing structures [5, 6, 8, 10, 12];

— high labor intensity of the calculation process’s implementation due to the need for experimental
justification of individual formula components for each alternative variant of conditions related to
the technological process of construction [7, 9, 11];

— lack of consideration of the influence of the building materials’ structure characteristics on the
calculated values of energy efficiency indicators [12—-15];

— lack of direct consideration of changes over time in the construction object's operational
characteristics on the calculated values of economic efficiency indicators [16, 17];

— lack of consideration of the influence of design solutions’ characteristics on the corresponding
indicators of economic efficiency [21];
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— impossibility of objective assessment of the development’s practical significance due to absence
of description of its implementation process on practical example, as well as obtained results
[22];

— significant reduction of the area of admissible combinations of values for characteristics of the
design solution during implementation of sequential analytical calculation [16, 17, 34];

— presence of a large number of binary unknown variables and indirect constraints associated with
them, which causes relatively low convergence rate for the computational algorithm [20, 23,
25-27, 29, 31-33, 35-37];

— relatively high labor intensity of the calculation process, implementation due to necessity of
creation of artificial neural network, its training and verification of obtained results [27, 29, 30, 33,
36, 37];

— relatively high labor intensity of the calculation process’s implementation due to complex
structure of mathematical expressions in the absence of appropriate software tools for
automation of calculations [34].

Thus, based on the obtained results of the review of scientific developments, the conclusion has

been made about insufficiency of the level of scientific elaboration of the issues related to the determination
of the characteristics for design solutions formed in relation to enclosing structures within construction. The
mentioned-above results also determined the formulation of following research objectives:

1.

Development of the analytical model of the correlation between the specific cost and technical
characteristics of thermal insulation material used in the enclosing structure.

Implementation of the developed model on a practical example.

Formulation of recommendations for the use of the developed model during the solution of the
problems related to determination of the characteristics for design solutions connected to enclosing
structures within housing construction objects.

2. Materials and Methods

The main provisions based on which the analytical model has been developed include the following:

The object of consideration is thermal insulation material used as a separate layer in the external
enclosing structure of a housing construction project.

The specific — per unit area of the structure’s surface — cost of thermal insulation material is
determined by its technical characteristics, for which specific numerical values are known for
various options (manufacturers and models) of the material. The recommended composition of
technical characteristics determining the specific cost of thermal insulation material is presented in
Table 1.

There is a functional dependence of the specific cost of thermal insulation material — dependent
category — on the values of its technical characteristics (hereinafter referred to as the functional
dependence).

The functional dependence is linear with respect to the following components (factors): the inversed
value of the thermal conductivity coefficient; the ratio of other technical characteristics of the
material to the thermal conductivity coefficient. The composition of the analytical model’s factors
corresponding to the recommended composition of the technical characteristics of the thermal
insulation material is presented in Table 1.

The analytical model of the functional dependence (hereinafter referred to as the analytical model)
is determined by an expression of the form:
B n
y=Bo+2B;6; (1
J=1

where J — predicted value of the unit cost of acquisition of thermal heat-insulating material (value of the
dependent category), CU/m?; n — number of factors taken into account in the analytical model, units;

9. -

J

factor value with index ](] =1, 2,...,n), MUej; for more information, see Table 1; Bj — analytical

model parameter is the coefficient of proportionality of the value of the dependent category to the value of
the factor with the index j(j=1,2,...,n), (CU/(m2- MUej ); By — an additional parameter of the

analytical model is the constant of the unit cost for the material, CU/mZ.
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Table 1. Description of the parameters of the thermal insulation material and the
corresponding factors of the analytical model.

Name of the technical

characteristic for the = Measure Name of the factor of the Measure . .
Index . . . Symbol . . Designation
thermal insulation unit analytical model unit
material
1 2 3 4 5 6 7
J - MU v Xj - MUj j 0 i
1 Thermal conductivity W by Inversed value of thermal m-°C 1/7»
coefficient m-°C conductivity coefficient W
2 Thickness m S Ratio of the thickness to the m2-°C S/K
thermal conductivity coefficient w
3 Average density to the kg P Ratio of average density to the kg-°C p/?x
thermal conductivity m?3 thermal conductivity coefficient 2.y
coefficient
4 Water absorption % v Ratio of the water absorption % 'm-°C V/?\.
in 24 hours (by volume) in 24 hours (by volume) to the w
thermal conductivity coefficient
5 Flammability group - () Ratio of the flammability group m-°C (p/?x
index M index to the thermal W
conductivity coefficient
6 Vapor permeability mg o Ratio of the vapor permeability mg-°C H/k
coefficient m-h-Pa coefficient to the thermal h-Pa-W

conductivity coefficient

Note: () The parameter of the thermal heat-insulating material has the following alternative values: 1 — non-flammable
material, 2 — flammability group “G3”; 3 — flammability group “G4”.

6. It is advisable to determine the parameters of the analytical model by implementation of the
procedure related to the formation of a multifactorial linear regression model on the basis of
statistical data containing information about the set of variants (models) of thermal insulation
material in terms of the technical characteristics’ values specified in Table 1 (converted into the
values of the factors connected to the analytical model), as well as the specific cost of the material;
the formation of the mentioned-above statistical data is generally carried out without taking into
account the operating conditions of a specific enclosing structure.

7. To assess the adequacy of the analytical model, it is advisable to use the coefficient of
determination.

The initial data necessary for the formation of an analytical model include the names, values of
technical characteristics and unit cost of thermal insulation material for each variant as part of a preliminary
prepared sample, as well as data necessary to assess the adequacy of the formed analytical model.

A detailed description of the initial data used in the processes of forming an analytical model and
assessing its adequacy is presented in Table 2.

Table 2. Source data used during the processes related to the formation of the analytical
model and assessment of its adequacy.

Designation/

No. Name of the source data element Measure unit .
Expression
1 2 3 4
1 Indexes
1.1 Index of the thermal insulation material’s technical characteristic - j=12,...,n
(factor of the analytical model) (")
1.2 The value of the index for the technical characteristic of the - T {1 2 n}
thermal insulation material (factor of the analytical model) Ja T
corresponding to the thermal conductivity coefficient
1.3 Index of the analytical model's parameter () - k=0,1,2,...n

1.4 Index of the thermal insulation material’s variant (model) @ - I=12,..,g
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Designation/

No. Name of the source data element Measure unit E .
xpression
1 2 3 4
2 Source data used for the formation of an analytical model
21 General source data
211 Number of parameters of thermal heat-insulating material units n
21.2 Number of thermal heat-insulating material instances units g
2.2 Input data specified for each individual instance of thermal heat-insulating material with an index
[(I=12,..,2)
2.21 Name of the copy of the thermal insulation material - -
222 Actual value of specific cost for the thermal insulation material CU/m? ¥
2.3 Initial data specified for each individual variant of thermal insulation material with an index
[ (I=1,2,...,g ) and each individual technical characteristic with index j ( j =1,2,...,n)
2.3.1 Thermal insulation material’s technical characteristic value CU/(m2- MU){j )@ Xij
3 Initial data used for the formed analytical model’s adequacy assessment
3.1 General source data
3.1.1 Minimum permissive value of the coefficient of determination - Rzmi”

Note: (V' the upper value of the index is determined by the input data element in item 2.1.1 of the table;
) the upper value of the index is determined by the source data element in item 2.1.2 of the table; @) the designation

“ MUXj " defines the measure unit for the thermal insulation material’s technical characteristic with the index j (see

Table 1).

Detailed description of the calculated characteristics enumerated during the processes related to the
formation of the analytical model and assessment of its adequacy is presented in Table 3.

Table 3. Calculated characteristics calculated as part of the process of forming an analytical
model and assessing its adequacy.

No Name of the calculated characteristic Me::'ilt"e Expression
1 2 3 4
1 Calculated characteristics enumerated during the formation of the analytical model
1.1 Characteristics calculated for each individual variant of thermal insulation material with index
[ (I=1,2,...,g) and each factor of the analytical model with the index j ( j =1,2,...,n)
111 Factor value
UMy ; Lol
—,1 ] - ]k D
b
6’0 =
Zj
, else
lezjx
1.2 General calculated characteristics
1.21 An element of the main matrix of a - ; — -0
if r=0,c=0
system of equations located at the &> ’ ’
intersection of a row with an index g )
r (r=0,1,2,...,n)and a column with Zzllljzrs if r>1,c=0;
anindex ¢ (¢ =0,1,2,...,n) B - ;
rc — .
> Xlj=c> if r=0,c>0;
=1
g
121 Xij=r* Xlj=c> else
1.2.2

Main matrix of the system of equations - B= {B }
rc
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No Name of the calculated characteristic Me:nsilt"e Expression
1 2 3 4
1.3 Characteristics calculated for each individual parameter of the analytical model with an index
k (k=0,1,2,....n)
1.3.1 A member of a partial matrix of a system - g
of equations that is at the intersection of z ¥ ifr=0.c=k:
a row with an index i I> ’ ’
r (r=0,1,2,...,n)and a column with g
. _ k . .
anindex ¢ (¢=0,1,2,...,n) B, = Zyl')(ljzk"lf r>1,c=k;
=1
B,., else;
1.3.2  Partial matrix of a system of equations - [k
Bk {Brc}
1.3.3  Analytical model parameter's value @ diff. ) |Bk|
C
2 Calculated characteristics enumerated during the assessment of the adequacy
for the analytical model
21 Characteristics calculated for each individual variant of thermal insulation material with index
[(=12,..,g)
211 Predicted value of the material’s the CU/m? n
specific cost V1= B0+ 2 B 'glj:k
k=1
2.2 Aggregated calculated characteristics
2.21  Absolute deviation of minimal CU/m? min __ s ﬂ~ _
the predicted value of AT = m/m ! y1|}
299 the unit value from the average cu/m? g
actual value aver 1 -
AT == |7 =]
g 1=l
2.2.3 maximal CU/m?2 max -~
A" = max {5 - i}
2.2.4  Relative deviation of minimal - |~ _ |
the predicted value of ™" = min Y=V
the unit cost from the / ¥
actual value !
225 average - =
g aver l'§|yl_yl|
g =1 )
226 maximal - ~
Y=Y
O_max _ x | ! Z|
! Vi
2.2.7 Calculated coefficient of determination - m )
> (7 =)
R*=1-—12 5
g
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Note: (") the notation “ MUQJ- " defines the measure unit for the analytical model’s factor with anindex j (see Table 1);

(@) the designation || in mathematical expression of the calculated characteristic corresponds to the calculation result

for the determinant of the corresponding matrix argument; @ in the case k =0 the measure unit of the design
characteristic corresponds to “CU/m?”; otherwise “CU/(m? MUngk ).

The adequacy of the analytical model is assessed on the basis of a condition determined by the
expression:

The description of the components for expression (2) is presented in item 3.1.1 of Table 2 and item
2.2.4 of Table 3.

3. Results and Discussion

The proposed analytical model has been implemented on a practical example to solve the problem
related to the formation of the dependence of the specific cost for thermal insulation material based on
mineral wool, expanded polystyrene foam and extruded polystyrene foam on the corresponding technical
characteristics. The initial data for the implementation of the model included information on 100 material
variants available on the Russian building materials market in the period from February 2019 to March 2022
— the values of the specific cost and technical characteristics of the material specified in Table 1, with the
exception of the vapor permeability coefficient, for which there was no data in the documentation for the
material variants (the effect of the vapor permeability coefficient on the specific cost has been assumed to
be negligible). The values of the source data elements are given in columns 1-8 of Table 4. Minimum

permissible value of the coefficient of determination (Rzmjn) has been assumed to be 0.9. 1 CU has been

taken equal to 1 ruble ($0.011687 as of July 29, 2024)

The results of the model implementation in numerical form are presented in Table 5 (including the
calculated values of the model parameters and the coefficient of determination) and in column 9 of Table 4
(predicted values of the unit cost of acquisition of various material samples), in graphical form — in Fig. 1
(deviations of the predicted values of the unit cost from the actual values in the context of individual material
samples).

According to the results obtained, the average absolute deviation of the predicted value of the unit

cost of a material sample from the actual value (Aaver) is 17.492 CU/m2, and the corresponding relative

(Gaver) is about 12.4%, while the estimated value of the coefficient of determination (Rz) is

approximately 0.909, exceeding the above-mentioned minimum permissible value.

It is important to note that the proposed analytical model, in comparison with the predictive models
presented in [18, 20], is characterized by a similar or slightly lower adequacy (the determination coefficient

R2 for the model presented in [18] is 0.922, for the basic and modified models described in [20] — 0.903
and 0.927, respectively). However, unlike the above-described developments, the proposed analytical
model can be effectively used as a basis for creation and implementation of an optimization model for
determination of the technical characteristics for thermal insulation material within enclosing structures as
part of a housing construction object, since it ensures the direct calculation of optimal values for the
material’s technical characteristics directly based on the results of the optimization model’s implementation
without using additional predictive models, for which certain requirements for adequacy indicators must be
ensured.

Thus, based on the results obtained, the conclusion was made about high practical importance of
the developed analytical model related to the dependence of the unit cost of thermal heat-insulating material
on its technical characteristics.
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Table 4. Values of technical and cost characteristics of the samples of heat-insulating material
used in the process of implementing the analytical model.

The value of the thermal insulation material’s

Name of the sample of thermal Specific cost

Index . . . technical characteristic with the index (j)
heat-insulating material 3
1 2 3 4 5 Actual Predicted
1 2 3 4 5 6 7 8 9
/ - Xii=1  Xij=2  Xij=3  Xij=4  Xlj=5 Vi Vi
W Cu Cu
- - m kg/m? % -
(m-°C) m? m?
1 ISOVER Warm House Twin, 0.041 0.05 1 1 1 55 57.72
5490x1220x50 mm
2 URSA Geo M-11, 0.04 0.05 11 1 1 57 57.05
7000x1200x50 mm
3 URSA Universal, 1250x600x50 mm  0.036 0.05 16 1 1 58 63.30
4 URSA Geo Light, 0.044 0.05 11 1 1 58 59.53
6250%x1200x50 mm
5 USSR Geo P-15, 0.037 0.05 15 1 1 60 62.06
1250x610x50 mm
6 KNAUF ECOROLL, 0.04 0.05 12 1 1 61 58.72
1000x610x50 mm
7 KNAUF ECOROLL Rulon, 0.039 0.05 10.5 1 1 61 55.50
6800x610x50 mm
8 ISOVER Classic Plus, 0.038 0.05 15 1 1 62 62.65
1200x610x50 mm
9 ISOVER Warm House Slab, 0.038 0.05 13.5 1 1 62 60.01
1170x610x50 mm
10 ISOVER Profi, 6000x1220x50 mm 0.04 0.05 14 1 1 63 62.06
11 ROCKWOOL Econom, 0.039 0.05 26 1 1 63 82.04
1000x600x50 mm
12 URSA Terra, 1250x610x50 mm 0.036 0.05 16 1 1 64 63.30
13 KNAUF ECOROLL Slab, 0.04 0.05 12.5 1 1 65 59.56
1230x610x50 mm
14 KNAUF ECOROLL Extra Slab, 0.037 0.05 11 1 1 66 54.84
1230%x1220x50 mm
15 KNAUF ECOROLL Thermal 0.04 0.05 12.5 1 1 67 59.56
Cooker, 1230x610x50 mm
16 ISOVER Warm Walls Strong, 0.034 0.05 20.5 1 1 72 70.90
1000x610x50 mm
17 ISOVER Frame P37, 0.037 0.05 15 1 1 76 62.06
1170x610x50 mm
18 EKOVER Lite 30, 0.037 0.05 30 25 1 77.8 97.18
1000x600x50 mm
19 PAROC eXtra Light, 0.038 0.05 25 1 1 78 80.22
1200x600x50 mm
20 ISOROC UltraLite, 0.038 0.05 33 1.5 1 83 96.89
1000x600x50 mm
21 EKOVER Lite Universal, 0.037 0.05 28 25 1 83.5 93.57
1000x600x50 mm
22 ISOVER Classic, 0.041 0.05 11 1 1 84 57.72
6150x1220x50 mm
23 URSA PureOne 37RN, 0.037 0.05 15 1 1 84 62.06
6250%x1200x50 mm
24 ISOVER Warm walls, 0.036 0.05 20 2 1 85 76.23
1170x610x50 mm
25 TECHNONICOL Rocklight 0.04 0.05 35 2 1 85 102.08

1200x600x50 mm



Magazine of Civil Engineering, 18(1), 2025

The value of the thermal insulation material’s

Name of the sample of thermal Specific cost

Index . . . technical characteristic with the index (j)
heat-insulating material )
1 2 3 4 5 Actual Predicted
1 2 3 4 5 6 7 8 9
26 ECOVER Light 35, 0.035 0.05 35 2 1 86.15 104.62
1000x600x50 mm
27 PENOPLEX Osnova, 0.03 0.02 30 0.4 3 92 154.62
1200x600x20 mm
28 ISOVER Warm House Roll, 0.038 0.05 17 1 1 93 66.16
7000x1220x50 mm
29 ISOROC Isolite L, 0.038 0.05 50 1 1 94 124.15
1000x600x50 mm
30 PAROC eXtra, 600x1200x50 mm 0.036 0.05 30.5 1 1 95 90.19
31 TECHNONICOL GreenGuard 0.035 0.05 375 1 1 96 103.72
Universal, 1200x600x50 mm
32 KNAUF TeploKnauf Nord 0.035 0.05 20.7 1 1 97 71.66
1230x610x50 mm
33 ROCKWOOL Light Butts Scandic,  0.036 0.05 32 1 1 98 92.98
800x600x50 mm
34 PAROC eXtra Smart, 0.036 0.05 32 1 1 100 92.98
1200x600x50 mm
35 ROCKWOOL Light Butts, 0.036 0.05 37 1 1 108 102.25
1000x600x50 mm
36 PENOPLEX Comfort, 0.03 0.02 30 0.4 3 110 154.62
1200x600x20 mm
37 URSA Geo M-11, 0.04 0.1 11 1 1 113 136.83
7000x1200x100 mm
38 URSA PureOne 34PN, 0.034 0.05 20 1 1 113 69.92
1250x600x50 mm
39 Master Therm PSB-S-15, 0.043 0.05 12.5 4 2 115 121.23
1200%x1000x50 mm
40 BASWOOL Standard 60, 0.038 0.05 60 1 1 116 141.72
1200x600x50 mm
41 TECHNONICOL Technoblock 0.035 0.05 45 1.5 1 117 120.86
Standard 1200x600x50 mm
42 URSA Geo P-15, 0.037 0.1 15 1 1 119 148.30
1250x610x100 mm
43 ISOVER Warm House Slab, 0.038 0.1 13.5 1 1 123 143.98
1170x610x100 mm
44 URSA Universal, 0.036 0.1 16 1 1 123 151.93
1250x600x100 mm
45 ISOROC Isolight Lux, 0.038 0.05 60 1.5 1 125 144.34
1000x600x50 mm
46 ROCKWOOL Econom, 0.039 0.1 26 1 1 126 163.86
1000x600x100 mm
47 URSA Terra, 1250x610x100 mm 0.036 0.1 16 1 1 126 151.93
48 ISOVER Classic Plus, 0.037 0.1 15 1 1 128 148.30
1170x610x100 mm
49 BASWOOL Standard 70, 0.038 0.05 70 1 1 129 159.30
1200x600x50 mm
50 KNAUF ECOROLL Slab, 0.04 0.1 12.5 1 1 131 139.33

1230%x610x100 mm



Magazine of Civil Engineering, 18(1), 2025

Name of the sample of thermal

The value of the thermal insulation material’s

Specific cost

Index . . . technical characteristic with the index (j)
heat-insulating material )
1 2 3 4 5 Actual Predicted

1 2 3 4 5 6 7 8 9

51 KNAUF ECOROLL Extra Slab, 0.037 0.1 10.5 1 1 133 140.18
1230x610x100 mm

52  ISOVER Profi, 5000x1220x100 mm  0.037 0.1 14 1 1 134 146.50

53 PENOPLEX Basis, 0.03 0.03 30 0.4 3 138 175.90
1200x600x30 mm

54 Master Therm PSB-S-25, 0.041 0.05 20.05 3 2 146 130.49
1200%x1000x50 mm

55 ECOVER Lite Station Wagon, 0.037 0.1 28 25 1 152.1 179.81
1000x600x100 mm

56 ISOVER Warm walls, 0.036 0.1 20 1 1 160 159.35
1170x610x100 mm

57 PAROC eXtra Light, 0.038 0.1 25 1 1 162 164.19
1200x600x100 mm

58 ISOROC Ultralite L, 0.038 0.1 33 1.5 1 165 180.86
1000x600x100 mm

59 URSA PureOne 37RN, 0.037 0.1 15 1 1 166 148.30

10000x1200x100 mm

60 PENOPLEX Comfort, 0.03 0.03 30 0.4 3 167.5 175.90
1200x600x30 mm

61 ROCKWOOL Cavity Butts, 50 mm  0.035 0.05 45 1 1 169 118.03

62 TECHNONICOL Rocklight 0.04 0.1 35 2 1 170 181.85
1200x600x100 mm

63 TECHNONICOL Technovent 0.034 0.05 80 1.5 1 176 190.68

Standard, 1200x600x50 mm

64 PENOPLEX Osnova, 0.03 0.04 30 0.4 3 184 197.17
1200x600x40 mm

65 ISOROC Isolite L, 0.038 0.1 40 1.5 1 188 193.16
1000x600x100 mm

66 TECHNONICOL GreenGuard 0.035 0.1 375 1 1 191 194.89

Universal, 1200x600x100 mm
67 ROCKWOOL Lite Butts Scandic 0.036 0.1 37 1 1 192.5 190.89
XL, 1200x600x100 mm

68 ISOROC IsolLite, 0.038 0.1 50 1 1 193 208.12
1000x600x100 mm

69 EKOVER Lite 45, 0.035 0.1 45 1.5 1 195.8 212.03
1000x600x100 mm

70 ROCKWOOL Lite Butts Scandic, 0.036 0.1 37 1 1 196.5 190.89
800x600x100 mm

71 PAROC eXtra, 600x1200x100 mm 0.04 0.1 30.5 1 1 196.5 169.38

72 PAROC eXtra Smart, 0.036 0.1 32 1 1 200 181.61
1200x600x100 mm

73 BASWOOL Standard 50, 0.038 0.1 50 1 1 207 208.12
1200x600x100 mm

74 ROCKWOOL Venti Butts, 0.035 0.05 90 1 1 207.5 203.88
1000x600x50 mm

75 PENOPLEX Comfort, 0.03 0.04 30 0.4 3 217 197.17

1200x600x40 mm
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Name of the sample of thermal

The value of the thermal insulation material’s

Specific cost

Index . . . technical characteristic with the index (j)
heat-insulating material )
1 2 3 4 5 Actual Predicted
1 2 3 4 5 6 7 8 9
76 TECHNONICOL Technovent 0.036 0.05 90 1.5 1 217 203.32
Optima, 1200x600x50 mm
77 ROCKWOOL Lite Butts, 0.036 0.1 37 1 1 218 190.89
1000x600x100 mm
78 BASWOOL Facade 110, 0.038 0.05 110 1 1 218 229.59
1200x600x50 mm
79 Master Therm PSB-S-15, 0.043 0.1 12.5 4 2 229 195.44
1200x1000x100 mm
80 BASWOOL Standard 60, 0.038 0.1 60 1 1 231 225.70
1200x600x100 mm
81 PENOPLEX Osnova, 0.03 0.05 30 0.4 3 232 218.44
1200x600x50 mm
82 TECHNONICOL Technoblock 0.035 0.1 45 1.5 1 234 212.03
Standard 1200x600x100 mm
83 TECHNONICOL Technoroof N 0.037 0.05 100 1.5 1 234 218.15
Extra 600x1200x50 mm
84 BASWOOL Facade 120, 0.038 0.05 120 1 1 236 247.16
1200x600x50 mm
85 ECLOSE Ecofacade Standard, 0.036 0.05 100 1.5 1 238.5 221.87
1000x600x50 mm
86 EKOVER Ecofacade Optima, 0.035 0.05 95 1.5 1 241 216.26
1000x600x50 mm
87 BASWOOL Facade 140, 0.038 0.05 140 1 1 246 282.31
1200x600x50 mm
88 ISOROC IsolLite 0.038 0.1 60 1.5 1 251 228.31
Luxe,1000x600x100 mm
89 PAROC Linio 15 600x1200x50 mm  0.039 0.05 108 1 1 252 222.44
90 BASWOOL Standard 70, 0.038 0.1 70 1 1 257 243.27
1200x600x100 mm
91 ISOVER Plaster facade, 0.038 0.05 100 1 1 260 212.02
1200x600x50 mm
92 ISOROC Isofas 140, 0.035 0.05 140 1.5 1 262 302.11
1000x500x50 mm
93 PENOPLEX Comfort, 0.03 0.05 30 04 3 263 218.44
1200x600x50 mm
94 PENOPLEX Osnova, 0.03 0.06 30 04 3 276 239.72
1200x600x60 mm
95 PENOPLEX Comfort, 0.03 0.06 30 04 3 277 239.72
1200x600x60 mm
96 TECHNONICOL Technofas 0.039 0.05 120 1 1 281 242.99
Optima, 600x1200x50 mm
97 ROCKWOOL Rockfasade, 0.037 0.05 150 1 1 285.5 305.71
1000x600x50 mm
98 ISOROC Isophas 160, 0.039 0.05 160 1 1 293 311.48
1000x500x50 mm
99 ROCKWOOL Butts Facade, 0.037 0.05 130 1.5 1 318 272.29
1000x600x50 mm
100 TECHNONICOL Technoroof Extra  0.037 0.04 180 1.5 1 340 345.28

600x1200x40 mm
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Table 5. Values of the calculated characteristics obtained during implementation of the analytical
model on a practical example.

No Name of the calculated characteristic Meua:,iltjre Designation Value
1 2 3 4 5
1 Th I f the i d val f th | ductivit fficient -7.197
e value of the inversed value of thermal conductivity coefficien ﬁk:l MUHj:l
model
2 parameter . ratio of the thickness to the thermal conductivit 63.819
corresponding coefficient y ﬁkzz MUejzz
to the factor
tio of density to the th | ductivit .067
3 ratio of average density to the thermal conductivity ﬂk=3 MU9j=3 0.06
coefficient
4 tio of th t b tion in 24 h b 0.198
ratio of the water absorption in ours (by /Bk:4 MU9j=4
volume) to the thermal conductivity coefficient
5 tio of the fl bilit index to the th I 1.982
ratio of the flammability group index to the therma ﬂk:s ]\4(]‘%:5
conductivity coefficient
6  The constant of the unit cost for the material (additional parameter of B CU/m? 84.318
the model) k=0
7  Absolute deviation of the predicted value minimal min CU/m? 0.052
of the unit value from the actual value A '
8 average Adver CU/m? 17.492
9 maximal ATax CU/m? 62.625
10 Relative deviation of the predicted value minimal min - 0.001
of the unit cost from the actual value g '
11 average over - 0.124
12 maximal oM - 0.681
13  Calculated coefficient of determination Rz - 0.909

Value of the specific cost of the material, CU / m?
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Figure 1. Deviations of the predicted values of the unit cost from the actual values
in the context of individual variants of thermal insulation material.
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Also, at the final stages of the research, the following recommendations have been formed in relation
to the use of the developed analytical model during the solution of the problems related to determination of
the characteristics for design solutions connected to enclosing structures within housing construction
objects:

1. It is advisable to use the developed analytical model as a component of the mathematical
description of energy efficiency indicators for design solutions formed in relation to enclosing
structures; in particular, the mathematical expression for the simple payback period for a design
solution corresponding to a housing construction object at the renovation stage will have the form

5 v
(BO""B] =1’ +l3] =2" +Bj:3'E+Bj: '*+B] =5" +l3] =6" u""ymnt)'knrg

A PR A A
= = (3)
1 1
5 - 5 S che'Dd'kexp
Z -5 z 7S+7
seSO)‘s seSO7L A
f(l dpve gj
AT A

where T — payback period of the design solution, years; Ymnt — Specific cost of the thermal insulation

material’s installation, CU./m?; knrg — energy units’ conversion factor, W-h/Gcal; s —index of the enclosing

structure’s layer; S, — set of indexes of structural layers that are not related to thermal insulation material;

Ss — thickness of the material related to the layer with index § within the structure, m; ks — thermal
conductivity coefficient of the material related to the layer with index s within the structure, W/(m-°C);
Che — Specific cost of thermal energy, CU/Gceal; Dy — heating period’s temperature-time indicator, °C-day;

kexp — conversion factor for time measure units, h/day.; the description of the other components of

expression (3) is presented in Table 1.

2. ltis advisable to use the factors included in the analytical model as components of the mathematical
description of energy efficiency indicators for the mentioned-above design solutions; in particular:

— the expression for the enclosing structure’s thermal resistance will have the form

R= % —+——f( j 4)

sesSy A

where R — enclosing structure’s thermal resistance, m2-°C/W;

— the expression for the enclosing structure’s vapor permeability resistance (in the case where the
thermal insulation material is located between the inner surface of the structure and the
corresponding plane of maximum moisture) will have the form

Y58 ¥8_ (3 M
Z - - f PR E (5)
SES M p LA
where Ru — enclosing structure’s vapor permeability resistance, m#-h-Pa/mg; Su — set of indexes of
structural layers that are not relates to thermal insulation material and located within the space between
the inner surface of the structure and the corresponding plane of maximum moisture; y, v, —the share of
the thickness of the heat-insulating material and other material related to the layer with the index s in the
structure (respectively) within the space between the inner surface of the structure and the corresponding

plane of maximum moisture; Hs _ vapor permeability coefficient of the material r to the layer with index s
within the structure, mg/(m-h-Pa).
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The mentioned-above results of the mathematical description of the energy and economic
efficiency indicators for design solutions should be used as a basis for creation of the tools for
determination of the values for the analytical model factors (see column 4 of Table 1) as
characteristics of design solutions formed in relation to enclosing structures within housing
construction objects:

— analytical models — systems of algebraic or transcendental equations — by establishing a
correspondence between the calculated and required (specified in the regulatory documentation)
values of the energy and economic efficiency indicators for design solutions, taking into account
acceptable discrepancies;

— optimization models — by using individual energy and economic efficiency indicators for design
solutions criteria associated with target functions, and the remaining indicators — as criteria
associated with constraints with the use of the required (specified in the regulatory
documentation) values of the indicators.

It is important to note that the quadratic (relative to the factors of the developed analytical model)

structure of expression (3), as well as the structure of expressions (4) and (5), which can be reduced to
linear (relative to the factors of the developed analytical model), will ensure the possibility of using standard
(available in modern software environments for mathematical modeling) computational algorithms for the
implementation of the mentioned-above tools.

4. Conclusions
During the research the following results have been obtained:

Review and analysis of scientific developments in the field of determination of the characteristics
for design solutions formed in relation to enclosing structures in housing construction objects has
been conducted. Based on the results of the of the mentioned-above review and analysis, the
conclusion has been made about the limitations of existing tools connected to the taking into
account the relationships between the characteristics of design solutions in terms of the
technologies and materials used and the corresponding indicators of energy and economic
efficiency.

An analytical model of the correlation between the specific cost and technical characteristics of
thermal insulation material has been developed. The model assumes a linear dependence of the
specific (per unit of surface area of the structure) cost of insulation on the inverse value of the
thermal conductivity coefficient of the material, as well as on the ratios of the material’'s other
technical characteristics to the mentioned-above coefficient.

The developed analytical model has been implemented using a practical example. The results of
formation of the model on the basis of a set of thermal insulation material’s variants — in particular,
the value of the determination coefficient — has shown that the developed tool has high practical
significance.

Recommendations for the use of the developed analytical model during the solution of the problems
related to determination of the characteristics for design solutions connected to enclosing structures
within housing construction objects have been formulated.

On the basis of the results obtained during the research, the following conclusions have been made:

The developed analytical model can be used for predictive calculation of the specific cost of thermal
insulation material based on mineral wool with the use of the specified values of the material’s
technical characteristics.

Due to the composition of the factors taken into account, the developed analytical model can be
effectively integrated into the structure of tools for determination of the characteristics for design
solutions formed in relation to enclosing structures within housing construction objects on the basis
of energy and economic efficiency criteria.
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Abstract. In this paper, the effect of surface treatment on the adhesion between D16AM aluminum alloy
and thermoplastic polyurethane is studied. Adhesion between the metal and polymer plays a key role in
the formation of the strength properties of the metal-polymer based laminar composites, which are
nowadays widely used in load-bearing structures like beams, columns, roofs, pedestrian bridges, etc. The
effects of the metal surface treatment, such as chemical etching, electrochemical anodizing, laser
treatment, and a combination of the mentioned processing, on the composite’s shear strength were
examined. The morphology of the metal surface after treatment was studied via scanning electron
microscopy and atomic force microscopy. The true value of the adhesive strength was calculated, taking
into account the micro- and macro-relief of the surface and its actual surface area determined via atomic
force microscopy. A combined method of metal surface treatment to increase adhesion to a polymer is
proposed, the method includes chemical or electrochemical etching followed by laser treatment. It was
shown that complex treatment of the aluminum surface allows to increase the shear strength of composites
by 50 %. It is established that with chemical etching or laser treatment, the value of the true adhesive
strength remains virtually unchanged, however, when using the combined method, its significant increase
is observed.
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1. Introduction

Metal-polymer based laminar composites (MPLCs), consisting of alternating layers of metal and
polymer, belong to the class of lightweight structural materials [1,2]. These materials find applications in
load-bearing structures like beams, columns, roofs, multifunctional panels, pedestrian bridges, etc.,
contributing to improved construction practices and efficiency. Due to combination of light weight,
sufficiently high strength, low cost, and easy technological process, MPLCs are widely used in government
supported public infrastructure upgrade, thus, it is predicted that the construction composites market will
exceed $65 billion by 2025 [3].

Laminar composites consist of continuous two-dimensional panels or sheets aligned for maximum
high-strength, their qualities influenced by the constituent materials’ characteristics and the geometrical
design of the structural elements [1]. The main constituents in MPLCs are layers of metal, usually
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lightweight ones, for example, aluminum or titanium, and fiber-reinforced polymer. The layered structure of
the MPLC provides a significant reduction in the rate of crack growth [4]. When a crack initiates and
propagates in one of the layers at the interface, its growth stops until a crack appears in the next layer, and
so on. MPLCs dissipate and dampen vibrations via a similar mechanism, and, thus, can be used as
damping structural materials [5-7].

The main parameters affecting the properties of MPLCs are the thickness of the layers and their
number, the properties of the constituents itself, the quality of pre-preg impregnation, the metal sheet
surface condition, and interlayer adhesion. Adhesion between the metal and polymer plays a key role in
the formation of the strength properties. It is known [8-10] that adhesion can be increased by increasing
the metal layer surface roughness, since this leads both to an increase in the actual metal-polymer contact
area and to the engagement of the liquid polymer to the unevenness of the metal surface.

Surface treatment is usually used for metal substrate preparation providing removal of contamination,
good wettability, high roughness, mechanical and chemical stability [11,12]. It was shown that a number of
factors are important for the adhesion: a stable oxide on the surface is important as this can prevent or
minimize the formation of a relatively weakly bound inorganic layer; topography, which favours mechanical
keying and provides an increased area over which interfacial interactions can occur is clearly beneficial.
There are many methods of metal surface treatment [13]; among chemical ones, the most promising are
etching in iron sulfate [14], nitric acid [15], sulfuric acid anodizing [16], and anodizing in a mixture of sulfuric
acid with aluminum sulfate. In addition to chemical methods, physical methods are also widely used, the
most popular are sandblasting [17,18]. It was found that the chemical treatment resulted in a more wettable
and deeper roughness surface than the achieved using a sanded and degreased treatment and the
chemical treatment yielded a superior cleaned surface, which in junction with the roughness area, resulted
in a superior interfacial contact between the metal and the adhesive-composite material [15,19].

Recently, it was also shown that the laser processing [20-25] offers a fast, easy, and clean operation
in metal microstructuring and can be a new strategy to improve joint strength. Laser cleaning enabled to
increase dramatically the adhesion between the substrate irrespective of the previous aluminium surface
condition [19]. It was shown [20] that laser texturing improved AA7475 surface roughness and wettability
and also confirmed that the Al-O-C chemical bond represents the secondary bonding mechanism along the
micro-mechanical interlocking. The results presented in the paper [21] have indicated that the laser
micropatterning of AlSI 430 stainless steel samples have a marked influence on the surface roughness and
surface grove morphology, and consequently on joining properties of the materials.

In this paper, the effect of surface treatment of aluminum sheets on the shear strength of the MPLC
was investigated. This paper aims to understand how laser treatments affect the mechanical behaviour of
joints and the possible improvement achieved by adopting the sequence of laser and chemical treatment
steps. Testing the shear strength and studying the surface morphology were conducted.

2. Methods

To manufacture the composites, layers of aluminum alloy D16AM of 0.5 mm thick (hereinafter
referred to as aluminum) and thermoplastic polyurethane (TPU) film (OOO NPF Vitur) of 0.1 mm thick were
used.

The aluminum samples were pre-cleaned with detergents, etched in a 10 % NaOH solution, and then
washed with water. The exception was a series of samples processed by laser at different fill factors (D),
in which the aluminum samples were only wiped dry, without cleaning agents.

Three types of treatment were carried out: 1) chemical etching in solutions of nitric acid and ferrous
sulfate; 2) electrochemical treatment in electrolytes based on sulfuric acid and aluminum sulfate; 3) and
laser treatment. The treatment parameters are given in Table 1.

Table 1. Aluminum surface treatment parameters.

Designation . .
Ne Treatment type in the text Processing details
1 ) HNOs HNO3—32 %; T'=20 °C; f = 1 min
Chemical
2 Fe2(S04)s Fe2(S04)s 127 g/l; H2S04 185 ml/l; T =65 °C; ¢ = 8 min
3 . H2S04 H2S04 200 ml/l; T'= 20 °C; ¢ = 20 min;
Electrochemical )
4 Al2(SO4)s Al2(S04)3 200 g/l; H2S04 60 ml/l; T = 20 °C; ¢ = 20 min; j = 1.5 A/dm?
. P=10Bm; A=1pm; D =50 %;
5 Physical Laser

t=5ns;T=20°C; V=1mls
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The composites were manufactured by hot pressing. Two plates of size of 80x10 mm were placed
in a mold with an overlap of 10 mm. One layer of TPU was placed between the plates. Pressing temperature
was 200 °C, time was 20 min.

The shear strength test was performed according to GOST R 57066-2016 on a Zwick//Roell Z050
machine with a constant deformation rate of 1 mm/min. Surface microstructure studies were carried out
using a Phenom Pro X scanning electron microscope. Atomic force microscopy (AFM) studies were
conducted for a more thorough analysis of the surface relief. Basing on the preliminary study of the optimal
scanning parameters, areas of 40x40 um were analyzed since this provides high data reliability but does
not lead to a radical increase in scanning time.

3. Results and Discussion

Fig. 1 shows the microscopic images of the aluminum surfaces after different types of etching. The
surface treated in the HNO3 solution has minimal porosity (Fig. 1a). Maximum porosity was observed after
chemical etching in the Fez(SOa4)s (Fig. 1b). The pores’ size does not exceed 5 um. Surfaces treated
electrochemically in sulfuric acid and aluminum sulfate electrolytes are almost identical (Figs. 1c, 1d). It
should be noted that the pores formed during chemical etching (Figs. 1a, 1b) are shallower than those
formed during electrochemical treatment (Figs. 1c, 1d).

——
20 pm

Figure 1. Surface morphology of aluminum depending on the etching:
a— HNOg3; b — Fe2(S04)3; ¢ — H2SO4; d — Alx(SO4)s.

The results of shear strength tests depending on the aluminum surface etching type are presented
in Fig. 2 (orange bars). The shear strength of the composite generally correlates with the observed porosity
of the metal surface. Low roughness of the surfaces treated in HNOj3 solution resulted in a lower strength.
Etching in Fe2(S04)3, H2SO4, Al2(SO4)3 showed fairly close values of shear strength (5+£0.5 MPa). However,
the shear strength values of the specimens after treatment in Fe2(SO4)s have a much wider spread of values
revealing inhomogeneity of the surface condition. This can be explained by the difficulty of maintaining the
same concentration of the etchant during the treatment. Since during etching at an elevated temperature
(65 °C), there is active evaporation of the components, which changes the ratio of the etchant components.
The main advantages of the chemical etching in Fe2(SO4)s are simplicity, high efficiency, and high
productivity. The disadvantage of the method is low environmental safety, since the vapors formed during
etching are chemically active. The advantages of electrochemical processing are high repeatability, high
quality, higher shear strength of the MPLC, and higher environmental friendliness. However, unlike
chemical etching, anodizing is a more difficult method to implement, as it requires an adjustable power
source and cooling, since the efficiency of the process decreases with increasing temperature.
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Figure 2. Shear strength of the composites depending on the aluminum surface treatment.

Microphotographs of the aluminum surface in the initial state and after laser treatment with fill factors
D =50 % are shown in Fig. 3. After laser treatment, there is a distinctive structure — craters formed due to
the expulsion of molten metal from the heating zone.

Figure 3. Surface morphology of aluminum:
a — initial state; b — after laser treatment with D = 50 %.

Next, the effect of combination of etching and laser processing and their sequence on the surface
condition and shear strength of the composite was studied.

Fig. 2 shows the results of the complex surface treatment on the shear strength of the composite. As
seen, laser treatment is effective both before and after chemical or electrochemical treatment. However, a
greater effect appears if the laser treatment is carried out after any etching. Thus, changing the order
between etching in Fez(SOs)s and laser treatment allowed to increase the shear strength by 10 %.
Regardless of the preliminary treatment, after laser treatment, all samples (except those treated in HNO3)

acquire the same shear strength, because the maximum shear strength of the composite is limited to the
yield strength of TPU, which is about 6 MPa.

The effect of laser treatment is most noticeable after etching in Fe2(SOa4)s. In this case, the increase
in shear strength was about 20 %. The morphology of the aluminum surface after different modes of
complex treatment is practically identical: the surface is covered with “splash” spots as a result of laser
treatment (Fig. 4a). An exception is the treatment mode in which chemical etching in iron sulfate Fe2(SQOa4)
was carried out after laser treatment (Fig. 4b). Instead of “splash” spots, the surface has developed porosity,

significantly exceeding the porosity acquired after chemical etching of the surface not treated with a laser
(Fig. 1b).
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20 pm

Figure 4. Surface morphology of aluminum depending on the sequency
of etching in Fe2(S04)3 and laser processing: a — Fe2(S04): —Laser; b — Laser—Fez(S04)s.

The visually observed surface relief obtained because of various complex treatments does not show
a strict correlation with the shear strength of the composite: the samples with visually identical surfaces
demonstrate different level of share strength. Based on this, it can be assumed that the difference in
strength is due to roughness at the submicron level or the chemical composition of the surface layer (for
example, the presence or absence of an oxide film, functional groups, etc.). For a more thorough analysis
of the surface relief, surfaces analyses using AFM were carried out. AFM images of the aluminum surface
in the initial state and after various processing modes are shown in Fig. 5.

54 pm

0.0 ym

Figure 5. AFM images of the aluminum surface in initial state (a); after laser treatment (b); after
complex treatment: laser followed by Fez(S0O4); (c) and vice versa Fe;(SO4); followed by laser (d).

Results of AFM measuring of the actual surface area (S f) are presented in Table 2. The ratios of
the projected surface area (SO) to the actual one (Sf) are presented in the form of a dimensionless

normalization coefficient (Sn ):

S
s, =-L. (1)
SO
The data obtained show that all types of processing provide an increase in the actual surface area

from 14 to 21 %. The maximum increase in the surface area was reached via complex processing —
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chemical etching in Fe2(SO4)s followed by laser processing. Next, the true shear strength (‘Ctme) was
calculated as the ratio of the measured shear strength (’Csh) to the normalization coefficient (Sn ):
Tsh
Ttrue = S«L (2)

n
The calculation results are given in Table 2.

Table 2. Surface characteristics of aluminum and shear strength of the joint depending on the
processing method.

Surface treatment So,um?z Sy, um? S, Csh» Tfrye» MPa Lirue
MPa 7y
Without treatment 1660 1.04 3.9 3.7 (o) -
Fea(SOu)s 1820 114 47 41 1.10
Laser 1600 1876 1.17 4.4 3.7 1.00
Laser—Fez(SOu)s 1835 115 5.4 47 1.27
Fe2(SO4)3—Laser 1933 1.21 5.9 4.9 1.32

It was found that when using only one type of processing (etching or laser processing), the ratio of

T

Tyye 1O 1:0[ m’ej has a value close to 1. This suggests that the observed increase in shear strength is
To

associated only with the increase in the actual area of the surfaces being joined. However, when combining

two processing methods, a significant increase in ftrue shear strength, more than 25 %

T
[M:1.27+1.32J, is observed. This allows us to conclude that during the complex processing, a
To

significant change in the chemical composition of the thin surface layer of aluminum occurs, which has a
great impact on the adhesive strength of the joint and on the final properties of the composite.

It is already known that the enhancing the adhesion between dissimilar materials represents a key
aspect of producing structural hybrid multi-material structures [19]. Additional chemical or laser treatment
of the samples surface before hot pressing of metal-polymer composites leads to an increase in shear
strength by approximately 25 %. It was shown that the laser treatment of sample surface significantly
increase actual surface area of Al-based materials as compare with just chemical treatment of the samples,
however, true shear strength remains about the same even with the samples without any treatment, and
that means the absence of any additional chemical bonding for the laser treated surface and polymer.

Combined chemical and laser treatment of the sampled provides further increase in shear strength
of the material by almost 50 % compared to the original samples without treatment and gives significant
increase of true stress as compare with simple single treatment of Al surface.

As a result of the AFM study, it was established that complex treatment of the aluminum surface,
including both etching and laser treatment, leads to a significant increase in adhesion to thermoplastic
polyurethane, while the mechanism of influence of such treatment consists not only in the increase in the
actual surface area but also in its chemical modification. That shows the best results in as compare with
modern study of plastic-Al composites (+39 % strength increase with the two-step laser texturing + cleaning
treatment), R. Sandeep [20] (+30 % — one step laser treatment).

4. Conclusion

An experimental study of the influence of various methods of surface treatment of aluminum alloys
(chemical, electrochemical, and physical) on the adhesive strength of the metal-polymer interface was
conducted.

A combined method of metal surface treatment to increase adhesion to a polymer is proposed, the
method includes chemical or electrochemical etching followed by laser treatment. It was shown that
complex treatment of the aluminum surface allows to increase the shear strength of composites by 50 %.
The laser treatment is effective both before and after chemical or electrochemical treatment. However, a
greater effect appears if the laser treatment is carried out after etching. Thus, changing the order between
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etching and laser treatment allowed to increase the shear strength by 10 %. The effect of laser treatment
is most noticeable after etching in Fe2(SOa4)s. In this case, the increase in shear strength was about 20 %.

Based on the study of changes in the morphology of the aluminum surface during treatment, the true

value of the adhesive strength is determined, taking into account the micro- and macro-relief of the surface.
It is established that with chemical etching or laser treatment, the value of the true adhesive strength
remains virtually unchanged (less than 10 %), however, when using the combined method, its significant
increase is observed (about 30 %), and that leads to 50 % increase in shear strength.
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Abstract. The article is devoted to the study of the efficiency of using insulating (protective) coatings of
building structures and pipeline transport for their reliable and trouble-free operation in extreme conditions
of the Arctic zone. Innovative construction and composite materials — rubber concrete and rubber mastic,
which have a combination of high physical, mechanical, and operational characteristics, are proposed to
be used as protective coatings. A mandatory condition for the structure formation of rubber concrete and
rubber mastic with the formation of a durable and corrosion-resistant protective layer is the dosed
introduction of thermal energy into the composite material during an experimentally established period of
time, which ensures the production of a protective coating with high specified properties. To establish
rational technological modes of structure formation of the rubber-containing protective layer, experimental
studies were carried out to optimize the temperature and time modes of introducing thermal energy into the
composite material of the protective coating. Optimization of the technological modes of forming a protective
coating from rubber concrete for reinforced concrete building structures was carried out on a developed
and manufactured experimental heat-generating stand with a working element in the form of an uninsulated
metal wire. Optimization of technological modes of formation of protective coating from rubber mastic for
pipe metal was carried out on an experimental stand using induction heating. It was proposed to use a
number of industrial wastes (fly ash, rubber crumb, etc.) as afiller in rubber concrete and in rubber mastic.
A comparative analysis of the characteristics of the protective coating of pipe metal based on rubber mastic
with the characteristics of the currently widely used multilayer polyethylene coating was carried out. The
competitive advantages of rubber-containing protective coating of pipe metal are determined.
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1. Introduction

The harsh climate and engineering and geological conditions of the Arctic zone place increased
demands on the protective characteristics of construction projects operated in this region.

Road surfaces, airfield runways, reinforced concrete emergency dumping areas for fuels and
lubricants, sludge beds of treatment facilities, metal tanks and reservoirs, as well as on-site and main gas
pipelines are subject to destructive impact.

At the same time, special attention should be paid to protecting steel pipeline transport, widely used
for the preparation and transportation of hydrocarbon raw materials, from the negative impact of the
environment. First of all, this is due to ensuring industrial safety for people and the unique ecosystem of
the Arctic region. The damage from an accident on a main gas pipeline is estimated at hundreds of millions
of rubles, associated with both the destruction of pipelines and the costs of their restoration, and with
destructive negative man-made impacts on the biosphere of the Arctic zone. Thus, in the conditions of the
Arctic region, it is necessary to use protective coatings with the following characteristics: resistance to low
temperatures, high physical and mechanical characteristics, a coefficient of thermal linear expansion as
close as possible to the coefficient of thermal linear expansion of the protected structure, high adhesion of
the coating to the protected surface, high resistance to thermal cycling, low water and air permeability.

A necessary and mandatory factor in the creation of effective protective coatings is the use of
Russian-made components, including raw materials, equipment, and technologies required both for the
mass production of initial composite materials [1—4] and for technologies for the direct industrial installation
of protective coatings for building structures and pipelines in field and factory conditions [5-7].

It should be noted that in the modern scientific community, the greatest relevance is the development
of effective polymer composite building materials with high strength and performance characteristics
[8-11], as well as improving the applied building materials by optimizing their compositions and introducing
nano-components [12—14]. Particular attention is paid to the development of protective coatings for building
structures and pipeline transport using polymer composite materials that are resistant to the effects of
chemically aggressive environments [15—18], as well as climatic and engineering-geological impacts of the
operating environment [19].

In addition, at present, the approach to solving the issue of recycling waste from industrial production
and the construction industry, by using it as a filler for concrete, including polymer concrete, is of significant
scientific importance, which ensures the sanitation of the surrounding urban and natural environment
[20-23].

Thus, the relevance of the study lies in the need to develop effective insulating coatings to protect
building structures and pipeline transport from the negative climatic and engineering-geological impacts of
the Arctic region with the possibility of using domestic raw materials and recycling a variety of man-made
waste. The object of the research work is effective protective coatings of building structures and steel
pipeline transport, intended for use in the harsh climatic and engineering-geological conditions of the Arctic
region.

Fundamental research work on the creation of rubber concretes and rubber mastics (the “rubber
concrete” category) was carried out at the Voronezh State Technical University (VSTU) [18, 24—26]. Rubber
concrete is a composite building material obtained by vulcanizing a rubber-concrete mixture.

The filler of the rubber-concrete mixture can make up more than 85 % of its total mass. The filler of
the rubber-concrete mixture can make up more than 85 % of its total mass. In this case, it is advisable to
use production waste generated during the operation of industrial enterprises [22, 27—-29], rubber crumb
obtained during the processing of car tires [30], waste from the disposal of electronic products (printed
circuit boards, microcircuits, etc.) [31], recycled plastic, etc. as filler. Such a circumstance allows us to solve
the global problem of recycling various industrial waste.

The combination of high physical, mechanical, and operational characteristics of rubber concrete
creates the necessary prerequisites for its effective use as a protective coating material for construction
projects operating in the extremely low temperatures of the Arctic region.

Studies have been conducted to determine the chemical resistance of rubber concrete in relation to
various aggressive environments that are widespread in industrial production. Based on the results of the
studies, a conclusion has been made that allows us to classify rubber concrete as a chemically resistant
material in relation to the aggressive environments studied. Table 1 contains data on the chemical
resistance coefficients of rubber concrete.
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Table 1. Chemical resistance coefficients of rubber concrete [17].

Values of the chemical resistance

Ne Names of the studied aggressive environments coefficient of rubber concrete
1. Solutions of organic acids 0.81-0.95

2. Solutions of inorganic acids 0.81-0.97

3. Solutions of alkalis and bases 0.81-0.87

4. Solutions of salts, solvents, petroleum products 0.83-0.95

5. Water 0.995

Rubber concrete has a wide operating temperature range from +80 °C to —80 °C, without
deterioration of physical, mechanical, and operational characteristics. At the same time, experimentally
established data indicate an increase of up to 25 % in the physical and mechanical characteristics of rubber
concrete in the range of negative temperatures from 0 °C to — 80 °C.

Rubber concrete is a frost-resistant, water- and air-impermeable material capable of withstanding up
to 500 freeze-thaw cycles without a significant reduction in strength characteristics.

The specified values of the given characteristics of rubber concrete show the feasibility of its use in
low-temperature conditions inherent in the Arctic zone. Rubber concrete has been shown to be resistant to
thermal-oxidative degradation and ultraviolet radiation, which makes it possible to use the corresponding
protective coatings based on it without additional shelter from the influence of sunlight.

The value of the coefficient of linear thermal expansion of rubber concrete is at the level of the
coefficient of linear thermal expansion of steel, which allows rubber concrete to be used for external
insulation of steel pipes without the risk of its destruction during thermal expansion of steel.

Rubber concrete is a classic dielectric, since its main binding component is synthetic rubber. This
circumstance significantly reduces the likelihood of stray currents appearing at the boundary of the rubber
concrete-coated pipe metal and the soil, eliminating the possibility of electrochemical corrosion. Table 2
shows the main physical and mechanical characteristics of rubber concrete.

Table 2. Values of physical and mechanical characteristics of rubber concrete [26].

Ne Names of physical and mechanical characteristics of rubber Values of physical and mechanical
B concrete characteristics of rubber concrete

1. Compressive strength, MPa 50...100

2. Tensile strength, MPa 10...20

3. Modulus of elasticity, “10* MPa 1.5...3.0

4. Compressive duration coefficient 0.72...0.76

5. Poisson’s ratio 0.2...0.3

6. Heat resistance 100...110

7. Frost resistance, freeze-thaw cycles notless than 500

8. Abrasion, g/cm? 0.07...0.79

9. Water absorption by weight, wt. % 0.05

Among the operational characteristics, it is worth noting the high resistance of rubber concrete to
abrasion. The minimum value of rubber concrete abrasion — 0.07 g/cm? is possible when using corundum
as a filler of the composite material.

The structure formation of an effective composite material — rubber concrete, occurs as a result of
vulcanization of the rubber component of the material. During heat treatment of the rubber component, the
vulcanizing agent — a sulfur-containing substance — forms cross-links between the rubber macromolecules,
with the formation of a three-dimensional mesh structure.

Normal structure formation of rubber concrete is possible when creating a given uniform temperature
field over the volume of the vulcanizate. The structure formation of rubber concrete occurs as a result of
the metered introduction of thermal energy into the rubber mastic over an experimentally established period
of time, which significantly complicates the technological process of obtaining reliable protective coatings
in the conditions of work directly in the open areas of the Arctic region. Therefore, there is a need to develop
a technology for the installation of protective coatings based on rubber concrete using energy-efficient heat-
generating devices.
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The aim of the study is to develop a technology for the installation of high-strength corrosion-resistant
protective coatings for building structures and pipe metal used in the climatic and engineering-geological
conditions of the Arctic region using a composite material based on domestic synthetic rubber (low-
molecular oligodiene) and using effective methods for introducing thermal energy to ensure the necessary
temperature conditions for the structure formation of the coating material.

To achieve the stated goal of the study, the following tasks were solved:

1. New design and technological solutions for devices based on domestic materials, structures, and
equipment were developed, implementing various methods for introducing thermal energy into an
insulating composite material (low-molecular oligodiene), which ensures high physical, mechanical,
and operational properties of the protective coatings of building structures and pipe metal formed
in this way.

2. Arational composition of the composite material of the protective coating with a filler made of man-
made waste (fly ash, rubber crumb, etc.) was established.

3. A technology for forming protective coatings for building structures and pipe metal has been
developed, including the selection of a rational composition of a composite material based on low-
molecular oligodiene and the optimization of the modes of introducing thermal energy into the
vulcanized coating material.

4. The physical, mechanical, and operational characteristics of protective coatings for building
structures and pipe metal using a composite material based on low-molecular oligodiene have been
determined.

2. Methods

2.1. Development of Technology for the Installation of Coatings
Based on Rubber Concrete for Protection of Building Structures

In order to form protective coatings based on rubber concrete on the surface of reinforced concrete
structures, an experimental electric heat-generating device using a heating wire was developed and
constructed, and a corresponding technology for the formation of protective coatings of building structures
and buildings was developed using this experimental device [5].

The formation of rubber concrete coatings by vulcanizing the rubber component when introducing
thermal energy from a heating wire into rubber concrete by passing an electric current through is a complex
technological process that begins with the preparation of the surface of the reinforced concrete structure to
be protected.

The surface of the reinforced concrete structure is cleaned of any debris, de-dusted, and degreased.
The next step is to install the heating wire fastening pins to a height corresponding to the coating thickness
on the surface of the protected structure.

Next, steel washers with a thickness of 2.0—-2.5 mm are put on the pins of the heating wire fastening,
and the heating wire is directly mounted. This heating wire is essentially the working element of the
experimental electric heat-generating device, the basic electrical circuit of which is shown in Fig. 1.

5

Figure 1. Basic circuit diagram of the experimental electric heat-generating device using a heating wire:
1 - formwork; 2 — heating wire fastening pins; 3 — non-removable heating wire; 4 — surface of the protected
reinforced concrete structure; 5 — load resistors; 6 — rheostat; 7 — step-down transformer, 8 — thermocouple.

Steel washers are used to establish the required gap between the heating wire and the surface of
the reinforced concrete structure in order to obtain the lowest value of the temperature field dispersion
during vulcanization of the coating material by the heating wire. Then, the formwork is mounted and rubber
concrete is laid on the surface of the reinforced concrete structure limited by the formwork.
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The insulated surface of the reinforced concrete structure is filled with rubber mastic to the height of
the mounted pins for fastening the heating wire and covered with polyethylene film in order to reduce heat
loss during vulcanization of rubber concrete. The temperature regime is controlled using a thermocouple
placed in the vulcanizate and connected to a thermoelectric device.

Vulcanization of the protective coating material based on rubber mastic is carried out in two stages.
At the first stage, lasting 55-65 minutes, heat treatment is performed with maintaining the temperature of
the coating material in the range from +85 °C to +95 °C. This stage is required to form the initial structural
bonds in the protective coating material. The second stage — the main stage of vulcanization of the
protective coating material is carried out by maintaining the temperature in the range from +115 °C to
+125 °C for 180—200 minutes.

The temperature mode is adjusted using load resistors and a rheostat included in the electrical
network. After completion of the main stage of vulcanization of the protective coating material, the power
supply to the heating wire is disconnected and the resulting protective coating cools smoothly to the outside
air temperature. When observing the above-mentioned experimentally obtained temperature-time
technological regimes, the protective coating based on rubber concrete acquires the physical, mechanical,
and operational characteristics necessary for the material of the protective coating of building structures.

Fig. 2 shows a full-scale installation of a non-insulated heating wire on a reinforced concrete base,
as well as vulcanization of the protective coating material of a reinforced concrete platform by a heating
wire connected to the electrical network using the developed experimental device.

v,'a’j--'#'_';y*' - AN ‘\;‘.'.:_
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Figure 2. Experimental device for structuring a protective coating based on rubber concrete
on the surface of reinforced concrete structures: a — installation of a non-insulated heating wire
on a reinforced concrete base; b — vulcanization of the protective coating material
by a heating wire connected to the electrical network.

2.2. Development of a Technology for Installing a Protective Coating
Based on Rubber Concrete for External Insulation of Pipe Metal

In order to develop the design of a heat-generating device for the effective introduction of thermal
energy into the material of the protective composite rubber-containing coating of the pipe metal, a series of
exploratory experiments were conducted.

Based on the results of the experiments, it was possible to create a temperature field in the volume
of the vulcanizate in the required range from +134 °C to +135 °C with an exit to the temperature mode at a
rate of no more than 10 °C/min as a result of induction heating of the steel pipeline [6—7]. The full cycle of
structure formation of the rubber mastic on the surface of the steel pipe using induction heating of the pipe
metal is about 60-65 minutes.

In order to implement an effective method of introducing thermal energy into rubber mastic, a
structural diagram of a pilot experimental device using an induction method of heating pipe metal has been
developed. This structural diagram is shown in Fig. 3.
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Figure 3. Structural diagram of the electric heat-generating device
for vulcanization of rubber mastic on the surface of pipe metal using the induction method:
1 — vulcanizable protective coating of pipe metal; 2 — induction coil; 3 — insulated steel pipe;
4 — magnetic field; 5 — eddy currents in pipe metal; 6 — high-frequency current generator;
7 — thermostat; 8 — temperature setting keys; 9 — thermocouple.

Thus, when using induction heating for heat treatment of a protective layer of rubber mastic on the
surface of pipe metal, the heating element itself is the insulated steel pipe as a result of contact with which
the heating and vulcanization of the protective coating material occurs. This allows minimizing heat loss
and noting the high efficiency of the electric heat-generating device due to the direct contact of the heated
material — the protective coating and the heating element — the working body, i.e. the insulated steel pipe
heated by the eddy electric currents induced in it.

Maintaining the temperature regime in the required temperature field range of 134—-135 °C is carried
out using a thermostat built into the electrical circuit of the induction heater. Signals with information about
the actual parameters of the vulcanizate temperature field are sent to the thermostat through the connection
of the electric wire with a thermocouple placed in the vulcanized material. That is, when the vulcanizate
temperature reaches + 135 °C, the induction heating of the pipe metal is temporarily stopped, until the
vulcanizate temperature drops to + 134 °C; in this case, the induction heating is automatically turned on
again, and thus, a cyclic process of maintaining the temperature regime occurs. The process of structure
formation of a protective coating of pipe metal using rubber concrete consists of sequentially performed
technological operations:

1. Cleaning the pipe metal from rust and dirt;
2. Application of a protective layer of rubber concrete 2—3 mm thick to the pipe metal;

3. Heat treatment of the protective coating material — rubber concrete — by induction heating, with
mandatory provision and control of the temperature regime of vulcanization of rubber mastic.

To ensure the formation of a protective coating based on rubber concrete on the surface of the pipe
metal, an experimental setup using induction heating was designed, the appearance of which is shown in
Fig. 4.

Figure 4. External appearance of the experimental setup for ensuring the formation
of a protective coating based on rubber concrete on the surface of the pipe metal using induction
heating.
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3. Results and Discussion

The combination of high physical, mechanical, and operational characteristics of rubber concrete
make it possible to effectively use it as a material for protective coating of construction objects operating in
conditions of extremely low temperatures of the Arctic region.

As a result of a series of exploratory experiments, temperature and time modes of rubber concrete
vulcanization were determined when installing protective coatings on reinforced concrete building
structures using a heating wire as a working element of a heat-generating device. With a protective coating
layer thickness of 8—12 mm, heat treatment of rubber concrete should be carried out in two stages to avoid
vulcanizate swelling due to increased gas evolution.

The first stage lasting 55-65 minutes is carried out with maintaining the temperature in the range
from +85 °C to +95 °C to form initial structural bonds in the vulcanized rubber mastic.

The second main stage of caoutchouc vulcanization lasting 180-200 minutes is carried out
maintaining the temperature from +115 °C to +125 °C for the final formation of a protective coating based
on vulcanized rubber mastic. Exceeding the temperature of +125 °C leads to increased gas formation, and
as a consequence, swelling and destruction of the protective coating material. Also, in order to avoid
swelling of the material, the rate of temperature increase during transient processes should not exceed
1 °C/min.

Fig. 5 shows a graph of experimentally established temperature-time modes of rubber concrete
vulcanization when using it to create effective protective coatings for building structures.
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Figure 5. Graph of experimentally established temperature-time modes of rubber concrete
vulcanization when using it to create protective coatings for building structures and
constructions.
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As a result of a series of exploratory experiments, the temperature and time modes of rubber
concrete vulcanization were determined when a protective coating of pipe metal was installed on its basis
using induction heating. With a protective coating layer thickness of pipe metal up to 1 mm, the heat
treatment of rubber concrete can be carried out in one stage lasting 20-25 minutes with the temperature
maintained at up to 135 °C. Exceeding the temperature of 135 °C leads to combustion and destruction of
the material. At the same time, in order to avoid swelling and destruction of the material, the rate of
temperature increase during transient processes should not exceed 10 °C/min.

Fig. 6 shows a graph of the experimentally established temperature and time modes of rubber
concrete vulcanization when a protective coating of pipe metal is installed on its basis.
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Figure 6. Graph of the experimentally established temperature and time modes
of rubber concrete vulcanization when a protective coating of pipe metal is installed on its basis.

Experimental studies were conducted on the obtained samples to determine the characteristics of
the protective coating of pipe metal based on rubber concrete. Table 3 presents a comparative analysis of
the characteristics of the protective coating of pipe metal based on rubber concrete and the characteristics
of the currently widely used multilayer polyethylene coating.
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Table 3. Comparison of the characteristics of the protective coating based on rubber concrete
with the characteristics of the multilayer polyethylene coating.

Multilayer Rubbe rconcrete
Ne Characteristic of the protective coating of the pipe metal polyethylene based coatin
coating 9
1. Adhesion of the protective coating under shear, N/cm? 70 100
Water resistance, % reduction in adhesion strength to the steel
2 5-12 5
surface
3. Operating temperature range, °C —20...460 —80...480
4 Cost, USD/m? (according to the manufacturer's website https: 320 15

www.tk-rapid.ru. as of 02/26/2025)

A comparative analysis of the data presented in Tables 2, 3 allows us to conclude that the coating of
the pipe metal based on rubber concrete has advantages in higher physical and mechanical characteristics
compared to the characteristics of the widely used multilayer polyethylene coating. In addition, the
protective coating of metal pipes based on rubber concrete is more than 2.5 times cheaper than a multilayer
polyethylene coating.

It has been experimentally established that rubber concrete used as a protective coating material
has higher strength characteristics compared to polymer concretes based on polyester and epoxy resins
[32]. It has also been experimentally determined that the physical, mechanical, and operational
characteristics of rubber concrete are at the level of, or exceed similar characteristics of polymer concretes
based on furan, furan-epoxy, urea, and acrylic resins [8—10]. Table 4 presents a comparison of the strength
characteristics of rubber concrete with the strength characteristics of currently used polymer concretes
obtained on the basis of various types of polymer resins.

Table 4. Comparison of the strength characteristics of rubber concrete with the strength
characteristics of the used polymer concretes obtained on the basis of various types of polymer
resins.

Type of polymer

. Compressive Tensile strength, Bending strength,
Ne concrete by binder strength, MPa MPa MPa
type
1. Rubber concrete 60...110 8...20 19...30
Polymer concrete
2. based on polyester 41...68 10...12 12...19
resin
Polymer concrete
3. based on epoxy 71...98 14...19 21...22
resin
Polymer concrete
4. based on acrylic 70...90 10...13 30...33
resin
5. Polymer concrete 70...90 5.8 -
based on furan resin
Polymer concrete
6. based on furan- 90...110 9...11 -
epoxy resin
7 Polymer concrete 40..70 3 7 _

based on urea resin

At the same time, coatings based on rubber concrete can be filled with production waste by more
than 85 % by weight, which is the highest indicator among the available results of scientific research in the
field of developing “green concrete” [28-31].

Also, during experimental studies to determine the adhesion of a protective coating based on rubber
concrete, it was noted that the destruction of samples occurs mainly along the coating material, without its
peeling off from the metal surface. This circumstance indicates the high adhesive strength of coatings based
on rubber concrete. The appearance of the destroyed sample when determining the adhesion of a
protective coating based on rubber concrete is shown in Fig. 7.
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Figure 7. The appearance of the destroyed sample when determining the adhesion
of a protective coating based on rubber concrete.

4. Conclusions

1. A technology for the installation of protective coatings for reinforced concrete structures using a
material based on rubber concrete has been developed for the effective protection of building
structures in the climatic conditions of the Arctic region.

2. An experimental stand was constructed to study technological regimes for the formation of an
effective protective layer of pipe metal using induction heating and the ability to automatically adjust
and maintain the required temperature regime for the formation of the rubber-containing composite
material of the protective layer.

3. A comparative analysis of the experimentally obtained characteristics of the protective coating of
pipe metal based on rubber mastic with the characteristics of the currently widely used multilayer
polyethylene coating has been carried out. The advantage of quantitative indicators of the
characteristics of the protective coating of pipe metal based on Cautone compared to the
characteristics of the multilayer polyethylene coating is given in Table 3.

4. The use of high-strength corrosion-resistant coatings based on rubber concrete is advisable for the

protection of building structures and pipeline transport operating in the harsh climatic and
engineering-geological conditions of the Arctic regions.

5. The use of protective coatings based on rubber concrete allows solving the problem of recycling
various industrial wastes, as a result of their use as a filler for rubber-concrete mixtures, making up
more than 85 % of its total mass.
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Abstract. The article presents the results of the research of the emergency loads effect on reinforced
concrete turbine foundations of different types. Computational experiments were performed in a specialized
finite element analysis program NX/NASTRAN. Calculations of the high-power turbine foundations of frame,
wall, and vibration-insulated structures have been carried out. Emergency loads associated with a short
circuit and a loss of synchronization (generator failure) were taken into account in the calculations by
equivalent static and dynamic approaches. The comparison was carried out according to the calculated
values of displacements and forces, in the elements of the computational model, where extreme values of
forces were expected from the design experience. The results of the comparative analysis indicate that the
use of a widespread statically equivalent approach often leads to a multiple overestimation of forces and
displacements, in comparison with using of dynamic approach. Therefore, strength and dynamic analysis
of high-power turbine foundations under emergency loads, it is necessary to apply a dynamic approach. A
statically equivalent approach can be used for analysis of foundations for turbine units of relatively low
power.
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1. Introduction

The turbine unit foundation is a special structure that integrates parts of the turbine and generator
into a single system and used for taking static and dynamic loads and their transfer through the foundation
plate to the ground base [1].

The object of the research is classic and vibration-isolated turbine unit foundations under the
emergency loads, the subject of the research is the methods for calculating turbine unit foundations under
emergency loads.

Plenty of previous research works of authors and other scientists, engineers, and researchers were
devoted to the analysis of the behavior of vibration-insulated foundations of high power under the seismic
impact [2-9].

In particular, researches [2, 4] present methods for accurately accounting for viscous dampers and
vibration-isolating elements used in vibration-isolated turbo-generator foundations. Researches [3, 5, 8, 9]

© Abu-Khasan, M.S., Babsky, A.E., Oleinikov, L.I., Oleinikova, I.M., Tarasov, V., 2025. Published by Peter the Great
St. Petersburg Polytechnic University.
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confirm the necessity of performing dynamic analysis for seismic calculations and demonstrate the
effectiveness usage of seismic isolation.

Research related to the analysis of the dynamic behavior of special building structures has been
covered by wide range of works [10-22].

Article [10] investigates the influence of the scale factor on the dynamic response of framed
foundations, while article [11] investigates the impact of framed foundation geometry on the dynamic
response during high-speed turbomachinery operation.

Research [12] demonstrates the importance of accurately accounting for equipment masses in the
dynamic analysis model. Papers [13—15, 17-18] expand various aspects of soil-structure interaction in
dynamic analyses of turbine foundation systems. Papers [19-22] demonstrates modern approaches to
finite element seismic calculations.

Steam turbine units are the main electrical generating equipment of thermal and nuclear power
plants, and uninterrupted power supply to all spheres of life depends on their reliable operation. In the event
of an emergency on the turbine units, it is the reliability of the building structure of the turbine unit foundation,
which serves as its main support, that determines the severity of the consequences for all equipment and
building structures of the engine room.

The correctness of detailing and consideration in the strength analysis of turbine units foundations
emergency loads on the generator, which are dynamic vibration loads by their nature, is a primary issue for
the computational justification of the reliability of foundation building structures.

Correct accounting of emergency loads on a turbine unit is relevant in the strength analysis and
design of all types of turbine units foundations of any capacity. Since the energy industry and its
technologies are actively developing [23-32], it is necessary to improve the calculation methods of special
building structures — turbine units foundations.

The purpose of the research is to compare the results of dynamic and statically equivalent
approaches in the calculation of turbine unit foundations under the action of short-circuit loads on the
generator. The research objectives include:

e Performing computational experiments related to the use of dynamic and statically
equivalent approaches for accounting of emergency loads from turbo-generators on various
types of foundations;

e Performing a comparative analysis of the computational experiment results by comparing
two types of calculation approaches: static and dynamic, for different types of turbine unit
foundations;

e Evaluating the influence of the structural features of turbine unit foundations on the
calculation results.

2. Methods

The main research method is making computational experiments.

During implementing the chosen method, a certified calculation complex NASTRAN was used that
implements finite element method [33-37]. The reliability and validity of the results confirmed due to the
use of rigorous mathematical statements and hypotheses in the formulation and solution of problems
adopted in the mechanics of deformable solids, structural mechanics, and dynamics of structures, as well
as the use of modern proven numerical methods implemented by certified calculation complexes.

The methods of static analysis, harmonic analysis based on the decomposition of oscillation forms,
and direct integration of equations of motion were used. Due to the large number of time integration steps
and degrees of freedom in the finite element model, the number of elements and nodes for comparison
results was limited to nodes and elements in which maximum values of displacements and forces were
expected.

The analyses were performed using dynamic and equivalent static approaches (using the dynamic
coefficient recommended by the standards or the equipment manufacturer). Graphs, diagrams, and
graphical schemes were used to interpret the results, the data were summarized in comparative tables.

The results of calculated displacements, forces, and bending moments were used as the main
parameters for the comparison. As a result, the coefficients of proportionality between the analysis results
for two types of approaches are derived.
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One of the common types of emergency loads is considered: a short circuit (two or three-phase) or
a loss of synchronization, that are, an accident on the turbine generator.

The results of dynamic analysis obtained for five real types of turboset foundations were calculated
and compared in the research. The main characteristics of turbosets and foundations are shown in Table 1.

Table 1. General characteristics of the turboset foundations.

Ne Turbine Foundation Vibration Operating Power, Foundation Turbine unit
B type type isolation frequency, rpm MW mass, t mass, t
1 Type-1 Wall no 1500 1000 22700 5060
2 Type-2 Frame yes 1500 1250 6270 3540
3 Type-3 Frame yes 3000 1200 4407 3817
4  Type-4  Frame with no 3000 1000 19082 6190
columns
5 Type-5 Frame yes 1500 1250 6805 4760

There are two options for steam turbine installations of high power. The installations with an operating
frequency of 3000 rpm (the same as the frequency of the 50 Hz in the electrical network) are called “high-
speed”. Such turbines and generators have a lower mass and a two-pole generator. Installations with an
operating frequency of 1500 rpm (25 Hz is a half of the frequency in the electrical network) are called “low-
speed”. These turbines and generators have a large mass and a four-pole generator.

The design scheme of the wall foundation for a “low-speed” (1500 rpm) turbine unit is shown in Fig. 1.
The model consists of a massive lower slab, walls, columns, and an upper structure of transverse crossbars
(extensions on the walls) and longitudinal massive beams. This scheme is typical for the middle of the 20t
century and is currently the only alternative to vibration-insulated turbine units foundations for the “low-
speed” machines.

Figure 1. Finite element model of the wall foundation of the turbine unit Type-1 (1500 rpm).

The design scheme of a vibration-insulated frame foundation for the low-speed (1500 rpm) Type-1
turbine unit, manufactured in Russia, is shown in Fig. 2. The model consists of transverse crossbars and
longitudinal beams of rectangular or close to rectangular cross-sections. The foundation is supported by
vibration isolators, which are blocks that combine packages of cylindrical coaxial (one into the other)
springs, some of the blocks are integrated with viscous dampers. The height of the reinforced concrete
crossbars bearing the main load is up to 4.4 m. The structures are made of B30 grade concrete.

Figure 2. Finite element model of the vibration-insulated part
of the foundation of the turbine unit Type-2 (1500 rpm).

The design scheme of a vibration-insulated frame foundation for the Type-3 “high-speed” turbine unit
(3000 rpm) is shown in Fig. 3. The model consists of transverse crossbars, and longitudinal beams of
rectangular or close to rectangular cross-sections. Similar to the Type-2 foundation, it is supported by
vibration isolators (spring/spring-damping supports). The maximum calculated load-bearing capacity of the
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vibration isolators used in normal operation reaches 1600 kN (2000 kN in an extreme situation). The height
of reinforced concrete crossbars bearing the main load is up to 4.24 m. The structures are made of B30
grade concrete.

Figure 3. Finite element model of the vibration-insulated part
of the foundation of the turbine unit Type-3 (3000 rpm).

The design scheme of the classic frame foundation for the Type-4 “high-speed” (3000 rpm) turbine
unit is shown in Fig. 4. The foundation consists of a massive lower slab of trapezoidal cross-section,
columns, and an upper frame structure of transverse crossbars and longitudinal beams. Such a topological
scheme has been standard for several decades for units with a capacity from 10 to 1000 MW.

Figure 4. A finite element model of the classic frame foundation Type-4
for a turbine unit (3000 rpm).

The design scheme of the Type-5 vibration-insulated frame foundation for the “low-speed”
(1500 rpm) turbine unit, produced in France, is shown in Fig. 5. The model consists of transverse crossbars
and longitudinal beams of rectangular or close to rectangular cross-sections. Volumetric (8-node) end
elements were used in the simulation to increase the accuracy of calculations. The number of degrees of
freedom are 1200,000. Due to the huge mass of the structure, the foundation is supported by unique
vibration isolators with high load-bearing capacity. The rated load-bearing capacity of the vibration isolators
of this series can reach 4600 kN. The height of the crossbars made of reinforced concrete of B50 grade,
bearing the main load, is 5.3 m.

Figure 5. Finite element model of vibration-insulated foundation Type-5
for a turbine unit (1500 rpm), France.

3. Results and Discussions
The following is a reference view of the intermediate results:

— nodes for issuing the results of calculated forces and displacements for the vibration isolators
(Fig. 6);
— diagrams of bending moments in the foundation elements during a short circuit (Fig. 7);
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— a selection of elements for determining forces (Fig. 8);
— agraph of the vertical displacement of one of the nodes due to the dynamic loads (Fig. 9).
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Figure 6. Nodes for issuing the results of calculated forces
in vibration isolators and their deformations.

Figure 7. Bending moment diagram in foundation elements during
a short circuit of vibration-insulated foundation Type-5.

2

Figure 8. Elements for the internal forces calculation.
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Figure 9. Function of the vertical displacement of the node number 43
of vibration-insulated foundation Type-5 due to a dynamic load.

Table 2 shows the results of displacements and forces due to a short-circuit on the turbine generator,
obtained by two types of approaches: dynamic and statically equivalent for a Type-1 wall foundation for the
“low-speed” turbine unit (1500 rpm). The coefficients of proportionality between the two types of
approaches are derived.

Table 2. The results of the calculation of the wall foundation for the “low-speed” turbine unit
Type-1.

Displacements

The ratio of a statically equivalent

No of Dynamic analysis Static analysis solution to a dynamic solution
node Uy, mm Uz, mm Uy, mm Uz mm K Uyl,l rr:iatlsatwe K Uzi; rr:iatI:tlve
7575 0.116 —-0.053 2.600 0.002 22.41 0.03
7633 -0.165 —-0.293 3.200 2.400 19.45 8.19
7671 -0.171 0.218 3.000 1.400 17.53 6.42
7715 -0.140 0.154 3.300 1.200 23.66 7.80
7826 -0.129 -0.100 3.600 0.200 27.82 2.01
7990 -0.033 0.031 0.400 0.200 12.21 6.44
8015 -0.031 0.036 0.800 0.400 25.46 11.16
8040 -0.066 0.054 1.500 0.800 22.82 14.89
8041 0.043 0.029 0.074 —0.001 1.72 0.03
8071 -0.050 0.032 0.200 -0.200 3.96 6.27
8130 -0.123 —0.068 1.800 0.800 14.61 11.83
Forces (bending and torques of beams and crossbars)
Dynamic analysis Static analysis The rat_io ofa staticall_y equiv_alent
No of solution to a dynamic solution
clement Mz, khm Mk, kNm Mz, kNm Mk, kNm Ky, relative Ko, relative
units units
2429 236 -7 677 3 29 0.4
2453 200 -10 841 24 4.2 24
7291 -106 -24 167 25 1.6 1.0
7340 390 223 1603 46 4.1 0.2
7428 -923 1263 1251 1468 1.4 1.2
18237 152 64 26 20 0.2 0.3
18283 629 70 522 518 0.8 7.4
18301 -529 63 234 287 0.4 4.5

18318 —1328 86 281 611 0.2 71




Magazine of Civil Engineering, 18(1), 2025

A statically equivalent approach using load data from the turbine supplier results in an overestimation
of displacements from 2 to 12 times for the vertical direction and from 1.5 to 28 times for the transverse
direction.

At the statically equivalent approach, the values of the bending moments Mz in the characteristic
elements are 2—4 times higher than at the dynamic approach. It is impossible to draw an unambiguous
conclusion for the Mk torque. A more detailed analysis with a large number of items in the sample is
required.

Table 3 shows the results of calculating the displacements and forces from a short circuit on the
turbine generator, obtained using two approaches: dynamic and statically equivalent for the Type-2
vibration-insulated frame foundation for the “low-speed” turbine unit. The coefficients of proportionality
between the two types of the approaches are derived.

Table 3. Results for a Type-2 vibration-insulated frame foundation for the “low-speed” turbine
unit (1500 rpm).

Displacements

The ratio of a statically equivalent

No of Dynamic analysis Static analysis solution to a dynamic solution
node Uy, mm Uz, mm Uy, mm Uy, mm Uz, mm Uy, mm
2092 -0.158 0.393 0.408 4.150 2.582 10.560
2131 0.240 0.610 0.188 2.030 0.783 3.328
2142 0.173 0.477 0.209 8.220 1.208 17.233
2166 0.246 0.712 —-0.291 14.100 1.183 19.803
2232 0.559 0.673 —-0.259 11.200 0.463 16.642
2244 0.632 0.802 -0.237 11.800 0.375 14.713
2258 0.420 0.565 —-0.388 11.800 0.924 20.885
2268 0.447 0.782 -0.007 11.500 0.016 14.706

Forces (bending and torques of beams and crossbars)

Dynamic analysis Static analysis The ratio of a statically equivalent

No of solution to a dynamic solution
element Mz, kNm Mk kNm Mz, kNm Mk kNm Ky, relative Kk, relative
’ ’ ’ ’ units units
71 731 858 2495 1846 3.4 2.2
248 -10905 -6059 26233 14237 2.4 23
260 —2659 -6070 13159 14059 4.9 23
453 6430 15134 2761 6795 0.4 0.4
481 -13116 7326 51402 21581 3.9 2.9
504 -21150 —-18655 6069 29354 0.3 1.6
660 -5210 -549 794 487 0.2 0.9
668 -13636 6105 2055 597 0.2 0.1
770 1698 1542 5911 7020 3.5 4.6
839 2015 —783 3017 7093 1.5 9.1

A statically equivalent approach using the data from the turbogenerator supplier for a short circuit

and using dynamic coefficients (k = 2) gives an overestimation of displacements from 3 to 21 times for the
vertical direction and from 0.01 to 2.6 times for the transverse direction. The increased values for the
transverse direction are associated with a significant (5-fold) difference in the horizontal stiffness of the
vibration isolators compared to the vertical one.

At the statically equivalent approach, the values of bending moments Mz over the defining sections
are significantly higher than at the dynamic approach. However, due to the mismatch of the maxima in the
diagrams across the entire structural element (beam/crossbar), a research is necessary, including all the
final elements inside the structural element.

Table 4 shows the results of displacements and forces due to a short-circuit on the turbine generator,
obtained by two types of approaches: dynamic and statically equivalent for a vibration-insulated frame
foundation for a “high-speed” (3000 rpm) turbine unit. The coefficients of proportionality between the two
types of approaches are derived.
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Table 4. Results for a Type-3 vibration-insulated frame foundation for a “high-speed” turbine
unit (3000 rpm).

Displacements

The ratio of a statically equivalent

No of Dynamic analysis Static analysis solution to a dynamic solution
node Uy, mm Uz, mm Uy, mm Uy, mm Uz, mm Uy, mm
459 -0.99 -1.19 0.83 6.93 0.8 5.8
453 -0.79 —-0.83 0.79 7.01 1.0 8.4
980 -0.55 -0.66 1.59 6.93 2.9 10.4
985 -0.43 —-0.53 210 5.95 4.9 11.2
450 0.39 0.63 2.40 6.72 6.1 10.7
435 0.31 -0.27 1.82 3.16 5.9 11.9
466 0.21 -0.18 1.25 1.17 6.0 6.4
778 0.19 -0.10 0.99 0.46 5.2 4.5
770 0.07 -0.12 0.53 0.18 7.7 1.6
768 0.18 -0.15 0.10 0.07 0.5 0.4

Forces (bending and torques of beams and crossbars)

Dynamic analysis Static analysis The ratio of a statically equivalent

No of solution to a dynamic solution
element Mz, kNm Mk kNm Mz, kNm Mk kNm Ky, relative Kk, relative
’ ’ ’ ’ units units

783 1007 -1456 3301 5732 3.3 3.9
772 4569 -1329 14821 5097 3.2 3.8
183 -1509 -1462 1300 4869 0.9 3.3

78 1610 594 6499 1535 4.0 26

82 426 612 2230 1771 5.2 29

57 -558 605 1592 2307 29 3.8

28 -3467 320 880 1077 0.3 3.4
442 -175 190 179 254 1.0 1.3
454 -168 163 121 154 0.7 0.9
478 90 103 78 70 0.9 0.7

A statically equivalent approach using dynamic coefficients (k = 2) for a short circuit in the generator
shows at least a 4-12 fold increase in displacement compared to the dynamic calculation in the load
application area. In the part of the foundation furthest from the impact, the static forces are less than the
dynamic ones, which is associated with a faster “attenuation” of static forces compared to the dynamic
ones.

The forces in the rods according to the results of the dynamic calculation are generally significantly
less than those obtained from the results of the static calculation. However, there is reversed situation in
some elements.

Table 5 shows the results of displacements and forces due to a short-circuit on the turbine generator,
obtained by two types of approaches: dynamic and statically equivalent for the classic Type-4 frame
foundation for a “high-speed” (3000 rpm) turbine unit. The coefficients of proportionality between the two
types of approaches are derived.
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Table 5. Results for a Type-4 classic frame foundation for a “high-speed” turbine unit

displacements do not correlate with each other.

(3000 rpm).
Displacements
Dynamic analysis Static analysis The rat_io ofa statically equiv_alent
No of solution to a dynamic solution
node Uy, mm Uz, mm Uy, mm Uy, mm Uz, mm Uy, mm
478 -0.50 -0.37 4.44 1.22000 8.91 3.325
455 -0.46 -0.29 4.23 1.12000 9.17 3.848
501 -0.49 -0.34 4.60 1.25000 9.38 3.705
431 -0.49 -0.21 4.64 0.00075 9.53 0.004
128 -0.45 -0.19 4.18 0.00019 9.28 0.001
129 -0.45 -0.12 3.93 0.00017 8.78 0.001
130 -0.44 -0.10 3.59 0.00003 8.24 0.000
328 -0.42 -0.06 3.34 0.00005 7.88 0.001
326 -0.42 0.04 3.08 0.00003 7.36 0.001
327 -0.41 0.09 2.81 0.00012 6.84 0.001
Forces (bending and torques of beams and crossbars)
D . . . . The ratio of a statically equivalent
No of ynamic analysis Static analysis solution to a dynamic solution
clement Mz, km Mk, kNm Mz, kNm Mk, kNm Ky, relative K, relative
units units
498 -1635 -641 4894 392 -2.99 -0.6
516 402 641 363 512 0.90 0.8
472 381 521 315 191 0.83 0.4
1198 —254 -1 8 70 -0.03 -50.3
162 -373 43 212 69 -0.57 1.6
157 218 =27 96 35 0.44 -1.3
434 88 14 31 21 0.35 1.5
357 -139 18 23 14 -0.17 0.8
364 -117 -12 19 9 -0.16 -0.8
272 60 -52 14 16 0.23 -0.3
249 -85 127 3 37 —-0.04 0.3
222 -141 -78 3 80 -0.02 -1.0
28 -137 -174 4 144 -0.03 -0.8
52 515 —409 209 807 0.41 -2.0
572 -503 145 30 228 —-0.06 1.6
578 108 74 30 111 0.28 1.5
2 210 —-102 6 51 0.03 -0.5
At the static approach, the transverse and vertical displacements in the load application area are
greater than the dynamic ones. Away from the load, small (almost zero) values of static and dynamic

The forces in such a rigid foundation with a large number of columns are small themselves and there

is no clear connection.

Table 6 shows the results of displacements and forces due to short-circuit on the turbine generator,

obtained by two types of approaches: dynamic and statically equivalent for a Type-5 vibration-

insulated

frame foundation for a “slow-speed” turbine unit (1500 rpm) of French production. The coefficients of

proportionality between the two types of approaches are derived.
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Table 6. Results for a Type-5 vibration-insulated frame foundation for a “low-speed” turbine
unit (1500 rpm) of French production.

Displacements

The ratio of a statically equivalent

Uz, mm solution to a dynamic solution
No of L f
node 0SS of Two-phase Three-phase Static . -
synchronizatio L R . Maximum Minimal
n short circuit short circuit analysis
1 0.96 0.35 0.39 0.27 0.8 0.3
10 0.61 0.18 0.20 0.47 2.6 0.8
19 1.13 0.35 0.37 1.48 4.2 1.3
27 1.99 0.59 0.60 4.49 7.6 23
34 3.14 0.90 0.93 9.8 10.9 3.1
43 2.15 0.83 0.82 7.69 9.4 3.6
48 2.28 0.71 0.75 8.18 11.5 3.6
Forces in spring vibration isolators
Pz kN The ratio of a statically equivalent
% solution to a dynamic solution
No of L f
node oss of Two-phase Three-phase Static . ..
synchronizatio L A . Maximum Minimal
n short circuit short circuit analysis
1 81.4 30.1 334 -23 0.7 0.3
10 66.4 19.7 -21.7 -51 2.6 0.8
19 123.6 38.4 40.6 -162 4.2 1.3
27 2171 64.1 65.3 —490 7.6 23
34 266.6 76.6 79.3 -833 10.9 3.1
43 199.9 77.5 76.1 -715 9.4 3.6
48 193.5 60.4 64.1 —696 11.5 3.6

A statically equivalent approach using dynamic coefficients (k = 2) for accidents in the electrical
circuits of the generator shows at least a threefold excess in the area of application of loads. The maximum
difference is more than 11 times. In the part of the foundation farthest from the impact, the forces are
significantly less, and the static ones decrease much faster than the dynamic ones. In connection with the
above, the force values in the part of the foundation farthest from the generator, obtained by the static
method, may be less than the dynamic ones.

The forces in the spring supports are distributed similarly to the forces in the foundation elements.
The force values for vibration isolators near the generator, obtained from the results of dynamic calculation,
are significantly less than those obtained from the results of static calculation.

The analyzed literature [2—18] presents researches of the dynamic behavior of turbine foundation
structures under vibration and seismic loads, emphasizing the influence of geometry, soil type, and scale
factors. All researchers performed dynamic calculations. No comparable publications on similar calculations
were found in open access. Therefore, a quantitative or qualitative comparison of the research results with
similar results of other authors is not possible.

4. Conclusion

The simulations, analyses, and calculations performed are based on modern theoretical and
numerical methods. The theoretical methods were based on the scientific principles of dynamic analysis.
The computational studies were carried out using a modern, verified and one of the most powerful software
systems. The results obtained during the research can be summarized in the form of the following main
conclusions:

1. Emergency loads are crucial in strength analysis of reinforced concrete structures of turbine units
foundations and the selection of vibration-insulating elements.

2. An equivalent static approach to load-bearing capacity testing is unacceptable. The dynamic
approach gives the values of the criteria parameters several times/tens of times less than at the
static solution, and is the only recommended one. Analysis of various types of foundations have
shown that, according to the estimates of the maximum forces from a short circuit on the generator,
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in reinforced concrete structures, the dynamic approach gives on average of 3—15 times lower
values of forces compared with the statically equivalent approach based on the dynamic coefficient.

3. The research results have been implemented in the practice of designing and calculating modern

high-power turbine unit foundations for nuclear power plants of Russian design.

At the next stages of the research, an additional analysis are required to clarify the determining forces

within the structural element. These calculations should take into account the mismatches of the cross-
sections, where the maxima for static and dynamic calculations are reached.
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