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Synopsis

The conference “Construction and Development: Life Cycle,” as a continuation of
the conference “New in architecture, design, construction and renovation” dates back
to 1997, the 11th conference was held in 2020. The result of the conference was a
collection of articles presented by the results of research by more than a hundred
scientists.

The conference is held by the Faculty of Civil Engineering of the Chuvash State
University.

The collection is presented by topics devoted to the preservation of the urban
historical environment, improving methods for calculating building structures,
strengthening them and assessing their suitability for use, improving construc-
tion technology, geotechnics, energy efficiency of enclosing structures and energy
systems, introducing new structures and materials, and economic evaluation of
construction.

The collection contains a number of articles on the development in geotechnical
engineering of pile structures obtained by the discharge-pulse technology, as well as
their new type—piles with multiple extensions. The results of this work are being
tested by researchers from the Faculty of Civil Engineering in collaboration with a
geotechnical firm on construction sites in many cities.

Particular attention is paid to monitoring unique buildings and structures.
Researchers of the Faculty of Civil Engineering of the Chuvash State University
are implementing their developments at many famous sites in Russia.

The conference participants represent several cities in Russia and foreign
countries. The publication is popular with researchers, graduate students, and
undergraduates.
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To the Question of the Development
of Construction of High-Rise Buildings
in Russia

E. M. Mikryukova and I. A. Nikolaev

1 Introduction

Today high-rise buildings have become themain focus of construction. The first thing
that catches your eye when you come to a modern city is the skyscrapers, striking
in their grandeur. And you wonder, really, this is the creation of human hands, and
modern construction technologies have reached such heights.

The first high-rise buildings in Russia were the Ivan the Great Bell Tower, built in
1508, 60mhigh and completed in 1600 to 81m. In 1707, the Church of theArchangel
Gabriel (Menshikov Tower) was built on Chistye Prudy; the height of the tower was
84.3 m. In 1723, the bell tower of the Peter and Paul Cathedral in St. Petersburg was
built, the height of which was 122.5 m.

Thefirst skyscrapers in the SovietUnion are considered to be the post-war Stalinist
skyscrapers, whichwere built in the style of “Soviet art deco” andwere named “seven
sisters”. The tallest building inMoscow and Europe until 1990 was the main building
ofMoscowStateUniversity onSparrowHills,which is the center of the hugeMoscow
University complex. The height of the Moscow State University building is 240 m;
the central part of the building is 36 floors.

In 1960 construction began on the Ostankino TV tower (formerly the All-Union
Radio and Television Transmitting Station named after the 50th Anniversary of
October), the tower is 540 m high. This is the tallest structure in Russia and Europe.
The tower building has a conical base, in the form of a flower, an inverted lily, with
strong petals and a thick stem. 149 tensioned cables prevent deformation and collapse
of the concrete frame from individual round blocks.

Historically, it so happened that in Russia, in the capital Moscow, structures were
also laid thatwere supposed to become the tallest skyscrapers inRussia andEurope—
the 100-storey, 495-m Palace of the Soviets (considered the tallest in the world) in the

E. M. Mikryukova (B) · I. A. Nikolaev
Kalashnikov Izhevsk State Technical University, Izhevsk, Russia
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4 E. M. Mikryukova and I. A. Nikolaev

1940s and the 612-m 118-storey Tower of Russia in the 2000s, but their construction
was canceled for various reasons.

The tallest in Russia and Europe is the 462-m 88-storey skyscraper Lakhta Center
in St. Petersburg, built in 2018. The Lakhta Center Tower is one of the northernmost
skyscrapers in the world and one of the five most environmentally friendly high-rise
buildings. Due to the proximity to the Gulf of Finland and weak soils, all foundations
of the complex, including the central Lakhtinskaya skyscraper, stand on piles. The
number of piles in this complex is 3480, their diameter varies from 0.6 to two m.

The city of Yekaterinburg, located on the eastern slope of theMiddle Urals, on the
banks of the Iset River, is famous for its skyscrapers. The Iset Tower is a 52-storey
skyscraper on the territory of the future Yekaterinburg-City complex, built in 2016.
The second largest skyscraper in the city—Vysotsky House—54 floors, 188.3 m
high, built in 2015. When creating the skyscraper, special attention was paid to fire
safety. The building has an addressable fire alarm, six thousand smoke detectors and
two security zones, where neither smoke nor fire can enter. One of these areas is
hidden on the technical floor.

To this day, the rise of skyscrapers continues to accelerate. In the past five years
alone, more than half of all the tallest buildings in the world have been built, and the
total number of skyscrapers has tripled over the past decade.

In our country, the capital is a leader in the construction of skyscrapers. This is due
to the financial andmaterial capabilities ofMoscow. The concept ofMIBC “Moscow
City” was proposed in 1991, and in 1995 preparations began for the construction
of the first skyscrapers of this center. Today “Moscow City” consists of 13 high-
rise buildings, where a business activity zone is being created, uniting business,
apartments, accommodation, and recreation. The North Tower is one of the lowest
buildings in the business center, built in 2008. The tower is completed by significant
iron trusses that serve as a decorative function. The 27-storey building, 108 m high,
has an 18-storey atrium that culminates in a dome, which contributes to additional
lighting of the office space. Evolution Tower is a symbol of the business center,
255 m high, 54 floors, the building was built in 2015. The tower has a spiral shape,
embodying the union of two principles. The building turned out to be curved bymore
than 150 degrees. The main supporting structures are eight columns located strictly
vertically along the entire height of the building, and only four corner supports follow
the spiral geometry of the building. In 2011, the construction of the Imperia shopping
center, symbolizing the cities of Moscow and St. Petersburg, was completed. The
“City of Capitals” consists of two towers—the 76-storey “Moscow” 302 m high
and the 65-storey “St. Petersburg”, 257 m high. The entire complex is located on
a single podium and combines two buildings with a 17-storey stylobate and a 17-
storey domed building with a satrium. The towers consist of individual rectangular
blocks, which alternately move around their axis at the level of technical floors.
The building has a very unusual geometry, a complex structural solution with a
space frame, and stiffening rods. The Imperia shopping complex is a monolithic
reinforced concrete skyscraper. In 2014, the Eurasia skyscraper was built with a
height of 309m.As conceived by the architects, the tower has a classic look combined
with modernism, the only steel tower in Moscow City. In 2016, the construction of
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the unique Federation complex was completed, consisting of two triangular towers of
different heights located on the stylobate. The height of the 63-storey West Tower is
242 m, the 100-storey East Tower-374 m. During the construction of the Federation
Tower complex, the most stringent building standards in the world were applied.
The foundation of the Federation complex is a foundation that rests on a massive
concrete slab. It took 14,000 cubic meters of concrete to fill it. The stability of
the two buildings is ensured by a strong concrete core, which has 1.4 m at the
base of the wall, as well as 25 columns along the perimeter, which intersects the
two towers from the basement to the top floor. Each column at the base is 2 ×
1.4 m in size. Every 25–30 floors in the skyscrapers of the “Federation” complex
there are outrigger floors, which are made of high-strength steel structures, which
make the building more rigid and resistant to wind loads. The latest glazing systems
have been applied. The glass surface reflects solar radiation while maintaining the
optimal temperature in the building. In terms of density, glass approaches the thermal
resistance parameters of a brick wall. At the time this technology began to be used
in the tower, it was not used in any skyscraper in the world. At the level of 67–68
floors of the building, a media facade is installed, assembled from twomillion LEDs.
This is the tallest media facade in Europe. Mercury Tower (Mercury Tower, Golden
Tower) is amultifunctional business complex that is part of theMoscow International
Business Center. The height of the tower is 338 m. Initially, it was planned to build
the tower “Russia”, 612 m high, on this site. The Mercury Tower was supposed to
be the first truly “eco-friendly” building in Moscow. The skyscraper was designed
to provide daylight to 75% of offices with natural daylight and included a rainwater
collection system for later use. For greater reliability, two independent reinforced
concrete frames are provided, which made the “Mercury” resistant to earthquakes
up to six points. This skyscraper includes a unified automated building management
system (BMS), an integrated security system, a sprinkler fire extinguishing system,
a water supply for fire extinguishing, a four-pipe air conditioning system, twenty-six
high-speed ultra-modern elevators, and other advanced technologies.

2 Materials and Research Methods

For the classification of buildings, the criterion of height in meters, and not number
of storeys, was adopted, since the height of the floor is taken differently depending
on the purpose of the building and the requirements of national design standards
[1–5]. “Terms and definitions” the following definition is given: “Multifunctional
multi-storey building”—a building with a height of more than 75 m, which includes,
in addition to residential premises, hotel rooms and premises for other functional
purposes” [6].

The Russian construction industry does not have the experience of high-rise
construction, as in other developed countries. Most often, problems arise due to
the climate, the location of the building in the existing urban development, the lack
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of construction technologies and equipment suitable for the construction of multi-
storey buildings. Also, there are no correct requirements for proper documentation
and control, for compliance with existing requirements for land use planning and
zoning in the city, construction, and maintenance of a building, requirements for fire
and evacuation safety of people in high-rise buildings.

One of the disadvantages of “skyscrapers” can be identified—the problemof trans-
port. With dense development, the emergence of a transport crisis can be observed
not only in the construction zone, but also in the territories and nearby streets. To
avoid such a problem, for example, in Paris, office buildings are moved from the city
center to the outskirts, as a result of which the situation on the streets is normalized
during working hours, since people did not want to go there. High-rise construction
infrastructure is more relevant for Russia. Among them are the modernization of
engineering systems, transport accessibility, improvement of the adjacent territory,
the use of modern building maintenance systems.

In the construction of high-rise buildings and low-rise buildings, concrete and
steel are used as materials. The wind loads acting on the building are retained due
to the rigidity of the “frame” of the structure, and due to the flexibility, resistance
to seismic vibrations is achieved. Most often, facades are finished with steel profiles
and light panels made of transparent glass, aluminum, or polymers.

Engineering systems and elevators are carefully selected by specialists during
construction. The main thing for them is high quality and a long warranty period.

A special place in the analysis is occupied by the profitability of high-rise construc-
tion, because many experts often raise the question of the expediency of high-rise
construction in our country, since they do not see the point in erecting these build-
ings, and focus on the vast territories of our country, where urban development has
already formed.

The life support complexof the skyscraper includes about thirty systems: sewerage
and water supply, microclimate, power supply, smoke removal, fire extinguishing,
automation, etc.

Safety problems in the construction of “high rise” are important, because the
organization of evacuation routes requires compliance with the mass of regulatory
sources due to the complexity and length of paths providing access to the exits from
the building [1, 7–9].

Experts say that the use of only non-combustible materials in the construction of
skyscrapers is impossible, despite the high development of technologies in construc-
tion. Therefore, even in new homes, fire is a real threat. The risk of fire for people in
multi-storey buildings is aggravated by the fact that, unlike low-rise buildings, evac-
uation of people is very difficult, and the complexity of extinguishing fires increases
[9].

For high-rise buildings, an Automated Building Management System (BMS)
is required, which provides centralized monitoring, dispatching, and management
of engineering systems equipment. The main functions of automated complexes,
communication, and information systems with which high-rise buildings are
equipped are safety, maintenance of the building’s service life, and ensuring the
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manufacturability of functional blocks and people’s comfort. To eliminate redun-
dancy and ensure consistency of work, technical systems should be combined into
complexes that ensure the exchange of information between systems. It is necessary
to organize a flexible and freely programmable distribution system for a building
control center with a workstation, where only highly qualified specialists can work.
In multi-storey buildings, it is necessary to provide premises for the placement of
technological equipment of citywide service services: operational radio communica-
tion systems and state fire protection of the Ministry of Emergencies of the Russian
Federation; a stationary observation post for the bearing structures of the building;
for the central control room of the building security system. The short and incom-
plete list of design and construction works given above shows that the construction
of high-rise buildings is an excessively expensive process [10].

For high-rise construction in modern Russia, the list of regulatory documents has
not yet been fully approved. It is impossible to build high-quality facilities that meet
modern safety and comfort standards using outdated technologies. For sustainable
development of multi-storey construction, new rules are needed, simplification of
the procedure for approving documents, GOSTs, and technical regulations.

3 Results and Challenges

In contrast to multi-storey buildings, the engineering systems of high-rise buildings
have a number of characteristics. Let’s consider them on the example of a multi-
storey building of the multifunctional complex “University” on the street. Peace in
the Kirov district of Yekaterinburg.

The building is designed with two inputs of the utility and drinking water supply.
The drinking water supply system is divided into zones: water supply of built-in
premises (offices) from pressure in the city water supply system, water supply of
residential premises of the first zone, water supply of residential premises of the
second zone. The lower distribution of the drinking water supply system for the built-
in premises and the first zone with the laying of main pipelines under the ceiling of
the technical underground was adopted. For the second zone, the distribution of the
utility and drinking water supply system is provided in a warm attic. The drinking
water supply networks are designed as dead ends. To equalize the pressures in the hot
and cold water pipelines and to reduce the pressure on the branches in the apartments,
pressure regulators are installed. The hot water supply system is designed to supply
water to sanitary appliances in residential apartments andoffices.A separate hotwater
supply system is provided for the offices—from the residential part. Circulation of
hot water supply for the residential part and offices was carried out. In the project,
the lower distribution of hot water and circulation for offices and the first zone with
the laying of main pipelines along the technical underground is designed. For the
second zone, hot water distribution is provided in the warm attic. For the needs of
fire extinguishing, two transit pipelines were made from the input, bypassing the
water meter unit and two zones of internal fire extinguishing. A pumping station for



8 E. M. Mikryukova and I. A. Nikolaev

a drinking water supply system, a water treatment station, and a fire extinguishing
pumping station are designed for the building [10–16].

To drain wastewater from sanitary appliances of the residential part, a gravity
system of domestic sewage was made with a release into the projected external
network. In the same section, a separate sewerage system was designed for office
bathrooms with independent release to the external network. To drain rain and melt
water from the roof of the building, an internal drainage system was designed with
the release of rainwater to the blind area and then along reinforced concrete trays
to the roadway. For the autumn–winter period, it is planned to bypass wastewater
into the household sewage system of the residential part The sewerage system for
ordinary waste water is designed to divert ordinary and emergency waste water from
the OV andVK premises. In the OV andVK rooms there are recesses with automated
submersible pumps with a built-in float switch and a check valve. These effluents
are conditionally clean and are discharged into a wet well with subsequent removal
[10–12, 16–18].

To provide general ventilation of apartments, the project provides for amechanical
ventilation system. Air exhaust and air flow into the apartments is carried out by two
units with recuperators installed on the roof. Ventilation of office andMOS premises
is carried out by separate systems with mechanical induction and natural ventilation.
Exhaust air is discharged above the roof level. To reduce the noise characteristics in
the ventilation systems of residential apartments and offices, sound attenuators are
provided. To limit the spread of combustion products, the project provides for the
removal of smoke. Axial roof fans are designed for the smoke exhaust system. The
release of combustion products is carried out at a height of two meters from the level
of the roof. The project provides for air pressurization systems by evacuation, lift
shafts, tambour gateways [10, 19–21].

To maintain a comfortable air temperature in the office premises, the project
provides for air conditioning systems. Outdoor units of air conditioners are located
on the facade of the building. A system of channels is used to remove condensate.
Condensate is removed by the sewerage system [10, 19–21].

Water, steel, panel radiators with bottom connection are provided as heating
devices for apartments and offices. Convectors with side connection are provided
for heating the auxiliary rooms of the MOS. To distribute the heating medium to
apartments and offices, heating collectors are provided on the serviced floor. To
account for the heat consumed by apartments and offices, the project provides for
heat meters installed on floor heating collectors. In apartments and offices, heating
pipelines are laid in the floor screed along the perimeter of the premises in a protective
corrugated casing [10, 19–21].

Heat supply of the residential building is provided from the existing boiler house
on the street. Cherry. The heat supply scheme is adopted as a two-pipe one with the
heating system connected according to an independent scheme. According to the
dependent scheme—ventilation systems and a closed circuit of the DHW system
[10, 19–22].
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Exits from the elevators on the intermediate floors are made through the elevator
halls, which are separated from the adjoining corridors by fire-prevention partitions
with self-closing doors. Elevator cabins aremade of non-combustiblematerials [1, 7].

4 Conclusion

It is impossible to make an unambiguous conclusion about the necessity or inadmis-
sibility of high-rise construction in Russian realities. The introduction of high-rise
complexes in the largest cities of Russia seems to be justified. High-rise buildings
avoid the expansion of the city’s territory, creating a “compact” urban environment in
the absence of territories. A compromise is needed between the advantages of multi-
storey construction and the cost of their construction. As a result of the analysis, it
can be concluded that in the future the pace of construction of high-rise buildings in
cities will only increase and develop.
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Analysis of the Ultimate Loading
on Concrete Beams in FEMAP NX
Nastran

A. V. Alekseytsev and M. D. Antonov

1 Introduction

Current software and methods in regulations led to make a nonlinear static analysis
of Reinforced Concrete (RC) structure. At the same time regular service conditions
provide restrictions on crack resistance and stiffness, that structure has sufficient
load-bearing capacity before the beginning of structural failure. Analysis of stress–
strain behavior at structure in such level of stress begins actual for emergencies that
had not provided for normal service condition. Reserve of load-bearing capacity
can be used for assessment stability and analysis risk in loss of property, and for
optimization, when main criterion is provision required level of mechanical safety.
There are many models for describing deformation of concrete in Ansys Mechanical
2020, NX Nastran, and other softwares. It is based on the yield surface shown in
Fig. 1. At the same time, the main dependencies for comparison with design tensile
and compressive resistance of concrete Rbt and compressive Rb in terms of principal
stresses σ1 − σ3 in concrete are:

√
1

6

[
(σ1 − σ2)

2 + (σ2 − σ3)
2 + (σ1 − σ3)

2
] = A + B(σ1 + σ2 + σ3),

A = 2√
3

(
RbRbt

Rb + Rbt

)
, B = 2√

3

(
Rbt − Rb

Rb + Rbt

)
. (1)

where Rb, Rbt—design resistance of concrete to compression and tension, respec-
tively. Let’s complete the implementation of amodel of reinforced concrete structures
in Femap NX Nastran.
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Fig. 1 Drucker-Prager yield
surface for heavy concrete

2 Material and Research Methods

The Drucker-Prager (DP) model is used for concrete. Crack formation in concrete
in DP model is described with considering opportunity of quasi-plastic material
softening after reaching the level of stress close to limit of ultimate strength. This
opportunity is represented by functions of hardening and softening in materials.
More information about the property of this models for concrete are described in
articles [1, 2]. Let’s complete the realization of this model in pre-processor Femap.
Here, one of the main parameters is the cohesion stress during biaxial compression.
A number of articles by both domestic and foreign researchers are devoted to the
estimation of this value. In this case, the calculation formulas and experimental data
differ significantly. We calculate this stress based on the expression:

C =
√
3(3 − ϕB)

6 cosϕB
Rbt , (2)

whereϕB—is the angle of internal friction (taken 25–32degrees), Rbt—tensile design
resistance of concrete to tension.

The table of main constants for materials [Pa] is shown in Fig. 2.
Reinforcement is determined in accordance with SP 63.13330 and responded due

to Prandtl diagram. The Mises strength criterion is used for reinforcement. Bench-
mark data for accounting nonlinear behavior of concrete and reinforcement are shown
in Fig. 3. Model helps to take into account the level of propagation micro crack for
compression using the angle of dilation and stress ratio. Finite Element model is
formed with solid elements for concrete and rod elements for reinforcement.



Analysis of the Ultimate Loading on Concrete Beams … 15

a)

b)

Fig. 2 Constant of materials: concrete (a), reinforcement (b)

3 Results and Problems

The deformation of cantilever beam with length of 3 m, 0.5 × 0.5 m in section is
reviewedas test example.At the endof beam is appliedvertical force of 500kN,which
has been distributed at extreme square. This load is exceeded to ultimate load, that
beam can withstand. Searching of ultimate load is performed in consistent loading
in 100 steps iteration process. Two schemes of beams are reviewed: (1) beam with
reinforcement in top (two rebars with diameter of 12 mm; the grade of reinforcement
is A400) the loss of adhesion between concrete and reinforcement has not taken into
account. (2) concrete beam without reinforcement. Results of calculations for first
scheme are performed at Figs. 4 and 5.

Figure 4 is performed distribution of discrete crack zone, which are involved by
tension in concrete. This level approximately corresponds to load for normal service
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a)

b)

Fig. 3 Initial data for nonlinear calculation of materials: concrete (a), reinforcement (b)

condition beam. Because the calculation was done taking into account geometrical
nonlinearity for level of maximum ultimate load, crack zone is moved away from
embedment. It should be noted that the considered DP model was developed for
continuous body and it can’t give a presentation of the quantitative character of
the distribution of cracks, however it can be assessed by an ultimate deep of their
distribution and development of plastic deformation in compression zone of concrete.
Figure 5 shows that stress in reinforcement has reached yield point in the support zone
for the load of 0.34P. The character of development plastic deformation in tension
zone for different steps of load is shown in Fig. 6. Failure of the sample occurs at a
load exceeding the level of 0.214P, while the section height is switched off fromwork
to 0.6, where vertical and inclined cracks are formed. The order of development of
plastic deformations at various stages of loading is presented by schemes a, b, c.
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Рmax =0,2 
Р

Рmax =0,34Р

Fig. 4 Compression and tension zone of concrete for different level of load

a) b)

Fig. 5 Stress–strain behavior of beam for load close to ultimate load: Mises stress in rebars (a),
shear crack stress at support (b)

Figure 7 shows the distribution of axial compressive and tensile stresses in a
concrete specimen, depending on the level of its loading. The distribution of tensile
stresses at themaximum load level shows the zone in which it is necessary to perform
reinforcement, while in the state of pre-fracture, plastic deformations occur during
both tension and compression. Data on ultimate loads are presented in summary
Table 1.

The practice of software implementation has shown that the use of Femap and
NX Nastran allows you to integrate calculation procedures into optimization algo-
rithms based on evolutionary modeling [3–7], as well as to design structures with
the required level of mechanical safety [6, 8–14].

In this case, the most promising for implementation are algorithms that have the
ability to both parametric [15–18] and structural [19, 20] synthesis.
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Рmax

=0,124Р

a)                        b)                        c)

a)
Рmax =0,08Р
b)
Рmax =0,1Р
c)
Рmax =0,12Р

Fig. 6 Results of calculating the ultimate load a–c deformation stages

Рmax =0,06Р

Рmax =0,124Р

Fig. 7 Data about stress in concrete in different steps of loading
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Table 1 Calculation results Object Ultimate load Load level at
beginning a crack
formation

Reinforced concrete
beam

170 kN 48 kN

Concrete beam 62 kN 30 kN

Effect of increasing
load-bearing capacity

in 2.74 times in 1.6 times

4 Conclusion

The presented approach tomodeling the stress–strain state of concrete and reinforced
concrete structures makes it possible to determine the ultimate bearing capacity and
obtain detailed information on plastic deformations in the tensioned and compressed
zone of reinforced and unreinforced concrete.
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Nonlinear Analysis of Damaged
Reinforced Concrete Columns, Restored
with Carbon Fiber Jacket Using
ABAQUS

Gamal Algnde and Alexander Topilin

1 Introduction

Existing concrete structures are often in need of repair and/or restoration, mainly
due to environmental damage, extreme events, or changes in design assumptions.
Concrete columns are usually strengthened and restored with a concrete shell as this
results in both increased ductility and strength. Currently, carbon fiber jacket (CFRP)
is an interesting alternative to the latter due to its high strength-to-weight ratio, simple
application procedure, and insignificant increase in geometry. This study presents
a nonlinear analysis of damaged reinforced concrete columns restored with carbon
fiber jacket (CFRP) using ABAQUS.

2 Structural Analysis Using the Finite Element Method
FEM

Based on the main objectives of this study, 3D finite element models of reinforced
concrete columns have been developed, and various issues related to modeling are
addressed as follows:

1. Type of finite elements.
2. Properties of materials.
3. Assignment of cross-sections.
4. Definition of the step of application of the load.
5. Interaction between elements.
6. Specification of boundary conditions and loads.

G. Algnde (B) · A. Topilin
Moscow State University of Civil Engineering (National Research University) (MGSU), Moscow,
Russia

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022
N. I. Vatin et al. (eds)., Advances in Construction and Development, Lecture Notes
in Civil Engineering 197, https://doi.org/10.1007/978-981-16-6593-6_3

21

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-6593-6_3&domain=pdf
http://orcid.org/0000-0001-5589-9242
http://orcid.org/0000-0001-6293-259X
https://doi.org/10.1007/978-981-16-6593-6_3


22 G. Algnde and A. Topilin

Table 1 System of units of measure

Length Force Mass Time Pressure Density

mm N T C MPa T\mm3

7. Creation of a mesh of finite elements FEM.
8. Assignment of job.
9. Evaluation of results.

Reinforced concrete column with a hole and a control column without holes were
studied to calculate their residual strength.

The following measurement system was adopted for modeling—SI (Table 1).

2.1 Type of Finite Elements

The concrete column element was modeled using a solid hexahedral element, which
ABAQUS defines as C3D8 (Continuum three-dimensional (3D), 8 nodes), also using
a deformable body. The solid element has eight nodes with six degrees of freedom
at each node, as shown in Fig. 1.

Steel reinforcement is modeled using bars in ABAQUS program defined as T3D2
element (2-node linear 3-D bar) (Fig. 2).

Fig. 1 Three-dimensional
deformable body

Fig. 2 Three-dimensional
truss
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Fig. 3 Shell element

Since the thickness of CFRP sheets (carbon fiber reinforced plastic) are much
thinner than other sizes, CFRP acts like a shell, so 4-node shell elements (S4) were
adopted to model them, as shown in Fig. 3.

2.2 Material Properties and Cross-Section Definition

2.2.1 Modeling Concrete Properties

Two types of properties are used to describe the nonlinear properties of concrete:

• Elastic properties.
• Plastic properties (Table 2).

Table 2 Properties of concrete

Density of concrete 2.5E−9 t\mm3

Cross-section of concrete 300 * 300 * 2000 mm Hole dimensions 75 * 400 * 300 mm

Compressive strength of
reference samples (fck)

20 MPa

Characteristic compressive
strength of a concrete
sample in the form of a
cube (fck, cube)

25 MPa

Average compressive
strength of concrete (fcm)

f cm = f ck + 8 = 28 MPa

Average tensile strength of
concrete (fctm)

f ctm = 0.3 ∗ f ck2/3 = 2.21 MPa

Elastic properties Modulus of elasticity of
concrete (Ecm)

Ecm = 22 ∗ ( f cm/10)0.3 ∗ 103 =
29962 MPa

Poisson’s ratio (ν) 0.2
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Table 3 Parameters of the concrete damage plasticity model

Dilation angle (ψ) Eccentricity (ε) fb0/ fc0 kc Viscosity parameter

31 0.1 1.16 0.67 0.0001

Plastic properties: In the calculations of this work, amodel of concrete with plastic
failure (concrete damage plasticity model) was used. The parameters of the concrete
damage plasticity model are presented in Table 3.

Dilation Angle (ψ): Dilation angle that determines the ratio of volume and shear
deformation.

Eccentricity (ε): A parameter that controls the rate at which a material transitions
to the plastic state.

fb0/ fc0: Ratio of biaxial compressive strength of concrete to uniaxial compressive
strength of concrete.

kc: The surface shape parameter for concrete (Table 4).

2.2.2 Modeling Properties of Steel Reinforcement

Two types of properties are used to describe the nonlinear properties of reinforcing
steel:

• Elastic properties.
• Plastic properties (Fig. 4 and Table 5).

2.2.3 Modeling the Properties of CFRP (Carbon Fiber Reinforced
Plastic)

CFRP (CFRP) was modeled with linear elastic behavior to break. In this study,
CFRP is considered as an orthotropic element. Therefore, it is necessary to consider
the properties of the element in each direction separately. The modulus of elasticity
in the main direction is set at 138 GPa, and the CFRP thickness is 0.3 * 3 mm. A
standard composite shell was adopted in which each CFRP sheet was modeled as a
separate layer (see Fig. 5). For an orthotropic material model, engineering constants
in the ABAQUS software are shown in Table 6.
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Table 4 Dependences of
stresses and damage
coefficients on nonlinear
deformations in compression
and dependence of stresses
and damage coefficients on
nonlinear deformations in
tension

Dependence of stresses and
strains in compression

The coefficient of concrete
damage in compression

Stresses σc
(MPa)

Nonlinear
strains εinc

Damage
coefficient dc

Nonlinear
strains εinc

11.2 0 0 0

18.45395 0.000156 0 0.000156

23.91742 0.000372 0 0.000372

27.01647 0.000667 0 0.000667

28 0.001032 0 0.001032

27.4519 0.001357 0.019575059 0.001357

25.8638 0.001717 0.076292715 0.001717

23.31371 0.002109 0.167367512 0.002109

19.872 0.00253 0.290285726 0.00253

15.60236 0.002979 0.442773012 0.002979

8.30701 0.005873 0.703321077 0.005873

Dependence of stresses and
strains in tension

The coefficient of concrete
damage in tension

Stresses σt
(MPa)

Crack strains
uckt (mm)

damage
coefficient dt

Crack strains
uckt (mm)

2.210419 0 0 0

1.129164 0.030924 0.17537 0.030924

0.660059 0.061849 0.35075 0.061849

0.459779 0.092773 0.52612 0.092773

0.352886 0.123697 0.7015 0.123697

0.272163 0.154621 0.87687 0.154621

0.199853 0.185546 0.9015 0.185546

0.135008 0.21647 0.92612 0.21647

Fig. 4 Column
cross-section
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Table 5 Properties of reinforcing steel

Density of steel reinforcement 7.85E−9 t\mm3

Cross section of steel reinforcement Longitudinal reinforcement
(main)

8∅18 mm

Transverse reinforcement ∅6 mm

Elastic properties Modulus of elasticity of steel
reinforcement (Ea)

Ea = 200000 MPa

Poisson’s ratio (ν) 0.3

Plastic properties Stresses (MPa)—(A400) 400 400

Nonlinear strains 0 0.1

Fig. 5 Standard composite shell

Table 6 Orthotropic properties of the material in each direction

Elastic modulus (MPa) Shear modulus (MPa) Poisson’s ratio

E1 138,000 G12 5200 Nu12 0.28

E2 9500 G13 5200 Nu13 0.28

E3 9500 G23 1450 Nu23 0.4
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2.3 Interaction Between Elements

2.3.1 Assignment of Contact Properties of Reinforcement and Concrete

The steel bars were assumed to be perfectly bonded to the adjacent concrete by
embedding the steel bars elements into the concrete elements using the embedded
region option in ABAQUS.

2.3.2 Assignment of Contact Properties of Concrete and CFRP

In CFRP-reinforced concrete elements, there are two possible failure modes for
CFRP sheets, namely CFRP rupture and CFRP debonding or delamination. The
former mainly occurs in compression members such as CFRP columns, while the
latter occurs in bending members such as CFRP beams. Thus, due to the domi-
nance of CFRP rupture mode in CFRP-confined concrete columns, the bond between
concrete andCFRP does not significantly affect the behavior of structures. Therefore,
ABAQUS uses a tie constraint model between concrete and CFRP over the surface
of the contacts.

2.3.3 Assignment of Contact Properties of Concrete and Rigid Plate

For each rigid plate at the top and bottom of the columns, one reference point RP
is defined in its center. Rigid plates have been constrained to the corresponding
reference points. This is done using a rigid body constraint. A rigid body is a set of
nodes, elements and/or surfaces whose movement is controlled by the movement of
one reference point. In other words, when using this option, plates behave rigidly and
boundary conditions can be applied to the corresponding reference points instead of
using a rigid plate body. ABAQUS uses a tie constraint model between concrete and
a rigid plate over the surface of the contacts.

2.4 Hole Restoration

The hole is filled with concrete, and reinforcement of the same diameter as the
reinforcement used in the column is used. The old reinforcement is connected to the
new reinforcement using a shear bolt/wedge coupling sleeve.

Shear bolt/wedge coupling sleeve: designed primarily for splicing smaller diam-
eter bars from (12–20 mm), the connecting sleeve has an oval cross-section, which
allows two reinforcing bars of the same diameter to be overlapped in the sleeve, as
shown in Fig. 6.
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Fig. 6 Coupling sleeve with shear bolt/wedge

ABAQUS uses a tie constraint model between old and new concrete, as well as
old and new reinforcement over the surface of the contacts.

2.5 Assignment of Boundary Conditions and Loads

A compressive load is applied to the RP of the upper rigid plate in the U3 direction
using the displacement control method. The solution strategy is based on a static
general method that is simple and has an enough short analysis time. The boundary
conditions and load application are shown in Fig. 7.

Fig. 7 Boundary conditions and loads
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a b

c d

Fig. 8 Finite element model: a column, b concrete in the hole, c CFRP, d rigid plate

2.6 Creation of a Mesh of Finite Elements

See Fig. 8.

2.7 Results of Calculation by the Finite Element Method

2.7.1 Influence of CFRP Shell Thickness on the Load-Bearing Capacity
of a Restored Reinforced Concrete Column

Based on the results of the analysis, we found that the appropriate thickness of the
CFRP shell can be selected depending on the goal: either restore only the previous
bearing capacity of the column with a slight increase in the bearing capacity, or
significantly increase its bearing capacity in case of additional loads. Figure 9 shows
the bearing capacity-displacement curves of a reinforced concrete column restored
with a CFRP shell with variable shell thickness.
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Fig. 9 Bearing capacity-displacement curves of a reinforced concrete column restored with carbon
fiber jacket (CFRP) with variable shell thickness

2.7.2 Comparison of the Load-Bearing Capacity of a Damaged Column
and a Restored Column with Carbon Fiber Jacket (CFRP)

If we want to restore only the previous bearing capacity of the column with a slight
increase in bearing capacity, we use a carbon fiber reinforced plastic (CFRP) shell
with a thickness of (0.2; 15 * 2 mm), in this case the bearing capacity has increased
by 82%. And if we want to significantly increase the bearing capacity of the column
in case of additional loads, we use a carbon fiber reinforced plastic (CFRP) shell with
a thickness of (0.3 * 3 mm), in this case the bearing capacity has increased by 142%.
Figure 10 shows the bearing capacity-displacement curves of a reinforced concrete
column restored with a CFRP shell and a reinforced concrete column with a hole.

2.7.3 Efficiency of CFRP When the Column is Subjected
to an Eccentric Compressive Load

Figure 11 shows the efficiency of CFRP in restoring a column with a change in
eccentricity of load application.

1. Pure axial compression (point A). This is the largest axial compressed load that
a column can support.

2. Compression with slight bending (point B). This is a case of high axial load
acting at low eccentricity. The stress distribution becomes inclined, but the
section is still in compression. Failure occurs due to concrete crushing.

3. Compression control (point C). There is both a compression zone and a tension
zone for concrete. The steel is subjected to tension. Failure occurs due to
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Fig. 12 Principal plastic deformations of a reinforced concrete column

crushing of the concrete on the compression side, whereas the stress in steel
(fs) is less than the yield stress (fy).

4. Balanced condition (point D). Equilibrium is reached when the compressive
strain in the concrete reaches its limit and the tensile reinforcement simulta-
neously reaches yield. The Failure of concrete occurs simultaneously with the
yields of the steel.

5. Tension control (point E). This is a case of low axial load with high eccentricity,
that is, a large moment. In case of failure, the strain in tensile steel is greater
than the yield strain.

6. Pure flexure (point F). In this case, a bending moment M acts on the section,
while the axial load isP= 0. Failure occurs in the sameway as in a beam subject
only to a bending moment.

2.7.4 Principal Plastic Deformations

The principal plastic deformations of a reinforced concrete column restored with
a CFRP shell and a reinforced concrete column with a hole at maximum load are
shown in Fig. 12. Here we notice the huge role of CFRP in reducing these plastic
deformations.

3 Conclusion

In this work, calculations and studies of nonlinear analysis of damaged reinforced
concrete columns, restored with a carbon fiber reinforced plastic (CFRP) shell, were
carried out. The ABAQUS software system was chosen as the flagship system due
to its objective advantages over analogues.
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Realistic modeling of nonlinear properties of reinforced concrete in numerical
calculations is a complex multi-component problem.

During the study, a model of deformation and strength of reinforced concrete,
reinforcement, and carbon fiber reinforced plastic shell (CFRP) was studied. When
comparing the bearing capacity of a damaged column and a restored column with a
carbon fiber reinforced plastic (CFRP) shell, two cases were considered: in the first,
a carbon fiber reinforced plastic (CFRP) shell with a thickness of (0.2; 15 * 2 mm)
was used, in this case the bearing capacity has increased by 82%; the second used
a carbon fiber reinforced plastic (CFRP) shell with a thickness of (0.3 * 3 mm), in
this case the bearing capacity has increased by 142%. It has also been shown that
CFRP is highly effective in restoring a column when the eccentricity of the load is
changed, and the huge role of CFRP in reducing plastic deformations.
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Spherical Domes of Paired Arches
of the Same Radius

Vasilij D. Antoshkin and Maria V. Gorina

The disadvantage of most of the known solutions of geodesic and mesh domes is a
large number of different types of nodes for connecting shell elements, sharp angles
of connections, different types, and complexity of performing support nodes, due
to the fact that these support nodes are located at different levels, as well as the
complexity and complexity of performing enclosing structures and roofing.

To increase the reliability of the dome cover frame, simplify the manufacture of
frame components, as well as the manufacture of enclosing structures and roofs, it is
necessary to solve problems related to reducing the number of connected mounting
elements, reducing the material consumption of nodal joints, and forming, by opti-
mizing the geometry of the cutting of the sphere (excluding sharp corners), the
location of supports at the same level of the sphere.

As a result of this work, geodesic domes with a specific coating are proposed,
which is made by dividing the faces with large circles along the midpoints of the
edges and the centers of the faces of a regular spherical polyhedron, for example,
an icosahedron, etc. [1–9]. To do this, several “cuts” of the spherical shell frame
are performed sequentially. The first “cut” of the shell frame is obtained by dividing
into spherical elements and shapes, for example, arched arcs, polygons, triangles,
etc., paired circles of the same radius, parallel to the specified large circles passing
through the midpoints of adjacent edges. The second “cut” of the frame is formed
by paired circles of the same radius, parallel to the specified large circles passing
through the midpoints of the edges, through one edge. The third “cut” is formed by
paired circles parallel to the large circles passing through the vertices of the faces of
the corresponding regular spherical polyhedron.

Thus, in a geodesic dome based on a regular spherical polyhedron (icosahedron),
it is possible to form a framework in the form of a network with minimal arch
segments and nodes of intersecting paired arches in different directions [10–17]. The
framework is created on the basis of regular spherical polyhedra, while maintaining a
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Fig. 1 Diagram of a
geometric network of circles
of one radius based on a
regular spherical
twenthedron: a-a general
view of the scheme; b-a
fragment of the cutting
scheme; O—a pole on the
vertex of the adjacent face of
the icosahedron on the
sphere and the vertices of the
faces; r—the radius of the
circles of paired arches;
ro—the radius of the equator

a)

b)

minimum number of standard sizes, and provides an effective location of the support
nodes significantly below or above the equator and at one, well-defined level (Fig. 1).
It is these forms of domes, broken and flat, that are most in demand by modern
architecture.

There canbe at least three independent variants of the arrangement of paired circles
(and, accordingly, the arches of the frame) (according to the number of independent
axes of symmetry of regular polyhedra). In the studied regular spherical polyhedron
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based on the icosahedron, the vertices of the faces are denoted as O, and the radius
of the circles parallel to the equator is denoted as r. If we analyze the possibility
of forming the first one. the most obvious variant of the geometric network on the
sphere, we conclude that the poles for the construction should be chosen by the
vertices of the faces O of a regular spherical twenthedron (icosahedron), and solve
the problem for the geometric network (Fig. 1).

We show a fragment of the circle construction scheme in Fig. 1b, where the arcs
are cut off at the edges and bisectors of the faces of the arc x and the arc y, which
determine the position of the main figures of this network. On circles of the same
radius, the arc z is cut off, which contracts the arcs x and y. The radius of the equator
is shown for clarity and is denoted as ro.

We give the known parameters of the spherical face O O O of a regular twenty-
sided rectangle inscribed in the sphere as a spherical triangle. According to the
problem, when paired circles consist of repeated arcs of length 2A and 2b, it appears
that the interior angle at the Zenith of the considered triangle Ob = 36° (Fig. 1b), a
total arc z pulls arcs triangles in the polar angles. An arc representing half the edge
of a spherical icosahedron, d + y = 0.5e = 31.71748°. The polar angles dividing the
equator into equal segments give 2c = 36°.

Also, to simplify the problem, we denote the internal angles FDO = ODC as Db.
They divide the circles parallel to the equator into equal arcs b. The angle〖 DCO
is denoted as Cyd . The internal angles at the zenith will be A = 18° − B.

Uqityva� dannye yppoweni�, na�d�m neizvectnye papametpy
tpeygol�nikov, obpazovannyx bol�ximi okpy�noct�mi oce� gpane�
ppavil�nogo dvadcatigpannika nepocpedctvenno iz fopmyl cfepiqecko�
tpigonometpii [16. 17]

sin Db = sin 18◦ sin e
sin(d + y)

. (1)

Podctavl�� znaqeni�, polyqim Db = 31,71747◦,

cosCyd = − cos 2Db cos 36
◦ + sin 2Dbsin 36

◦ cos(d + y). (2)

Cyd = 85, 10039675◦,

sin x = sin(d + y)

sinCyd
sin 2Db, (3)

togda x = 28,611377◦.
Oppedel�em padiyc papnyx okpy�nocte�, ppinima� Or = 108◦

cos r = cos e cos x + sin e sin x cos 108◦, (4)
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r = 74, 70259296◦.

Given these simplifications, we find the unknown parameters of the triangles
formed by the large circles of the axes of the faces of a regular twenty-sided square
directly from the formulas of spherical trigonometry [16. 17].

sin Db = sin 18◦ sin e
sin(d + y)

(5)

Substituting the values, we get Db = 31.71747◦,

cosCyd = −cos2Db cos 36
◦ + sin 2Dbsin36

◦ cos(d + y). (6)

Cyd = 85, 10039675◦,

then x = 28,1611377◦.
Determine the radius of the pair of circles, taking Or = 108◦

cos r = cos e cos x + sin e sin x cos 108◦, (7)

r = 74,70259296◦.

To construct the cut, we need arcs of parallel circles on the sphere, which are
defined by the internal angles A and B

sin(A + 2B) = sin 108◦

sin r
sin x, (8)

then A = 36◦ − A + 2B = 8,26769323◦

sin x = sin(d + y)

sinCyd
sin2Db, (9)

Using a method similar to the obtained cut of the circle 20 (a+ b), the parameters
of another cut 10 (a + 3b), also consisting of arcs of 2 standard sizes, can be found.

The elements of the formed paired arches of each direction of one of the frames,
cut through one node, can be connected in nodes with the arches of the other direction
by detachable connections, for example, on bolts; or rigidly, on welding and on glue
through one node. Thus, no more than four elements are connected in a node, and
elements of the same direction can be uncut in the node.

A spherical dome (Fig. 2) can be made of wooden jambs in the form of parts of
arches of the same radius and with fractures along the length and at the intersections
with the formation of straight sections, the parts are connected along the length of
each broken arch on straight sections and nodes using spikes (S. I. Peselnik node),
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Side View                                                          Top View

Fig. 2 The frame of a spherical dome made of wooden circles in the form of frame pentagonal and
triangular panels: 1—wooden circles; 2—Zollinger node; 3—steel tightening along the equator of
the dome

or with bolts (F. I. Peselnik node). Zollinger, providing a connection angle of up to
70◦.

To ensure the rigidity of the collapsed dome along the equator line, for the percep-
tion of the strut and for filling polygons and triangles in the frames, tightening rods
and struts can be installed.

The geodesic dome of such an effective cutting can include the rods of one of the
specified frames, which can be made of pipes in the form of parts of arches of the
same radius and bent at the intersection points to form straight sections (Fig. 3). The
parts can be connected along the length of each polyline arch on straight sections and
nodes by welding and joined cylindrical inserts that provide any angle of connection
(Figs. 3 and 4).

Such parts and nodes of intersecting arches of this design should be located alter-
nately from the bottom and from the top. To ensure the rigidity of such a broken
dome along the equator line for the perception of the strut and for filling polygons
and triangles in the frames, the rods of the puffs and struts can also be installed.

A spherical dome can be complicated and made of four parallel arches already
two radii of one of the specified frames on the basis of an icosahedron (Fig. 5), which
can be made of pipes in the form of parts of arches, docked at the nodes on welding.

The diagram of Fig. 6 shows such an arrangement of circles of the same
radius, which makes it possible to create an effective design of the dome from two
independent systems of frames in the form of paired arches [11–18].
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а) b)

Fig. 3 Tent dome made of paired broken arches: a top view; b isometry

Fig. 4 Nodeof intersecting polyline arches; 1—the center of the node; 2—joints on straight sections
of arches; 3—tubular insert in the nodes of arches; 4—mounting joint of arches in the nodes of
arches; 5—awning cover; 6—straight section of arches

a) b)

Fig. 5 Tent dome of arches of two radii: a top view; b isometry
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Fig. 6 Tent dome of paired arches of the same radius combined from two independent frames

The elements of the arches of the combined frames are arranged in such a way
that no more than four rods converge at the nodes, that is, two arches each.

The coating can be made from a roll of material, for example, profiled sheets,
taking into account the parallelism of the arches, or fabric awning, or paintings made
of double membranes with the formation of the inflatable structure.

The chaotic arrangement of the arches in Fig. 6 of the combined two frames
actually contains two regular simple frames of paired arches.

Conclusions
The proposed cutting solution is the geometric basis of a geodesic dome formed
by paired circles of the same radius. It significantly simplifies the solution to all
nodes of the frame body, including reference nodes, as the nodes on the same level,
and apply technology pre-Assembly of the elements of the dome. Technological
solutions such as domes give certainty to play geometry of this complex shape,
simplify manufacturing of the frame units, and offer shell device for covering and
roof.
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On the Question of Protection
from Progressive Collapse

S. D. Bartenev and V. V. Bobrov

1 Introduction

The problem of protecting buildings and structures from progressive collapse is very
relevant all over the world. In recent years, a large number of building collapses
caused by emergency impacts, such as household explosions, mechanical removal
of supports, have been recorded. The perception of such loads was not previously
taken into account in the design. In connection with the increase in such cases and in
order to improve the mechanical safety of buildings and ensure the safety of people,
in accordance with [1], such loads have become necessary to take into account. Until
recently, such loads and impacts, as well as themethodology for accounting for them,
did not have the required regulatory framework for calculating them.

To implement this requirement, SP 296.1325800.2017 [1] and SP
385.1325800.2018 [2] were developed.

According to [1], progressive collapse means the successive destruction of load-
bearing building structures with the collapse of the entire building or parts of it due to
local damage. In an emergency, the destruction of individual load-bearing structural
elements is allowed, but these destructions should not lead to a progressive collapse.

On January 6, 2019, SP 385 [2] entered into force, establishing provisions for the
design of buildings and structures of normal and increased levels of responsibility of
classesKS-2 andKS-3 of various structural systems in order to ensure their protection
from progressive collapse.
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2 Research Materials and Methods

The article analyzes the technical literature and scientific research on the issue of
progressive collapse, as well as the current regulatory framework.

The design of protection against progressive collapse is carried out in the event
of an emergency design situation due to the expected initial local destruction in any
place of the building or structure.

Under the assumed initial local destruction (hereinafter referred to as local destruc-
tion), it is understood that one load-bearing structural element is excluded from oper-
ation, simulating the loss of its load-bearing capacity and (or) stability, which in turn
leads to a change in the structural system of a building or structure.

3 Results and Issues

A large number of scientific papers and publications are devoted to the study of
progressive collapse [3–12], which indicates that there are many aspects that require
attention and further serious study.

When designing structures, scenarios for the implementation of the most
dangerous emergency design situations should be developed and strategies should
be developed to prevent the progressive collapse of the structure in the event of local
structural failure. Each scenario corresponds to a separate special combination of
loads and, in accordance with the instructions of SP 20.13330 [13], must include
one of the normalized (design) special impacts or one variant of local destruction of
load-bearing structures for emergency special impacts.

In [3] calculation of the analysis of the survivability of statically indeterminate
reinforced concrete beam and truss structural systems of buildings and structures
under accidental impacts, the article formulates the problem of the calculation anal-
ysis of the survivability of such structural systems and an algorithm for determining
the parameter of vitality, with special effects in the form of sudden shutdown of one
of the structures.

Given the authors the analysis of the survivability of excess beam structural
systems under accidental impact and the criteria for an emergency limit state for
redundant systems allow to define a minimum load level of the structural system
(option survivability λ), in which the structural system in case of sudden removal of
one bearing structural element (tie) begins destruction, leading to local or progressive
destruction of the structure.

The article proposes criteria for the load-bearing capacity at a special limit state
of various structural systems that arise under impacts, the excess of which can cause
a progressive collapse of the structural system.
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As a rule, the strength indicators serve as the criteria for such an assessment [14].
The authors come to the conclusion that structural systems of high-strength mate-
rials at small dimensions of the cross-sections of the elements, as well as for struc-
tural systems working in harsh environments, when the reduced cross-section or the
estimated length as a criterion of resistance to progressive collapse must be consid-
ered, and the buckling bearing element of the structural system. The article presents
proposals for normalizing the survivability parameters of reinforced concrete struc-
tural systems under extreme conditions caused by the sudden loss of stability of the
load-bearing element from the accumulation of corrosion damage.

The most common form of protection for operational buildings and structures is
the calculation of adaptive adaptability with the imaginary removal of each load-
bearing element. In this case, the calculation checks all dangerous variants of local
damage. The question arises as to how to perform the calculation, so that when
providing protection against progressive collapse, an economically acceptable solu-
tion is obtained. To do this, it is necessary to analyze the behavior of the structural
system when removing key load-bearing elements.

In the event of a sudden failure of one of the load-bearing elements of the system,
there is a need to study the dynamic increase in stresses in the elements of the system.
In [5], a definition of the dynamic increase in stresses arising from the reinforcement
of two-component composite rod elements during local brittle destruction of concrete
is given. When a brittle fracture of the concrete matrix occurs, the stresses acting in
the stretched concrete are transferred to the reinforcement. Due to the instantaneous
transmission of these stresses, longitudinal vibrations occur in the reinforcing bar,
and the magnitude of the dynamic stresses may exceed the calculated tensile strength
of the steel.

In [15], constructive proposals for the protection of buildings and structures of
an increased level of responsibility from progressive destruction are considered. The
authors consider the following active protection methods: the method of creating
alternative paths of force resistance, which ensures the preservation of the load-
bearing capacity of the structural system after switching off one of the structural
elements and the destruction is localized; the method of creating local zones of
increased resistance, when the entire building or part of it has increased resistance
to beyond-design impacts in the event of accidents; a method of structural synthesis
of a constructive system with the creation of predefined requirements.

In the monograph [6] and articles [7, 8], the solution to the problem of ensuring
stability to a progressive collapse was obtained in a quasi-static formulation based
on the energy principles proposed by Geniev et al. [9]. At the moment, there is no
solution to such problems in a dynamic formulation, although this can be a test for
approximate solutions to a wide class of practically important problems.

The authors of [16] consider the issues of determining the dynamic characteristics
of multi-storey frame buildings with local damage and note that taking into account
the time of column removal in a building in comparison with “instantaneous” has a
number of specific features that directly affect the value of its natural frequencies,
periods, and forms of vibrations. The article presents the results of the calculation of
a 45-storey frame building for progressive collapse. The analysis carried out by the
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authors shows that with the growth of the number of floors, the periods of fluctuations
of the building increase, and the frequency of fluctuations decreases. The article
considers a building with transition floors, the presence of which reduces the periods
of fluctuations due to increased rigidity. The coefficient of dynamism, taking into
account the time of failure of the column for such buildings, can be reduced by more
than 15%.

It is impossible not to mention the works [17, 18]. In [17], the author notes
that the most effective solution to protect buildings and structures from progressive
collapse is a probabilistic approach to design. The introduction of such a technique
significantly increases the reliability and durability of buildings. Themethod is based
on the method of optimal design of building structures. A deterministic approach
to the calculation of building structures leads to overspending of materials due to
overstating loads and underestimating the strength characteristics of structures.

SP 385.1325800.2018 [2] sets out the requirements for calculation models. When
calculating, a spatial calculation model should be used, which takes into account
the interaction with the ground base according to SP 22.13330 [19]. It is necessary
to consider the inclusion of items that in normal use are curtains, and when a local
destruction of the structures actively involved in the work and participate in the
redistribution efforts in the elements of the structural system.

The calculation of structures for stability against progressive collapse should be
performed for each of the considered local destructions separately and independently
of other possible local destructions.

In the analysis model structures should take into account the real diagram of the
material structures and their joints (bundle masonry work under construction on the
stretch; non-perception in the platform joint tensile stresses; the brittle fracture of
structures and components of their conjugation, etc.) and the possibility of a particular
limit state.

To perform calculations, it is necessary to use modern calculation programs that
work according to the finite elementmethod. Such programs include SACAD, LIRA-
SOFT, LIRA-CAD, and STARKES.

The SCAD software package implements calculation modes for progressive
collapse in accordancewith SP 385.1325800.2018 [2] and in accordancewith section
II.6 manuals [20].

According to [20], it is advisable to use the dynamic calculation method when
calculating for a progressive collapse, if the object is experiencing technological
dynamic effects.

The method of dynamic calculation of extra-centrally compressed reinforced
concrete elements in time and the features of calculating buildings and structures for
progressive destruction in the entire range of combinations of force and temperature
loads are considered in [10, 11].
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4 Conclusion

In the course of the study, a reviewof the literature on the topic of progressive collapse
was conducted, during which studies of reinforced concrete structures with a sudden
shutdown (removal) of one of the load-bearing structural elements were considered.

It is revealed that as a criterion for assessing the resistance to progressive collapse,
in addition to the strength indicators prescribed by the norms, it is necessary to
consider the loss of stability of the bearing element of the structural system under
dynamic stress increases or other physical influences.

The current regulatory documents do not cover the entire variety of specific situa-
tions for buildings and structures that differ in their design features, but contain basic
principles of protection against progressive collapse. In order to provide protection
against the progressive collapse of buildings and structures with different design
solutions, it is advisable to further study this issue in order to specify the provisions
of existing regulatory documents, by developing manuals or new sets of rules.
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Development, Strength Check,
Calculation of the Wind Load
of a Multi-layer Guarding Structure

M. A. Bakhmisova , Alexey N. Plotnikov , L. A. Sakmarova ,
and M. V. Petrov

1 Introduction

The problem of external influences on the enclosing structure is relevant today. Until
the mid-1990s. the enclosing structures were made of brick, as a rule, from single-
layermassivemasonry. Productswere used asmasonrymaterials—bricks, reinforced
concrete, and stones. The use of hollow products—hollow ceramic bricks asmasonry
materials can be attributed to the end of the nineteenth century, during the beginning
of mass construction, in the middle of the twentieth century. The widespread use of
silicate bricks began. Since the beginning of the 2000s. due to the introduction of
strict requirements for energy efficiency and energy saving, the structures of external
brick walls have changed. Multi-layer enclosing structures with effective insulation
began to be actively introduced.

With the introduction into the practice of construction of non-bearing external
walls, hollowproducts in their composition, effective insulation, lightweight concrete
products, the front layer of brick in wall structures ceased to be connected to the
inner layer (base) by a rigid connection (cushion rows), due to various deforma-
tive characteristics, when In this case, the connection of layers is carried out using
flexible connections. In most cases, a three-layer (or two-layer) construction was
adopted, consisting of:—a front outer layer of brickwork;—a layer of effective heat-
insulating material (mineral wool boards, expanded polystyrene boards, etc.);—the
inner structural layer of their lightweight concrete, aerated concrete stones, mono-
lithic reinforced concrete, precast concrete panels and an air gap (according to the
requirements of vapor permeability).

The reliability and strength of the structure against temperature effects, due to
temperature drops of the outside air and heating of the cladding surfacewhen exposed
to solar radiation, should be ensured by arranging a system of temperature expansion
joints in the cladding layer. So in [1]materials are indicated that canbeused as a facing
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layer and their possible deformations. In [2] are possible solutions to reinforce the
covering layer with a thermal conductivity of inclusions and additional armatures
s depending on the composition of the wall, and on the recommendations of the
calculation was performed by placing the anchor in the structure.

2 Materials and Methods

Currently, this design is popular among designers because of the convenience in
calculations and operation. But there is also a negative feature—the appearance of
cracks, and other deformation on the face layer in “half a brick”. The reliability and
strength of the structure against temperature effects, due to changes in the outside
air temperature and heating of the cladding surface when exposed to solar radiation
should be ensured bymeans of a system of expansion joints in the cladding layer. The
choice of the optimal technical solutions for the “pie” of the enclosing structure, the
materials, and products used must be ensured by the correct calculation of the struc-
ture layers. In accordance with the requirements of EN 771, DIN 105, the following
ceramic bricks and stones can be used as part of the facing layer: solid ceramic
facing brick; facade hollow brick with vertical voids; silicate brick; clinker brick;
concrete blocks and stones. The design of the facing layer (taking into account the
geometrical parameters of the facing structures) contains in its design the following
main prefabricated products: various types of flexible ties, clamps; bearing brackets,
which must be taken into account when calculating, since they are heat-conducting
inclusions [3].

A three-layer wall with KNAUF Therm Wall expanded polystyrene insulation
and flexible connections was chosen as the enclosing structure. The heat engineering
calculation was carried out taking into account heat-conducting inclusions. The pres-
ence of heat-conducting inclusions in the form of fastening parts completely changes
the picture of the temperature field of the outer fence. Taking into account the coeffi-
cient of heat engineering heterogeneity in the design will improve the heat-shielding
properties of the fence.

Resistance to heat transfer of the enclosing structure in Cheboksary Ronorm =
0.00035·5403.3 + 1.4 = 3.29m2°C/Bt (Fig. 1).

The degree of thermal effects on building structures depends on local climatic
conditions, total mass, thermal insulation, finishing properties of the enclosing struc-
ture, and the shape of the building. As a result of temperature and humidity defor-
mations in the masonry of the face layer, 120 mm thick, the formation of vertical
and oblique cracks is possible. The horizontal tensile stresses in the face layer near
the corners caused by its out-of-plane bending are comparable in magnitude with
the stresses from axial forces. The moments causing bending of the facing layer
masonry from its plane are concentrated mainly near the n and z-shaped corners. In
these areas, the influence of bending of the face layer from its plane increases, since
there is a shift of twowalls relative to each other. The normative document EN 846-5:



Development, Strength Check, Calculation … 51

Fig. 1 Scheme of a
three-layer enclosing
structure

2000h. 5 contains data on permissible tensile and compressive loads and deformation
characteristics under load for a given structure and its members and flexible ties [1].

The main parameters that must be taken into account when designing and calcu-
lating the fastening structures of the facing layer made of brick and stone struc-
tures are quality (strength, type), composition, thickness, completeness of products,
nodes for supporting the masonry on the console, connection nodes for connections,
their number and placement, expansion joints, cladding thickness, brick overhang,
accounting for ledges (bay windows and slopes).

3 Experimental and Results

In accordance with SP 20.13330.2016 “Loads and Impacts”. Cheboksary—2 wind
region, 4 snow region. Private—a building area. I—ice-covered area of the construc-
tion region. Determination of the wind load on the enclosing structures is one of
the main tasks in their design. A lot of works by domestic and foreign authors have
been written on this topic. As a result of wind influences, a variable distribution of
external pressure along the facade cladding is formed. In turn, under the influence of
external pressure gradients, an internal flow arises in the air gap of hinged structures
and an internal pressure distribution different from the external one is generated. Y
= 1.1—load safety factor for facing. The height of the building is assumed to be
75 m, which corresponds to an approximate height of 25 floors. The building itself is
rectangular with dimensions in the axes of 18 m× 36 m. Distances: b1= 3600 mm,
b2 = 18,000 mm, b = 36,000 mm, d = 18,000 mm, distance h–d = 57,000 mm.

The form for calculating the main average wind load for SP 20.13330.2016 [4]:

Wm = Wo · k · c, (1)
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Fig. 2 Building scheme for calculation

Wm—is the standard value of the main average wind load, kg/m2;
Wo—is the standard value of wind pressure, kg/m2, in our region it is 30 kg/m2,
k—is a coefficient that takes into account the influence of height onwind pressure,

c is the aerodynamic coefficient. For the calculation of the type of terrain,
C—urban areas with dense development of buildings with a height of more than

25 m were selected and sections of the building were determined (Fig. 2 and Table
1).

The wind load safety factor is 1.4. After calculating the strength and wind load,
it is necessary to check the structure for temperature effects, taking into account the
amplitude of the cold andwarmmonths and themaximum,minimumair temperatures
in Cheboksary according to table in [4–6].

Thus, the developed design meets the requirements.

4 Conclusions

Thus, the article calculates the enclosing structure and its ability to withstand wind
load. A three-layer wall with 120 mm expanded polystyrene insulation KNAUF
Therm Wall was chosen as the enclosing structure, a brick on the inside of 250 mm,
with an outside 120 mm and flexible connections.

Also, as a result of the analysis of wind and temperature effects, it was identified
that at negative temperatures, the front layer of the building warps inward, which
is prevented by the inner layer of the facade structure. As a result, significant shear
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Table 1 Determination of
the design wind pressure for
sections of the building

Area Koef. k Koef. c Design wind pressure, kg/m2

1. 0.54 0.8 18.14

2. 0.95 0.8 28.92

3. 1.1 0.8 29.96

4. 0.54 −1 −22.68

5. 0.54 −0.8 −18.14

6. 0.54 −0.5 −11.34

7. 0.95 −1 −39.9

8. 0.95 −0.8 −29.92

9. 0.95 −0.5 −19.95

10. 1.1 −1 −29.2

11. 1.1 −0.8 −29.96

12. 1.1 −0.5 −23.1

13. 0.54 −0.5 −11.34

14. 0.95 −0.5 −19.95

15. 1.1 −0.5 −23.1

stresses appear in the face layer in the horizontal joints, perpendicular to the plane
of the wall, which, together with normal stresses from bending moments, lead to the
opening of horizontal mortar joints. When the face layer is made of hollow ceramic
materials, rainwater enters through the formed horizontal cracks into the voids of
the bricks, which at negative temperatures can contribute to their destruction. Also,
most of the deformations are located in the lower zone, where the masonry adheres to
the floor slab, as well as above the lintels of the door and window openings. Large-
scale digitalization and the introduction of new materials and technologies in the
construction industry will progress—this is a market demand, where efficiency and
time reduction, costs are now a priority. Therefore, construction becomes smart not
only in computer design, but also in the process of checking the strength, and further
creating an object, using sensors, materials, and technologies. New technologies are
aimed at optimizing and efficiently at all stages of the project, from engineering
surveys to operation.

It is not easy to introduce the latest technologies in construction, since the main
requirements for facilities are compliance with safety, quality, thermal protection,
that is, each technology must have a regulatory framework, standardization, and self-
sufficiency. Any technology requires appropriate design, knowledge, calculations for
verification, and a whole range of works.
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Strength and Deformation
of Caisson-Type Floor Plates.
Experimental Research and Calculation

Arkady Vulfovich Granovsky and Kirill Alekseevich Prusov

1 Introduction

One of themain trends inmodern construction is to increase the comfort of residential
and industrial premises by increasing the spans of overlapped premises, enlarging the
grid of supporting structures (spacing of columns, bearingwalls) with a simultaneous
increase in the bearing capacity of the floors [1–21]. Caisson-type ceilings fully meet
these requirements. The use of modern technologies, including formwork systems,
makes it possible to eliminate a significant drawback of coffered ceilings—this is
busyness, leading to increased labor intensity. Monolithic reinforced concrete floors
with a system of cross beams (ribs) are classic structures that, since the 1920s,
have been widely used in construction practice. In the 60 s, overlapping of precast-
monolithic constructive solutions was most widespread in Russia. With spans from
187 to 30 m and a rib step of 3 m, the height of the ribs, according to the data
given in [1], is from 0.75 to 2.0 m. According to the specialists of the company PKB
KATRIEL, thewill: reduce concrete consumption by40–70%and save reinforcement
by 2.5–3.5 times compared to girder and non-girder monolithic reinforced concrete
floors; the possibility of constructing floors with a grid of vertical bearing elements
(walls, columns) from 12 × 12 m to 34 × 34 m. With a comparable consumption
of materials with beam (flat) monolithic ceilings, the bearing capacity of coffered
ceilings is 2–3 times higher. At the same time, the floor thickness is 1.5–2.2 times
less than when using the traditional beam scheme. The structure of the coffered floor
is more resistant to seismic loads, and also has advantages over beam structures in
conditions of progressive collapse.

Specialists of the Italian company “GEOPLAST S.p.A” [2] have proposed a new
type of formwork “Skydom” with rib spacing up to 0.9 m and rib height up to the
flange 0.4 m. The experience of using this formwork has shown its high efficiency.
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The work [3] presents the results of experimental and theoretical studies of large-
size reinforced concrete models of cross-ribbed shells. An approach to the design
assessment of the strength and stiffness of the floor is proposed. In the Standards [4],
in multi-storey buildings with large spans, it is recommended to use caisson floors,
the calculation of which should be carried out as spatial structures. It should be noted
that, as noted in [1], at the present time there is no provenmethodology for calculating
cross structures. In practice, continuous (solid plate with “smeared” stiffness) and
discrete (rod system) models are used. At the same time, the existing methods do
not take into account the peculiarities of the operation of slabs as a ribbed spatial
reinforced concrete structure with cracks. In works [5–10], studies of hollow-core
slabs using, mainly, a single-span beam system are given and recommendations are
given for the design of hollow-core slabs, including the caisson type, under the action
of a static load.

1.1 Description of Experimental Samples

Experts from TechEnergoAlliance LLC made an experimental sample of a caisson-
type floor slab with the following basic geometric parameters:— dimensions in
plan—6.0 × 6.0 m; column section—0.3 × 0.3 × 0.6 (N) m; slab height along
the edge—0.25 m; plate shelf thickness—50 mm; plate rib thickness—125 mm.
Volume, taking into account solid monolithic reinforced concrete sections: VS =
V tot.—V low = 6× 6× 0.25 – 2.92= 6.08 m3. Mass and weight of the slab: P= 6.08
× 2500 = 15 200 kg; q = 15 200/36 = 420 kg/m2; slab concrete class (according
to the project)—B25. Figures 1, 2 and 3 show the process of installing a monolithic
reinforced concrete slab of a caisson type. At the 1st stage (Fig. 1), a diagram of the
installation of void former is shown. Figure 2 shows the layout of the reinforcing
cage in the sections of internal and contour ribs. Figure 3 shows general view of the
sample after concreting.

Experimental research. The tests were carried out in the laboratory building of
TsNIISKnamed afterV.A.Kucherenko. In the course of the experiment, two schemes
of loading a prototype were considered in order to control various limiting states of
the product: in the 2nd test scheme, loading of the prototype was carried out over
the entire area of the plate until the actual value of the breaking load was reached,
based on the strength of the product (1st group limit states), and the actual value of the
deflections and crack opening width (2nd group of limit states) under the control load
established in the design documentation for the product. Figure 4 shows a diagram
of stage 2 of plate loading.

In accordance with the requirements of GOST 8829, during the test, the following
controlled parameters were recorded: the values of the load on the plate from the
loads installed on it and the corresponding deflection; crack opening width, incl.
upon reaching the control values of the loads; the values of the breaking load, the
corresponding deflection, and the nature of the destruction of the product.
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Fig. 1 General view of the formwork under the slab before installing the reinforcement cages

Fig. 2 Reinforcement of slab sections (internal and contour edges)
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Fig. 3 General view of the prototype after concreting

Fig. 4 Loading of the floor slab according to the 2nd test scheme
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spotlight video camera

mobile unit

Fig. 5 Installation for fixing and photographing cracks

To assess the moment of appearance of cracks in the edges of the slab and the
width of their opening, a special mobile unit was used, on which a video camera was
fixed (Fig. 5). From the video camera, the imagewas transmitted to a special monitor.
When comprehending the values of the calculated (design) loads on the product, the
sample was unloaded with the fixation of the values of residual deflections and the
nature of the cracks (the state of the cracks was recorded: closure of cracks or the
residual value of the width of their opening). At the moment when the values of
deflections at different points of the slab increased under constant load, the tests
were stopped and the value of the ultimate breaking load was recorded.

Analysis of the results of experimental studies of the strength and deformability
of a caisson-type floor slab when the load is located over its entire area allows us to
note the following.

1. With the permissible standard of the slab deflection 1/200× L= 3 cm, the actual
deflection of the slab under a load of 1220 kg/m2 (800 kg/m2+ ownweight of the
slab 420 kg/m2)was: in the center of the slab—33mm, after unloading—24mm.
In the middle of the contour beam—15 mm, after unloading—12 mm.

2. Upon reaching the ultimate breaking load (1620 kg/m2, taking into account the
slab’s own weight of 420 kg/m2), the deflection in the middle of the slab was
60 mm.

3. Fig. 6 shows the nature of the cracks recorded at a load of 1060 kg/m2

(640 kg/m2—load on the slab from the weight + 420 kg/m2—from the slab’s
own weight). The crack opening width was 0.08–0.15 mm. After removing the
load, the cracks were completely closed.



60 A. V. Granovsky and K. A. Prusov

Fig. 6 The nature of cracks on supports at a load of 10 kN/m2

4. When the load on the slab reached 1620 kg/m2 (taking into account the slab’s
own weight—420 kg/m2), the support zones of the slab were destroyed with the
formation of a hinge.

5. According to clauses 9.1.3 and B.1 (table B1 GOST 8829) for the 1st case of
failure of a bent structure, characterized by the achievement in the working rein-
forcement of a normal or inclined section of stresses corresponding to the yield
strength of steel or early fragmentation of compressed concrete, the calculated
The load-bearing capacity of the floor slab is determined by dividing the control
value of the breaking load (at which the structure turned into a mechanism) by
the coefficient C = 1.35 (Table B.2 GOST 8829):

Ncalc. = Nres./1.35 = 1620/1.35 = 1200 kg/m2

Thus, the calculated load on the investigated structure of a coffered-type slabmade
of concrete of class B22.5 with the adopted reinforcement scheme and taking into
account the slab’s own weight of 420 kg/m2 should not exceed 1200 kg/m2 (Fig. 7).

When designing caisson-type floor slabs, the design load of the moment of forma-
tion of the 1st crack (calculated according to the Standards)multiplied by a coefficient
1.3 (clause B.11 of GOST 8829) should be taken as the control load for cracking.

The computational analysis was performed using the software package. The phys-
ical model of the tested structure was simulated using Autodesk Revit and Autodesk
Robot Structural Analysis software.

According to the test results, it was recommended to install a reinforcing cage in
the support zone of the slab, providing both the perception of the horizontal force
and the joint work of the slab with the column.
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Fig. 7 Isofields of stresses along the upper layer of the slab
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To the Calculation of Reinforced
Concrete Beams According
to the Deformation Model

Dmitry Zamelin and Ivan Manaenkov

1 Introduction

In the actual edition of the Russian Building Code [1] presented the procedure for
calculating reinforced concrete structures in two ways: by limiting forces and by a
nonlinear deformationmodel. Themethod of limiting forces has a field of application
limited by the shape of the cross-section of the element and the location of the
reinforcement and is applicable without modifications only in the case of elements
with a fairly simple cross-sectional shape. Nonlinear deformation model is a method
for calculating reinforced concrete elements based on the use of stress–strain curves
[2–4]. The main provisions of the calculation method are set out in the works of
Karpenko [5, 6]. A feature of the method is taking into account the stress distribution
over the section that is close to the real one, depending on the deformations of the
material. The calculation is performed by the iterative method based on stress–strain
diagrams of concrete and reinforcement, taking into account the hypothesis of flat
sections. The deformation model is a fairly convenient tool for designing reinforced
concrete structures due to the fact that it does not restrict the cross-sectional shape
and distribution of reinforcement, it allows taking into account the effect of specific
operating conditions on the strength anddeformation characteristics, and the presence
of indirect, fiber and other types of reinforcement. In view of the foregoing, one of
the most important stages of the calculation is the choice of the stress–strain diagram
that most closely matches the actual nature of the material’s work in the structure.

To date, a large amount of experimental and theoretical research has been accumu-
lated, offering various types of diagrams depending on design solutions, materials,
and operating conditions of structures.

Studies [7–11] are devoted to the construction of a stress–strain diagram for
concrete with indirect reinforcement in the form of welded mesh. A significant

D. Zamelin · I. Manaenkov (B)
Moscow State University of Civil Engineering (National Research University), Yaroslavskoe
shosse, 26, 129337 Moscow, Russian Federation

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022
N. I. Vatin et al. (eds)., Advances in Construction and Development, Lecture Notes
in Civil Engineering 197, https://doi.org/10.1007/978-981-16-6593-6_8

63

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-6593-6_8&domain=pdf
http://orcid.org/0000-0002-5386-9215
http://orcid.org/0000-0002-5260-8793
https://doi.org/10.1007/978-981-16-6593-6_8


64 D. Zamelin and I. Manaenkov

increase in the strength and deformation characteristics of concrete was noted when
using such a constructive solution in compressed and bent elements. The correctness
of the method is evidenced by the good agreement of the calculated results with
experimental data.

Scientific publications [12, 13] propose methods for determining the parametric
points of stress–strain diagrams for materials of pipe-concrete columns. An increase
in the strength and deformation characteristics of concrete in a steel pipe under central
and eccentric compression was recorded.

In works [14, 15], elements with indirect reinforcement with composite mate-
rials are considered. An increase in the strength and deformation characteristics of
concrete in a steel pipe under central and eccentric compression has been established.

Articles [16–19] are devoted to the study of fiber reinforcement for the strength
and deformation characteristics of concrete. Methods for constructing diagrams for
the cases of using fibers from various materials are presented.

The works [20–22] consider the effect on the stress–strain diagram of various
operating conditions, such as temperature effects, dynamic loading, etc.

Despite the spread of modern software systems for the design of structures taking
into account physical and geometric nonlinearity based on the finite element method,
there are a number of difficulties in their work: high complexity of assembly of finite
element model; the problem of modeling the contact of different materials; good
convergence usually requires high-quality experimental data to work out the finite
element model. In comparison with this, the deformation model is a more accessible
method for carrying out engineering calculations of reinforced concrete structures,
at least at the stage of the initial assessment of the effectiveness of design solutions
and the assignment of structural parameters.

When calculating, the cross-section is divided into relatively small sections of
concrete and reinforcement, within which stresses and deformations are taken as
averaged (see Fig. 1). The calculations are carried out by the iterative method until
the required accuracy of solving the system of equations for the equilibrium of the
section (1).

Mx = D11 · 1

rx
+ D12 · 1

ry
+ D12 · ε0;

My = D12 · 1

rx
+ D22 · 1

ry
+ D23 · ε0;

N = D13 · 1

rx
+ D23 · 1

ry
+ D23 · ε0

⎫
⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎭

, (1)

where 1/rx i 1/ry—curvature in planes XOZ and YOZ respectively; ε0—relative
longitudinal deformation of the element; Dij—stiffness.
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Fig. 1 The scheme of dividing the cross-section of an element for the general case of calculation
by the nonlinear deformation model in accordance with [1]

2 Materials and Methods

This article is devoted to the analysis of the stress–strain state of reinforced concrete
beams. The dimensions of the cross-section of the beams are taken as 300 × 500
(h) mm from. Concrete strength class 25, reinforced with rods of class A500 with
different reinforcement coefficientμ= 100%·As/(b·h0). The parameters of the cross-
sections of the beams are shown in Fig. 2. Bending takes place in a vertical plane (M
=Mx; My = 0; N = 0).

For the calculation for concrete, a three-line stress–strain diagram was adopted,
for reinforcement—a two-line diagram similar to the Prandtl diagram (see Fig. 3).

3 Results

The results of the calculations are shown in Tables 1, 2, 3 and 4 and in graphical form
in Figs. 4, 5, 6 and 7, where —M/Mult; —εs/εs,ult; —εc,max/εc,ult.
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Fig. 2 Parameters of cross-sections of beams

Fig. 3 Forms of accepted stress-strain diagrams of concrete (a) and steel reinforcement (b)

Table 1 Calculation results with a reinforcement coefficient μ = 0.1%; As = 1.4 cm2

№ M (kN m) Mult (kN m) M
Mult

εb,max
εb,max
εb,ult

εs
εs

εs,ult

1 6,61 26,44 0,25 0,000068 0,0195 0,000550 0,2188

2 13,22 26,44 0,5 0,000137 0,0391 0,001100 0,4380

3 19,83 26,44 0,75 0,000206 0,0589 0,001610 0,6440

4 26,44 26,44 1 0,000292 0,0834 0,002175 1
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Table 2 Calculation results with a reinforcement coefficient μ = 1%; As = 13.9 cm2

№ M (kN m) Mult (kN m) M
Mult

εb,max
εb,max
εb,ult

εs
εs

εs,ult

1 52,55 210,18 0,25 0,00022 0,0640 0,000512 0,2048

2 105,09 210,18 0,50 0,00051 0,1466 0,001049 0,4196

3 157,64 210,18 0,75 0,00105 0,3000 0,001658 0,6632

4 210,18 210,18 1,00 0,00192 0,5486 0,002175 1

Table 3 Calculation results with a reinforcement coefficient μ = 2%; As = 26.7 cm2

№ M (kN m) Mult (kN m) M
Mult

εb,max
εb,max
εb,ult

εs
εs

εs,ult

1 76,10 304,40 0,25 0,00027 0,07714 0,000422 0,1688

2 152,20 304,40 0,5 0,00074 0,21114 0,000903 0,3612

3 228,30 304,40 0,75 0,00171 0,48857 0,001466 0,5864

4 304,40 304,40 1 0,00350 1 0,002126 0,8504

Table 4 Calculation results with a reinforcement coefficient μ = 3%; As = 39.3 cm2

№ M (kN m) Mult (kN m) M
Mult

εb,max
εb,max
εb,ult

εs
εs

εs,ult

1 78,21 312,85 0,25 0,000254 0,072,571 0,000317 0,1268

2 156,43 312,85 0,5 0,000681 0,194,571 0,000682 0,2728

3 234,64 312,85 0,75 0,00164 0,468,571 0,001132 0,4528

4 312,85 312,85 1 0,00350 1 0,001678 0,6712
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Fig. 4 Relative deformation on loading level when μ = 0.1%
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Fig. 6 Relative deformation
on loading level when μ =
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4 Conclusions

Based on the calculation results, we can conclude:

– For the cases μ = 0.1% and μ = 1%, the loss of bearing capacity begins with the
tensioned reinforcement; for the cases μ = 2% and μ = 3% the loss of bearing
capacity begins from the concrete of the compressed zone;
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– The dependence of tensile reinforcement stresses on the loading level is close to
linear. Some deviations are associated with a change in the shoulder of the internal
pair of forces due to the nonlinear work of the concrete in the compressed zone;

– Deformations of concrete in the compressed zone have a clearly pronounced
nonlinear character of growth (which corresponds to the state diagram adopted
for concrete) and the ratio εc,max/εc,ult at intermediate stages of loading turns out
to be significantly less than M/Mult.

Nonlinear deformation model is a convenient tool for performing engineering
calculations of reinforced concrete elements; allows you to apply a unified approach
to the calculation of structures for stresses and deformations; allows you to obtain
a sufficient amount of information about the stress–strain state of the cross-section
and its individual zones at all stages of loading up to the exhaustion of the bearing
capacity.
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Anchorage Strength of Post-installed
Reinforcement

S. I. Ivanov

1 Introduction

Traditional [1] andnew [2, 3] regulatorydocuments regulating theuse of joints in rein-
forced concrete structures contain instructions for operational (in the manufacturing
process) quality control, but do not contain instructions for strength control.

One of the types of control of the strength of anchorage of reinforcement is
control according to the results of testing samples for the action of axial (along the
reinforcement) pulling force.

This type of testing becomes most relevant when introducing new progressive
solutions for embedding post-installed reinforcement in a finished concrete base
(optimization of the diameter and shape of the hole for installing reinforcement,
optimization of the hole making method), the use of new filling adhesives (cement-
polymer and polymer), the use of new filling technologies (filling the hole after
installation, by gravity or under pressure), the introduction of new care technologies
in the process of curing (at negative temperatures, filling in water, etc.), when using
new types of reinforcement (new section profiles, non-metallic reinforcement) and
assessing the impact on the strength of possible violations of the design solution (the
influence of atmospheric moisture in the hole, pressing the reinforcement against the
wall of the hole, diagonal skew of the reinforcement, etc.).

In the domestic normative literature on testing reinforced concrete structures [4,
5], there are no requirements and guidelines for such tests.

There is an indication of clause 10.1.4 of GOST 8829 [4] that “products are
recognized as meeting the strength requirements if … for structures with prestressed
reinforcement, the displacement of the free ends of the rods on the support … does
not exceed 0.1 ÷ 0.2 mm”, which cannot be used directly without adjustment for
acceptance tests.
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In this regard, the task arose to develop a test procedure for assessing the strength
of post-installed reinforcement and a technique for assessing test results.

2 Materials and Research Methods

In foreign regulatory documents [6], a test procedure is given to determine the adhe-
sion strength of reinforcement to concrete. However, it is based on the testing of
concrete specimens of class B25 and does not provide guidance on the assessment
of test results for the investigated design cases.

Bulletin No. 72 [7] presents themain results of studies of reinforcement anchoring
in concrete and justification of the accepted design methods for calculating the
required anchorage length. It is shown that the resistance of anchored reinforce-
ment can be conditionally divided into two types: the resistance of the surrounding
concrete to splitting and the resistance due to the stress state in the anchorage zone.
For the problem under consideration, only the results of studies of resistance of the
first type can be used.

Studies of anchors installed in concrete using adhesives were carried out at the
University of Stuttgart [8, 9]. Based on the results of the work, a standard [10] was
developed and put into effect for the calculation of fastenings to reinforced concrete,
according to which the strength of concrete reinforcement and glued reinforcement
is calculated using the same method.

In the early 2000s, studies were carried out [11] based on a comparison of the test
results of reinforcement concreted in concrete with the test results of reinforcement
glued into concrete at different embedment depths. The influence of the depth of
embedment of reinforcement, the strength of the concrete of the base, the size of the
aggregate, the size of the base, the temperature of hardening, etc. were investigated
(see Fig. 1a–d).

Criteria for evaluating the test results were developed: a method was proposed
for determining the breaking force, depending on the movement of the section of
the bar on the concrete surface, for different embedding depths, as well as a method
for determining the adhesion strength, taking into account the actual strength of the
concrete base.

Based on the results of the work, a standard was developed to control the strength
of reinforcement gluing into concrete [12, 13].

3 Results and Issues

In 2017–2019, in the laboratory of reinforced concrete structures and quality control
of the N.I. A.A. Gvozdev carried out work on the development of a method for
controlling the strength of reinforcement gluing into concrete and its approbation.
The work was carried out on the basis of the data presented in [11, 13], processing
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а) b) 

c) d)

а) lv=5ds; b) lv=10ds; c) lv=15ds; d) lv=40ds

Fig. 1 Results of “load–displacement” tests in the loaded section for different anchorage depths
(lv) of reinforcement with a diameter of 20 mm in B25 concrete

the results of studies of the strength of adhesive anchors EDILSK ISA MGSU and
the results of our own tests [14–19].

Based on the results of the work, the standard [20] was developed and put into
effect, according towhich themethod for determining the adhesion strength includes:

– production of control samples from concrete of classes B25-B60 with a reinforce-
ment embedment depth of 10ds;

– testing to failurewith the construction of a load–displacement graph for the loaded
section of the bar (see Fig. 2, displacement δ1 on the concrete surface, from
the side of the loaded end of the reinforcement, without taking into account the
deformations of the reinforcement at the free length L);

– determination of the force Nu corresponding to the displacement of the loaded
section by 1.5 mm (with ds < 20 mm) ÷ 3.0 mm (with ds > 40 mm);

– correction of force taking into account the actual strength of the reinforcement
embedding composition according to the formula:

Nu,Rb = Nu

(
Rb

Rb,test

)0.3

(1)
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δ2

N
δ1

N - longitudinal force; L is the free length of the reinforcing bar; lv - anchoring length; 
δ1 - displacement of the loaded section; δ2 - displacement of the unloaded section.

Fig. 2 Scheme of testing and controlled parameters

where: Rb is the standard strength of concrete for the design class, equal to 25 MPa
for the design class B25 and 60 MPa for the class B60;

Rb,test is the average concrete strength of the channel filling composition in the
control sample.

– determination of the average value of Rbm in a series of tests according to the
formula:

Rbm = Nu,Rb,m

π · d · lV
(
0, 08

fR

)0,4

(2)

where
lv—the length of the embedment of reinforcement in concrete;
f R = 0.056 for fittings of class A500;
d is the diameter of the reinforcement.

– the obtained value of the average resistance is compared with the value of the
required strength Rbm,rqd , determined depending on the design class of concrete
filling the hole according to table. 9.2. GOST 58429 [20]: if condition (3)
is fulfilled, the adhesion strength of the reinforcement with the hole filling
composition is equivalent to the strength of the concreted bar:

Rbm ≥ Rbm,rqd (3)
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A preliminary analysis showed that the test methodology and evaluation of test
results presented in the standard [20] are suitable for the task at hand. In order to take
into account the provisions of the current regulatory documents [4], the methodology
was supplemented by the requirement of paragraphs. 10.1.4 GOST 8829 on limiting
the value of displacement of free ends of rods.

Thus, the following were proposed: Test procedure, including design and require-
ments for the production of control samples and testing in accordance with GOST
58,429with additional measurement of displacements δ2 in the unloaded section (see
Fig. 2); Methodology for evaluating test results, including determining the breaking
force taking into account displacements in the loaded section δ1 and displacements in
the unloaded section δ2, determining the bond strength taking into account the actual
compressive strength of the sealant composition and assessing the bond strength of
the reinforcement with the hole filling composition.

For approbation of the proposed method, pilot tests of a control sample were
performed, in which a rod made of A500 reinforcement with a diameter of 20 mm
for a length of 10 ds was embedded using fine-grained concrete of design class B30
(actual strength 66 MPa).

The test result in the form of a graph of displacements as well as the main stages
of processing are shown in Fig. 3. Failure of the sample occurred due to rupture
of the reinforcement. The required failure pattern due to anchorage failure was not
implemented.

Fig. 3 Dependence “load–displacement” for reinforcement ds = 20 mm with an anchorage length
lv = 10ds



76 S. I. Ivanov

Fig. 4 Dependence “load–displacement” for reinforcement ds = 20 mm with an anchorage length
lv = 4ds

However, the maximum permissible displacement of the loaded section δ1 =
1.5 mm was achieved with a force Nu = 176 kN.

Therefore, in order to achieve the required fracture pattern by the contact of the
reinforcement and the composition of the hole filling, the anchorage length was
reduced to lv = 4ds. The test results are shown in Fig. 4.

At the embedment depth lv = 4ds, the destruction occurred due to the violation
of the anchoring and the stretching of the reinforcement. The maximum permissible
displacement of the loaded section δ1 = 1.5 mm was achieved with a force of Nu =
75 kN. However, the maximum allowable displacement of the unloaded section δ2
= 0.1 mm was achieved with a force Nu2 = 71 kN. Therefore, the processing of the
results was carried out for the smallest force Nu = 71 kN.

4 Conclusion

1. A test procedure is proposed to control the adhesion strength of post-installed
reinforcement in a finished concrete base, based on the results of foreign and
domestic studies of reinforcement anchoring.

2. The technique has been tested on control samples. Its applicability is shown to
control the adhesion of reinforcement with the composition of filling the hole
and the concrete of the base.
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3. The technique can be recommended to control the adhesion strength of the
reinforcement with the composition of the filling of the plug joint channel.

Acknowledgements The author is grateful to Prof. Walter Berger, without whose active assistance
the work could not have taken place and the team of the laboratory of reinforced concrete structures
and quality control of the N.I. A.A. Gvozdev.
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Distribution of Vertical Stresses
in Multi-storey Buildings Under
Influence of Nonliner Shear Bonds
Deformation

V. A. Lyublinskiy , K. Alzaibak , and Kh. Alwaz

1 Introduction

Bearing structures with one vertical seam and, therefore, one row of transverse
connecting elements is called simply connected, two rows of bonds—doubly
connected, etc. [1]. If the connection is hinged, each vertical supporting structure
would deform by itself, and the joints rotating without support would remain hori-
zontal [1]. Real connection will resist bending and shear, then vertical structures in
the system receive additional forces and deform. Local moments and shear forces
occur at the contact levels of the bond with vertical structures. The shear forces Qi j

from the ties accumulate along the length of the vertical structure and create a normal
force Ni (Fig. 1).

The quantity Ni depends on the type and rigidity of the shear bonds, rigidity, geom-
etry and load of the entire supporting system. Connections have greater deformability
compared to rigid vertical structures and as a result, have a significant impact on
stress–strain state formation of the entire building load-bearing system [2–4].

Nonlinear deformation of shear bonds leads to stresses and strains redistribu-
tion in structural elements, especially in areas where significant stresses and large
deformations occur, and shear bonds are in the plastic region or close to it [5–7].

2 Materials and Methods in Research

Multi-storey Building Study was conducted—Fig. 2.
A building consists of 12 floors, basement and attic premises.
Parameters:
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Fig. 1 Relationship between Ni and Qij in a simply connected structure

Fig. 2 Building scheme design (communication)

• Walls 30 cm thick connected by lintels with a cross-sectional size 20 by 40 cm
• Length of 2 m
• Columns 40 by 40 cm
• Concrete grade B25 used

A 12 stories building was subjected to permanent, temporary and wind loads. The
calculation was carried out by using the ETABS software package based on the finite
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Fig. 3 Vertical deformations in walls (1, 2, 3) as a result of linear calculation

element method. The finite element of the shell type was adopted for walls, an elastic
element—for ties; the rigidity of which was refined at each stage of the calculation.
The base of the building was assumed to be non-deformable.

Consider the walls w1, w2 and w3 (Fig. 2). Vertical deformations and stresses
developed in the elements as a result of calculation of the building with constant
elements rigidity in the supporting system (Figs. 3 and 4).

To correct the shear modulus value, the experimental deformation diagram «Q-
�» [8] was used. A secant module was used to determine the rigidity K for bonds
of the lintel type. The loading was carried out by the stepwise method (Fig. 5) with
practically zero compliance until the moment a plastic hinge appeared in one of the
shear bonds.

3 Results and Discussions

Structural behavior of the building was considered, taking into account the nonlinear
change in the rigidity of shear bonds under sequential loading. Shearing forces and
corresponding deformations were recorded during loading. The final floor state of the
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Fig. 4 Vertical stresses in walls (1, 2, 3) as a result of linear calculation

shear bonds, indicated in the diagram Shb1, Shb2, Shb3, in the form of deformation
diagrams is shown in Figs. 6, 7 and 8.

It is clearly seen from the diagram for Shb1 (Fig. 6) that shear bonds on the
fifth and higher floors work in the plastic region, and nonlinear deformation of the
bridges leads to an intensive redistribution of forces to adjacent vertical structures.
The number of ties in the upper part of the building that are in the plastic stage is a
consequence of shear forces intense redistribution along the height of the tie. Shb2
and Shb3 bonds work in an elastic field. Further loading was stopped.

An increase in shear forces results in additional compressive forces and tensile
stresses in the building walls (in addition to stresses from external loading). Figure 9
shows a diagram fragment of normal stresses with a rigidity K3 = 1.67E6 kH/m at
the level of the first floor.

Figure 10 shows the same plot with initial rigidityK1 = 5.0E6 kN/m. For wallW1,
the voltage drops at the first-floor level increased by 20% compared that to rigidity
K3 and forW2 the stresses increased.
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Fig. 5 Experimental strain diagram deformation “Q-�” for shear connector

Fig. 6 Strain/shear force diagram of shear bond (Shb1)

Thus, we can note the following: stresses increased in wall W1 while decreasing
in wall W2, wall and W3 for nonlinear analysis.

Increase in compressive stresses due to work of the shear bonds in the bearing
system and its general distribution over the building height is given in Fig. 11.
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Fig. 7 Strain/shear force diagram of shear bond (Shb2)

Fig. 8 Strain/shear force diagram of shear bond (Shb3)

Fig. 9 Stresses of wallsW1,W2,W3 for K3

4 Conclusion

Higher number of stores in the building will lead to external load increase and,
therefore, shear deformations in shear bonds increase. The spatial work of shear
bonds is a mechanism for the spatial redistribution of stresses in vertical structures.
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Fig. 10 Stresses of wallsW1, W2, W3 for K1

Fig. 11 Diagram of changing vertical stresses in wall (W1) according to the change of rigidity of
the shear bonds (K)

The nonlinear behavior of the tie elements is a key factor in the determination of
deformations and stresses in vertical supporting structures.

Magnitude of the change in vertical stresses in load-bearing structures reaches
6–9% in the zones of maximum stress.
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Erection of Flat Shells of Positive
Gaussian Curvature Made
from High-Strength Sand Concrete
and Its Economic Efficiency

Nikolay Palagin , Georgy Nikitin, and Aisylu Sadrutdinova

1 Introduction

One of the promising areas in construction is the production of high-strength
crushed stone and sand (fine-grained) concretes in reinforced concrete structures
and economic efficiency of its use.

In [1] the question of the use of blast furnace sludge with carbonate-containing
additives in the composition of sand concrete was studied. It was found that their
presence promotes the formation of calcium hydro silicates, which contain carbonate
groups similar in composition to hydro silicate phases. This leads to an increase in
concrete strength by 11.2%, density by 14% and a decrease in water absorption by
5%.

In [2], the issues of density, strength and water absorption of sand concrete made
by the zone injection method were studied.We used fractionated sand with a fineness
module of 2.5 and Portland cement grade PC500 D0. Varying the water-cement and
cement-sand ratio determined the optimal compositions of sand concrete for road
use with strength from 40.8 to 72.3 MPa.

In [3], using the Maple 13 program, second-order regression equations were
obtained that adequately assess the dependence of the compressive strength of sand
concrete at the age of 28 days.

In [4], the influence of contaminants in the sand, the dispersion of additives and
the concentration of diopside on the strength and deformation properties of sand
concrete was studied.

In [5], the effect of additives based on pickling solutions of steel rolling plants
on the structure and strength of sand concrete was experimentally studied. It has
been found that these additives compact and strengthen the concrete structure.
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Their optimal content has been determined, which ensures the maximum increase in
concrete strength.

In [6], the dependence of the strength of a sand concrete mixture on the shape and
relief of the particle surface, as well as the content of dusty and clay particles and
impurities enveloping the sand grains, was investigated.

The Moscow State University of Civil Engineering developed the sand concrete
modified with a micro dispersed additive obtained by joint grinding of quartz sand,
super plasticizer C-3 and calcium stearate [7]. At the same time, sand concrete has
a compressive strength of up to 50 MPa, bending strength of up to 8.3 MPa, water
absorption of 1.4% and frost resistance of more than F75.

Researchers from the USA and Vietnam have developed ultra-high-strength
concrete with a strength of 155 MPa at the age of 90 days using local building
materials [8]. This strength was achieved with a natural set of strength with the
content of silica particles of 5%. The highest strength is obtained by hardening for
2 days at 60 °C and then 3 days at 90 °C.

The article [9] studies the effect of the composition of sands of natural origin on
the strength of concrete. Studies have shown that samples on sands with smectite
clays had lower strength compared to samples on other sands. And vice versa, the
samples containing sands with Na2O had the best strength characteristics.

Thework [10] is devoted to an experimental study of the strength,water absorption
and water resistance of sand concrete modified with the waterproofing composition
«Hydropen Plug». It was revealed that this new type of concrete has high strength
and water resistance characteristics.

In [11], a new method for calculating the composition of ultra-strong concrete is
proposed. It has been established that concretes made using sandstone have higher
strength compared to concrete on river sand.

Based on a review of research in [12], it was found that concrete made from sea
sand and seawater gains strength faster. However, the use of these materials, due to
the presence of chlorides, causes rapid corrosion of steel reinforcement. It is proved
that the use of polymer reinforcement with mineral additives solves this problem.

In [13], the effect of cement with mineral additives from ground natural sand
(sand cement) and cement with mineral additives from granite screening on the
properties of heavy concretewas experimentally studied. Itwas revealed that concrete
on sand cement has increased shrinkage deformations and cracking. This is the
reason for a decrease in compressive and tensile strength in bending, a decrease in
waterproofing and frost resistance. Also, concrete on sand cement does not provide
sufficient corrosion protection for steel reinforcement.

In the Voronezh State University of Architecture and Civil Engineering, when
testing beams with dimensions 60 × 120 (h) × 1400 mm, the question of the magni-
tude of their deflection with the upper layer of high-strength concrete was inves-
tigated [14]. The upper compressed layer was made of high-strength concrete of
B60-B90 classes with a height of 46 … 51 mm, the lower tension layer was made of
concrete of B20…B30 classes. It was found that the use of high-strength concrete in
the compressed zone leads to a decrease in deflections. Recommendations for their
calculation are given.
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In [15], considered the work to implement the parameters of mechanical safety
of the high-rise residential complex “One Tower” with a height of 403.9 m in
the Moscow International Business Center “Moscow-City”. “Moscow-City” is a
complex object in the plan, consisting of an underground part measuring 186.9 ×
37.2 m with 4 underground floors, a stylobate part of 12 floors measuring 166.95
× 30.7 m and a high-rise part of 92 floors measuring 113.4 × 27 m. The high-rise
part is built of monolithic reinforced concrete a frame with a stiffening core and
supporting columns. The supporting structures are designed from ordinary concrete
of B50 class and high-strength concrete of B60 and B80 classes. The calculation was
performed by ANSIS Mechanical SP.

In [16], the physical, chemical and granulometric characteristics of screenings of
crushed stone crushing from open pits of the Sverdlovsk and Chelyabinsk regions
were studied. Efficient compositions of heavy concrete of B22.5-B40 classes have
been developed and studied with the use of the specified screenings and additives
MC-Power Flow and Centrament Air 202. The economic efficiency of using screen-
ings in the composition of heavy concrete was revealed. The experimental batch of
reinforced concrete trays was manufactured at one of the Tyumen region reinforced
concrete products enterprises.

In [17], the influence of the introduction of basalt fiber into tensile concrete on
its basic properties was considered. Tensile concrete was modified by an expanding
sulfoaluminate type additive. It was found that this leads to an increase in the strength
of the concrete. Also, due to the addition, the effect of simultaneous expansion and
hardening is realized. This increases the impermeability and durability of this kind
of concrete, which predetermines the prospects for their use for the repair of various
kinds of buildings and structures.

In [18], the results of research aimed at studying the structural behavior of beams
made of self-compacting concrete with the addition of nano silica (Nano-SiO2) and
nano manganese ferrite (Nano-MnFe3O4) are presented. Experiments have shown
that the use of nano additives and the replacement of 25% of the cement with fly ash
improved the mechanical properties and increased the durability of self-compacting
concrete. From themost optimal compositions, reinforced concrete beamsweremade
and tested for bending.

In [19], the selection of compositions of refractory concretes obtained from a
briquette based on forsterite concentrate from wastes of the Kovdor mining and
processing plant and magnesium phosphate acting as a binder is considered. The
grain composition of the batch mixture was selected, the ratio of aggregate and
binder was determined to improve the structural properties of concrete, revealed the
influence of the composition and temperature of heat treatment of the briquette on
the physic-technical properties of the obtained materials.

In [20], the results of studies are given to determine the economic efficiency of the
erection of prefabricated and monolithic long cylindrical shells from HSSC of B60
and B80 classes in comparisonwith heavy concrete of B20-B80 classes. Studies have
shown that concerning Kazan the use of HSSC compared with the heavy one makes
it possible to reduce the consumption of steel (up to 30.6% in prefabricated shells
and up to 23.7% in monolithic), concrete (up to 15.9% in prefabricated shells and up
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to 14.0% in monolithic) and the total cost of materials (up to 18.9% in prefabricated
shells and up to 20.3% in monolithic).

The analysis of the works showed that only in [20] explored the question of
the economic feasibility of designing building structures from highstrength sand
concrete.

As you know, the properties of sand concrete are determined by the same factors
as ordinary concrete, however, it has some features due, first of all, to the high
content of cement stone. This type of concrete has several noticeable advantages:
increased strength in compression and tension, high-quality structure and highmanu-
facturability, the ability to obtain thin-walled structures, decorative concrete and
fiber-reinforced concrete, as well as some other advantages [21–25].

Sand concrete also has disadvantages due to the large surface of the aggregates.
This increases the cement consumptionby15–20% in comparisonwith equally strong
heavy concrete. Therefore, when using sand concretes, along with plasticizing ones,
mineral additives should also be added to the composition or composite cement or
cement of low water demand should be used.

Also, sand concrete has increased air entrainment, which requires the use of
effective thinners or defoamers. Air entrainment depends on the type of plasticizer.
So, in [26] it was found that the additive Melflux 2651F underestimates the air
entrainment rate by 33%, the other additives (C-3, Sika VC5-800) only increase this
indicator.

Recently, sand concrete is increasingly used due to thewidespread availability of a
rawmaterial base.More than 50 deposits and occurrences of sand and gravel material
are known on the territory of the Republic of Tatarstan. The predicted resources of
building sand in the republic are estimated at 1 billion m3, including real ones for
processing—about 300 million m3, mainly in areas of the valleys of the Volga,
Kama, Vyatka and Sviyaga rivers. According to the strategy of environmental safety
of the Republic of Tatarstan and the development of the natural resource complex
of the Republic for 2017–2021 and in the future until 2030, the building materials
industry has been tasked with expanding the range of products manufactured from
local mineral raw materials.

Because most of the European territory of Russia (Moscow, the Moscow region,
the Volga region, Vologda, etc.) does not have deposits of coarse aggregate or has
deposits of sedimentary rocks that are limited suitable for use in reinforced concrete,
the use of sand concrete is an important task in its production. Besides, the extraction
of stone and its processing into crushed stone require large amounts of electricity and
very laborious. There is also an ecological aspect of the problem: in the production
of crushed stone with a fraction of more than 5 mm, a large number of screenings of
a fraction of less than 5 mm (up to 20–30%) is formed, which form large-tonnage
dumps, thereby violating the ecological balance of nature. Only a small amount of
such waste is used as raw material for the preparation of limestone flour and mineral
powder for asphalt concrete. The destruction of mountains during its extraction leads
to irreversible climatic changes in Karelia, the North Caucasus and the Ural. The use
of sand as aggregate causes less damage to the environment than the use of crushed
stone.
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In the world practice of construction, high-strength and ultra-high-strength heavy
concretes of a newgeneration are increasingly used. They can significantly reduce the
dimensions of sections of elements, save concrete and reinforcement [27, 28]. The
implementation of the special technical properties of these concretes has opened up
almost endless possibilities for the construction of unique buildings and structures
around the world. In Russia, the use of such concretes began much later than in
Western European countries, the USA, Canada and Japan. Some of the most notable
objects erected with the use of concrete of B80…B90 class are the buildings of the
«Federation» complex of the «MoscowCity»MIBC [29] and the Public and business
complex «Lakhta-Center» in St. Petersburg [30].

An alternative to high-strength heavy concrete is high-strength sand concrete
(HSSC) [31]. This concrete is a composite material that includes graded quartz
sand, a highly active binder and effective modifiers. A decrease in the amount of
binder in the composition of concrete is achieved by grinding part of the sand,
using plasticizing additives, and products autoclaving. Plasticizers (C-3/2.5, Sika
VC5-800/2.5, Metflux 2651/2.5) are mainly used as chemical additives, which can
significantly reduce the water demand of the concrete mix and the consumption of
cement [23].

The use of HSSC has the following advantages: higher initial and final strength;
early demoulding; decrease in building thickness or increase in the bearing capacity
of bending structures; higher density, water and gas impermeability due to the low
content of capillary pores; higher wear resistance; increased corrosion protection
of reinforcement due to the slow spread of carbonization; increased resistance to
chemically active substances, etc.

The introduction of high-strength sand concretes with the use of river sands of the
Republic of Tatarstan and chemical additives is an alternative to traditional concrete,
which requires expensive high-strength crushed stone imported from the Ural.

Based on fractionated sands of local deposits of the Kama, Volga and Vyatka
rivers, the TBMPS department of KSUAE developed compositions of high-grade
sand concreteB60-B80 [32]. The project “High-strength sand concrete”was included
in the list of innovative projects and developments in the field of building materials
and technologies of the Ministry of Construction, Architecture and Housing of the
Republic of Tatarstan. In 2017, on the instructions of the President of the Republic
of Tatarstan, together with the State Housing Fund, the Department of TBMPS of
KSUAE continued work on high-strength sand concrete. In particular, the scientists
of this department, together with the specialists of Kazan Giproniiaviaprom OJSC,
completed an alternative design of the supporting frame of an 18-storey residen-
tial building in the “Salavat Coopere” complex of Kazan from high-strength sand
concrete of B80 class instead of the initial project of heavy concrete of B25 class. As
a result, savings in concrete amounted to 20%, for steel reinforcement—29% [33].

The article [34] presents the results of studies to determine the economic efficiency
of the construction of solid columns of one-story industrial buildings with bridge
cranes according to the series 1.424.1-5 “Reinforced concrete columns of rectan-
gular cross-section for one-story industrial buildings with a height of 8.4 … 14.4 m,
equipped with bridge support cranes with lifting capacity up to 32 tons” from HSSC



92 N. Palagin et al.

of B60 and B80 classes in comparison with heavy concrete of B20…B80 classes.
Studies have shown that concerning Kazan, the use of HSSC, in comparison with
heavy concrete of B20…B40 classes, used in the standard series, makes it possible
to reduce, depending on the size of the span, the pitch of the columns, the height of
the floor and the lifting capacity of the cranes, the consumption of steel by 43.2 …
71.5% and the total cost of materials by 18.2 … 34.5%.

Despite the listed advantages, today in the Republic of Tatarstan and Russia there
is the problem of widespread use of the HSSC of a new generation. It is in the insuf-
ficiently rapid development of methods for calculating the load-bearing structures
made of it. So, the use of sand concrete is limited to the manufacture of small pieces
and all kinds of decorative architectural and finishing products, as well as coatings
for roads, airfields and floors of industrial buildings.

Following the above, it is necessary to continue the work on the design of various
building structures from the HSSC. Economic feasibility should be the only criterion
for the effectiveness of its application. In this regard, the topic considered in the article
is relevant for the development of the construction industry both in the Republic of
Tatarstan and in Russia as a whole.

The purpose of the studies, the results of which are presented in this article, was to
identify the economic efficiency of the construction of prefabricated and monolithic
flat shells of positive Gaussian curvature from HSSC of B60 and B80 classes in
comparison with heavy concrete of B25-B80 classes.

2 Materials and Methods

2.1 General Information About Flat Shells of Positive
Gaussian Curvature

For shells of positive Gaussian curvature (Fig. 1), the following conditions are valid:

⎧
⎨

⎩

ρ = ρmaxρmin > 0;
ρmin > 0;
ρmax > 0,

(1)

where ρ is the Gaussian curvature; ρmaxρmin—the main curvatures at any point of
the middle surface of the shell.

Flat shells that have a slight rise above the reference plane at

f1 ≤ a/5 and f2 ≤ b/5, (2)

where a and b are half the dimensions of the sides of the shell in the plan; f 1 and
f 2—booms for lifting the shell on the contour (Fig. 1).
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Fig. 1 Scheme of a shell of positive Gaussian curvature

With equal dimensions of the sides of the shell 2a = 2b = l and f 1 = f 2 = f k
conditions (2) have the form:

fk ≤ l/10 (3)

The dimensions of the shells in the plan are 18… 36 m—for industrial buildings,
up to 100 m and more—for public buildings.

From the loads distributed over the surface, these shells experience mainly
compression, which is one of their main advantages. In terms of material consump-
tion, they are more economical than cylindrical shells by 25 … 30%.

Prefabricated shells can be designed as freestanding (single-wave) andmulti-wave
in one and two directions (Fig. 2).

Along the contour, they rest on diaphragms in the form of arches, trusses or beams,
as well as curved beams laid on walls or supported by columns. Cylindrical ribbed
panels have dimensions of 3 × 6 m and 3 × 12 m.

2.2 Structural Solutions of the Investigated Shells, Applied
Materials and Calculation Methods

Prefabricated Shells. In the “Manual for the design of reinforced concrete spatial
structures of pavements and floors (to SP 52-117-2008 * “Reinforced concrete spatial
structures of pavements and floors. Design rules”) for prefabricated shells, a method
is given for determining efforts by an engineering method. However, it does not
consider various schemes for applying snow load and does not consider the wind
effect, as recommended by SP 20.13330 “Loads and Impacts”. To reflect the actual
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Fig. 2 General viewofmulti-wave prefabricated reinforced concrete flat shells of positiveGaussian
curvature

work of the shells, the indicated types and schemes of load application must be
considered. This can be done least effortlessly using a SP. However, before using
an SP, it was necessary to make sure that the calculation results for determining
the efforts in the SP and the engineering method are comparable. So to perform the
calculations LIRA-SAPR software package was chosen.

As prefabricated we considered freestanding shells square in plan. The slab
consisted of ribbed cylindrical panels with a size of 3 × 6 m with a shelf thick-
ness of 40 mm, a section of longitudinal and transverse contour ribs—100 × 300
(h) mm, a section of an intermediate transverse rib—200 × 300 (h) mm. Along
the perimeter of the shells, prefabricated monolithic contour beams with a length of
6 m, a cross-section width of 600 mm are installed, with reinforcement of the lower
prefabricated part with rigid reinforcement of two rolled I-beams and flexible bar
reinforcement, the upper monolithic part—flexible bar reinforcement; the support of
the beams is carried out according to a continuous pattern on the columns installed
with a step of 6 m; the joint of the beams to each other is rigid; the joint of columns
with beams is articulated, with a foundation is rigid. The section of the columns
(corner—900 × 700 mm, ordinary—800 × 700 mm) is taken from the condition
that the beams are supported on them (Fig. 3). In the corner zones of the shell, a
monolithic reinforced concrete block is laid on top of the precast panels.
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Fig. 3 Supporting nodes for a prefabricated flat shell of positive Gaussian curvature: a—contour
beams on the corner column; b—the same for an ordinary column; c—prefabricated panel on a
contoured beam; 1—corner column; 2—contour beam; 3—steel plates on the top of the contour
beams; 4—ordinary column; 5—end face of the contour beam; 6—monolithic concrete; 7—panel;
8—steel stop; 9—embedded parts of the panel and the contour beam; 10—dowels

The determination and comparison of efforts were carried out on the example of a
shell designed in Kazan with a span of 42 m with the class of heavy concrete panels,
contour beams and blocking—B25.

The forces (maximum shear forces along the edges S, normal forces at the center
Nx;y=0, maximumnormal forces Nmax

x;x=0, themain tensile forcesNpr,t and compressive
forces Npr ,c in the corner zones and the span) in the shell itself were determined and
compared, as well as spanM l and supportMsup bending moments in contour beams.
The analysis of the performed calculations showed that the values of the efforts
determined by the engineering method and with the help of an SP differ from −
18.3% to +17.5%, which indicates their comparability. Therefore, in the future, to
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determine the efforts taking into account the effect of wind load, as well as various
schemes for applying snow load, the LIRA-SAPR software package was used.

With the help of the SP, the forces in the slab and contour beams of freestanding
shells with dimensions of 18 × 18 m, 24 × 24 m, 42 × 42 m and 66 × 66 m were
determined. Variants of the application of the snow load were adopted according
to SP 20.13330, and the wind effect was determined as the sum of the average and
pulsation components.

For the efforts obtained, calculations and design of shell elementswith dimensions
in termsof 18×18m, 24×24m, 42×42mand66×66m,madeof heavy concrete of
classes B25, B40, B60 and B80 and HSSC of classes B60 and B80, were performed.

The class of the flange meshes reinforcement and the panel ribs transverse rein-
forcement is B500C, the class of the longitudinal reinforcement of the panel ribs,
the monolithic part of the contour beams, concrete footing and columns is A500C,
the class of the transverse reinforcement of the columns is A240C. Fencing vertical
structures are wall panels and glazing panels mounted on sheeting rails column.

Calculations were made for the 1st and 2nd groups of limiting states of the
shell slab (stability check, strength calculation, including corner zones, deforma-
tion calculation), contour girders, including their joint (in the stages of operation
and installation); cylindrical panel (at the stages of manufacturing, transportation
and installation); columns (in operation). The purpose of the calculations was to
determine the required amount of reinforcement in the shell elements. At the same
time, in the case of using both heavy concrete and HSSC, if the design requirements
allowed, the thickness of the flange of the panels, the height of their longitudinal
and transverse ribs, as well as the thickness of the concrete footing were changed.
The calculation of all elements, except columns, was carried out by an engineering
method according to the methodology of the current standards. The density of heavy
concrete, its strength and deformation characteristics were also taken according to
the norms, and the strength and deformative characteristics of HSSC—according to
the results of the experiments of the TBMPS department of KSUAE. The strength
and deformation characteristics of the reinforcement were taken according to the
standards. The reinforcement of the columns was taken according to the results of
the calculation in the SP, taking into account the design requirements. Based on the
results of the calculations, the design of the shell elements was carried out.

For each calculated shell, concerning Kazan, the consumption of materials
(concrete and reinforcement) and their cost, including the total cost, were deter-
mined, and their comparison was made for the cases of manufacturing shells from
heavy concrete and HSSC. The composition of heavy concrete and HSSC of various
classes was adopted based on the results of developments in the TBMPS department
of KSUAE.

Monolithic Shells. The calculation and design of freestandingmonolithic shells with
dimensions in terms of 24 × 24 m, 48 × 48 m, 60 × 60 m, 72 × 72 m, 84 × 84 m
from heavy concrete of B25, B40, B60, B80 classes and HSSC of B60 and B80
classes was performed.
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The shells consisted of the shell itself (slab), contour beams and columns. The
geometric parameters of the shells and their elements were taken in accordance with
the recommendations of the standards and based on the experience of design practice.
The column spacing was taken equal to 12 m. All longitudinal reinforcement is
ordinary class A500C, the class of transverse and structural reinforcement is A240C.

The calculation, which consisted of determining the required amount of rein-
forcement, was carried out in the LIRA-SAPR software package with the applica-
tion of wind and various snow load schemes. The scheme of reinforcement of the
contour beams and columns, based on the analysis of the diagrams of the forces
acting in them, was assumed to be symmetrical. The slab reinforcement scheme was
assigned in accordance with general recommendations and consisted of 4 types of
reinforcement.

In manufacturing the shell of heavy concrete, the reinforcement was taken
according to the results of the calculation of the SP, “tuned” to SP 63.13330 “Con-
crete and reinforced concrete structures. Basic Provisions”, and in the manufacture
of HSSC, their reinforcement was determined as follows. Since the deformative and
strength characteristics of HSSC and heavy concrete of the same classes differ, they
were set directly in the SP. This could be done only when the SP was “tuned” to the
currently non-operating SNiP 2.03.01-84 * “Concrete and reinforced concrete struc-
tures”, in which the method for calculating longitudinal reinforcement according to
group 1 of limit states is identical to the method of SP 63.13330, and the method
for calculating transverse reinforcement and the calculation of crack resistance is
excellent. Also, the values of Rs, Rsc and Rsw in SNiP 2.03.01-84 * and SP 63.13330
are slightly different. Therefore, when defining the reinforcement directly in the slab
and the contour beam, first, the required longitudinal reinforcement was adjusted
according to the values of Rs and Rsc, then the crack resistance was manually calcu-
lated for the forces obtained in the SP. The design of transverse reinforcement was
carried out manually according to the SP 63.13330 method. The selection of longi-
tudinal and transverse reinforcement in the columns was carried out based on the
results provided by LIRA-SAPR SP, taking into account the correction of the values
of Rs, Rsc and Rsw.

The design of the shell elements was carried out in accordance with the required
amount of reinforcement and the design requirements of the standards.

3 Results

The studies allow us to conclude that the use of high-strength sand concrete (HSSC)
of B60 and B80 classes, in comparison with the heavy one during the construction
of the shells considered in the article, allows to obtain a significant economic effect;
namely, to reduce the consumption of steel (up to 36.0% in prefabricated shells and
up to 43.0% inmonolithic ones), concrete (up to 11.3% in prefabricated shells and up
to 12.9% in monolithic) and the total cost of materials (up to 27.0% in prefabricated
shells and up to 29.4% in monolithic ones). The use of HSSC makes it possible
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to reduce the mass of structural elements (by 13.0% in prefabricated shells and by
20.8% in monolithic shells), which, in turn, leads to a decrease in the load on the
foundations.

4 Conclusion

In the scientific and technical literature, it was possible to find only information about
the economic efficiency of designing long cylindrical shells, an 18-story residential
building and solid columns of one-story industrial buildings with bridge cranes from
HSSC (see the section “Introduction”).

The use of high-strength sand concrete (HSSC) is an alternative to crushed stone.
In the scientific and technical literature, there is no information on the design of flat
shells of positive Gaussian curvature from it.

The performed studies have shown that the use of HSSC of B60 and B80 classes,
in comparison with the heavy one in the design of the shells considered in the article,
allows to obtain a significant economic effect; namely, to reduce the consumption
of steel (up to 36.0% in prefabricated shells and up to 43.0% in monolithic shells),
concrete (up to 11.3% in precast shells and up to 12.9% in monolithic shells) and
the total cost of materials (up to 27.0% in prefabricated shells and up to 29.4% in
monolithic ones). The use of HSSC allows to reduce the mass of structural elements
(by 13.0% in prefabricated shells and by 20.8% in monolithic shells), which leads
to a decrease in the load on the foundations.

In this regard, it can be concluded that the results obtained are novel, and the results
of the studies carried out can be recommended for use in construction practice.
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Relationship of Shear Force
and Punching Analysis of Reinforced
Concrete Slabs

D. A. Pekin

1 Introduction

The calculation of reinforced concrete slabs for shear forces and punching was dealt
with by leading Russian specialists both in the Soviet period and at the present time.
Taking into account the actual sequence of the development of the theory of reinforced
concrete, methods of calculation and implementation of structural solutions, the
initial attention was mainly paid to the rod elements. In this regard, and also due to
the relatively small volume of construction frommonolithic reinforced concrete until
the beginning of the 90s of the last century, for the calculation of slabs for the action
of shear forces, assumptions and a methodology based on the rod analogy were used
or only the calculation for punching was performed [1].

2 Relationship of Shear Force and Punching Failure

AtRussian Research, Design and Technological Institute of Concrete andReinforced
Concrete, special experimental studies were carried out [2] to compare the mecha-
nisms of failure along a sloping section and from punching, as well as to search for
transitional forms that allow developing criteria for applying the calculation method
for the action of shear forces or punching. The prototypes were tested, supported on
two sides on a span of 1.4 m, 300mm high, with a loading platform of 200× 200mm
in the middle of the span (i.e., the sloping section span was 0.6 m), while varying
their width in multiples of the size of the loading platform—200 (PI-1a), 3 × 200
(PI-2a), 5 × 200 (PI-3a) and 7 × 200 (PI-4a) mm, as well as control prototype
with dimensions 1.4 × 1.4 × 0.3 (h) m (PI-5a), supported on 4 sides, to implement
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Fig. 1 Features of
prototypes failure

standard punching mechanism (the marking of the prototypes, indicated in brackets,
is shown in the photographs in Fig. 1).

Based on the results of this research work, the important issue of the similarity of
fracture mechanisms in shear force and from punching was not considered, despite
the results obtained during the experiments:

1. The formation and development of main sloping cracks was ignored in proto-
typeswith dimensions close to square in plan, inwhich the punchingmechanism
was realized;

2. There were no proposals to improve the punching shear design method, which
then and now does not take into account the formation and development of the
main sloping cracks;

3. The effect of bending of the prototypes and the change in the height of the
compressed zone of concrete both on the lateral faces of the prototypes and
along the width of the cross section with an increase in its width were not taken
into account (the height of the compressed zone of concrete along the width of
the prototypes changes, increasing from the middle of the cross section to the
lateral edges).

The following figure shows photographs of prototypes after failure, demonstrating
the features of the formation and development of normal and sloping cracks on the



Relationship of Shear Force and Punching … 103

Fig. 2 Prototype in [7] after punching failure. Side view

free lateral faces of elements, with the exception of sample PI-5a, which had a
support.

A contradiction in the picture of the formation and development of cracks on the
lateral face for prototype PI-5a, shown in Fig. 1, which in the description [2] is
indicated as supported on four sides, but at the same time having developed normal
cracks on the lateral surface, characteristic of the support of the prototype only on
two sides (when supported along the contour, such normal cracks on the lateral faces
cannot form, especially along mid-span, see Fig. 2). It is possible that the prototype
was also tested with support on both sides, or another photograph was inserted, or
this could be due to other reasons related to the test bench.

3 Shear Force Analysis of Reinforced Concrete Slabs

In Russian modern building codes, the method of calculating slabs for the action of
shear forces appeared relatively recently and immediately caused many questions
from designers and developers of programs for calculating building structures, since
the results of the calculation significantly increased the required amount of shear
reinforcement. The calculation of plates for the action of shear forces in accordance
with clause 8.1.55 of SP 63.13330 should be performed according to the formula:

Qx

Qx,ult
+ Qy

Qy,ult
≤ 1 (1)

where Qx and Qy are shear forces acting on the lateral sides of the flat selected
element; Qx,ult and Qy,ult are the ultimate shear forces perceived by a flat selected
element and calculated by the formula:

Qult = Qb + Qsw (2)
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where Qb and Qsw are the ultimate shear forces perceived, respectively, by concrete
and shear reinforcement and determined by the formulas:

Qb = 0, 5Rbtbh0 (3)

Qsw = RswAsw

sw
h0 (4)

where b and h0 the width and effective depth of the section, respectively; Asw and
sw the area of the shear reinforcement located in one normal section and the step of these rows, respectively;Rbt

and Rsw tensile strength of concrete and shear reinforcement, respectively.
Previously, without taking into account this requirement, the calculation for the

action of shear forces was carried out by analogy with the rods and for each direc-
tion separately, i.e., each term on the left side of expression (1) should not exceed
one. Before the standard requirements of SP 63.13330.2012 came into effect in our
country, millions of square meters of monolithic reinforced concrete flat slabs and
foundation plates were built, which, taking into account these requirements, may no
longer satisfy the ULS, and if necessary, reconstruction of buildings or structures,
even if related or insignificant changes for the slabs may require strengthening to
meet this requirement of the codes.

If we analyze this formula on the basis of a special case with equality Qx,ult =
Qy,ult = Qult and Qx = Qy = Q we get:

Qx

Qult
+ Qy

Qult
= Qx + Qy

Qult
= 2Q

Qult
≤ 1 (5)

Consequently, in this case, the ultimate shear force perceived by a flat highlighted
element must be greater than twice the shear force acting on the lateral side of the
element in any direction,which leads to a two-fold reserve of bearing capacity relative
to consideration in separate directions. Obviously, this requirement, together with
the empirical approach in determining the ultimate force for concrete according to
Formula (3), which is borrowed and is only allowed in the design of rods, leads to
a discrepancy between the physical nature of the shear force failure mechanism and
an unjustified reserve of bearing capacity that has passed the test of time.

Another proposal for the calculation of reinforced concrete slabs of monolithic
frames of multi-storey civil buildings for the action of shear forces on page 24 [3]
leads to a less significant reserve of bearing capacity:

(
Qx

Qx,ult

)2

+
(

Qy

Qy,ult

)2

≤ 1, (6)

since the ratios in brackets must be less than one, and squaring them decreases
the value of the sum. After similar transformations of this formula to consider the
particular case Qx,ult = Qy,ult = Qult and Qx = Qy = Q we get:
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(
Qx

Qult

)2

+
(

Qy

Qult

)2

= Q2
x + Q2

y

Q2
ult

= 2Q2

Q2
ult

≤ 1 (7)

Therefore, in this case, the square of the ultimate shear force perceived by a
flat highlighted element must be greater than twice the square of the shear force
acting on the lateral side of the element in any direction, which leads to a bearing
capacity margin equal to 41% (the square root of 2 is ~1.41) regarding consideration
in separate directions.

In addition, it should be noted that the Formula (6)was previously used to calculate
the action of the shear forces of double curvature bending (subject to bending in a
plane not parallel to the axes of symmetry of the cross section) of rod reinforced
concrete elements of rectangular section in accordance with clause 7.39 of SNiP II-
B.1-62. And thus, when calculating one sloping section, horizontal and vertical shear
bars (or stirrup segments) were taken into account to determine the ultimate shear
forces along the reinforcement in two directions Qsw,x and Qsw,y, y. In this case, the
shear forcesQx andQy act in the same section, in contrast to plates. And this nuance,
obviously, contradicts the physical meaning and those test results, on the basis of
which it was proposed to use this approach for calculating double curvature bent
elements of rectangular section, which does not allow to unambiguously determine
the possibility of using this formula for calculating reinforced concrete slabs.

In this regard, we can agree with the proposal [4] to take into account the resul-
tant shear forces in the element and the need to consider the shear reinforcement
distributed over the area of the calculated element (one amount of reinforcement for
two directions), which leads to the following shape transformations of expression
(1):

√
Q2

x + Q2
y

Qult,min
≤ 1 (8)

whereQult,min is the minimum of the ultimate shear forces perceived by a flat selected
element and calculated from the Formula (2). Or taking into account the resulting
concrete in two directions and the total amount of shear reinforcement:

√
Q2

x + Q2
y√

Q2
bx + Q2

by + Qsw

≤ 1 (9)

where Qbx and Qby are the ultimate shear forces perceived by concrete in the x and
y directions, respectively; Qsw bearing capacity for forces reinforcement:

Qsw = RswAswh0 (10)

where h0 is the effective depth of section; Asw is the total area of the shear
reinforcement located in the element.
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It should be noted that in SNiP 2.03.01-84* and Eurocode 2, there are no require-
ments and special calculation methods specifically for reinforced concrete slabs for
the action of shear forces. And in accordance with clause 5.26 of SNiP 2.03.01-84*
in solid slabs, regardless of height, it is allowed not to install shear reinforcement,
while ensuring the calculation requirements according to the instructions in clause
3.32 (calculation of reinforced concrete elements without shear reinforcement for the
action of a shear force to ensure strength along an sloping crack), with the exception
of areas where punching shear mechanism is possible. The situation is similar in
Eurocode 2.

Modern theoretical studies and proposals for improving the method of punching
shear [5, 6] also continue the traditional direction and use classical assumptions
when calculating for punching in the form of the absence of main sloping cracks and
the possibility of uniform distribution of shear forces along the sloping face of the
punching pyramid, which leads to the following contradictions:

1. When determining the bearing capacity for punching, the addition of the bearing
capacity for concrete at stage I of stress–strain behavior (in the absence of cracks)
and the bearing capacity for shear reinforcement at stage III of SSB (with cracks)
is performed;

2. The assumption of a uniform distribution of shear stresses along the sloping
faces of the punching shear pyramid has some limitations, since the relative
deformations of concrete elongation are extremely small, and do not allow in
practice to develop such a uniform distribution of stresses.

The proposed approach, taking into account the accepted assumptions, can be
valid only for certain cases, for example, for concrete structures, where bending
stresses, due to their smallness, can be neglected, or in prestressed reinforced concrete
structures in the absence of normal and sloping cracks.

4 Punching Experimental Analysis of Flat Slab

An analysis of the normative methods of punching shear design in accordance with
SNiP 2.03.01-84*, SP 63.13330.2012 andEurocode 2, taking into account the experi-
mental data obtained, and a proposal for the development of themethod are published
in article [7]. According to the test results, it was found that the sloping angle of the
punching shear pyramid (main sloping crack) was about 20° and normal cracks on
the lateral surfaces (in contrast to PI-5a shown in Fig. 1) did not form, due to the
impossibility of bending the element directly on the support contour.

For testing [7], a support contour with dimensions in plan of 2.16 × 2.16 × 0.24
(h) m was made from a paired channel No. 24 of a box-shaped cross section. The
support contour was installed on 8 racks 1.2 m high, resting on the load-bearing floor.
The slab prototype was installed on a sand-cement mortar with a support length of
100 mm along the supporting contour. The loading was carried out through a load
plate by 4 hydraulic power exciters from a common collector, capable of creating
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a force of 1000 kN each. The total mass of the tooling applied before the start of
the experiment was 80 kN. Further, the load applied to the slab fragment through
the column changed stepwise, increasing by 200 kN with an interval of 20 min,
immediately until the moment of destruction.

In the manufacture of a slab fragment, heavy concrete of class B30 and reinforce-
ment of class A500C 18Ø12 mm with a step of 100 mm in two directions in the
lower zone at a distance from the center of 1 row of reinforcement to the edge of
the slab equal to 25 mm were used. The overall dimensions of the slab fragment are
2.0 × 2.0 × 0.24 (h) m. The column head was made in the form of a cube with a
side size of 0.5 m and structural reinforcement of longitudinal (4Ø16 mm) and shear
reinforcement (5Ø8 mm with step 100 mm).

It is interesting to note the general regularity according to the test results of beams
and slabs without shear reinforcement in [2, 7], associated with the formation of
main sloping cracks from supports on stretched faces to column face on compressed
faces of prototype with a slope angle significantly less than 45°. In addition, an
important not previously noted nuance according to the results of observation of
the destruction of the sample in [7] is Fig. 3—this is the exit of the main sloping
cracks on a stretched horizontal surface at opposite supports in the direction of
longitudinal reinforcement located with a smaller concrete cover, and the absence of
similar cracks of such an development on the stretched surface in the perpendicular
direction, which is associated with the operation of the hydraulic loading system
and almost instantaneous zeroing pressure (external load) upon destruction of the
sample.

In this case, after the transition to the plastic stage of the structure’s operation,
when most of the bars of two directions cease to resist external load and a signif-
icant increase in deflections is recorded, the factor of reinforcement placement in
thickness begins to influence—the closer the longitudinal reinforcement is to the
tensioned surface of the slab, the more it bends near the support and in the event of
an inflection point in the reinforcement or a certain angle of rotation of the section, it
begins to provoke concrete cleavage due to the occurrence of reactive pressure of the
reinforcement and the exit of the main sloping cracks on the tensioned surface of the
prototype, which, together with the destruction of the compressed zone of concrete
around the head of the column (load area) by cut (not necessarily in the plane of the
normal section) leads to the formation of a punching shear pyramid.

It should be noted that most of the tests of various conventional prototypes for
punching without shear reinforcement were carried out with an almost equal ratio of
the sloping section span (the length of the horizontal projection of an sloping crack)
to the height of the elements, which led to the formation of a punching shear pyramid
at an angle close to 45°. This is due to the limitation of the dimensions in terms of
the tested images by the capabilities of laboratory equipment (4 rack presses). But
if it was possible to test samples of large dimensions in plan [2, 7], then the angle of
sloping reached 20°. It is also obvious that in the absence of bending of the specimens
(at h0/c > 2) or sufficient resistance of concrete to tensile stresses without cracking
and the ratio of the height of the elements to the sloping section span of more than
one, the slope of the punching shear pyramid will exceed 45° and tend to 90° in the
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Fig. 3 Prototype in [7] after punching failure. Tensioned surface

limit:

lim
h0/c→∞ ϕ = 90◦ (11)

where c and ϕ are the sloping section span and the angle of sloping, respectively.
At the same time, to obtain results close to the experimental data, it is necessary,

instead of the tensile resistance Rbt of concrete, to use the concrete shear resistance
Rbs, which reaches, according to various estimates, up to 2.5Rbt without taking into
account the lateral compression [8].

Another aspect is related to the options for loading reinforced concrete slabs and
their support on vertical supporting structures. Obviously, in flat slabs with support
on columns, pylons or walls under the action of loads uniformly distributed over
the area (or close to them) and sufficient bearing capacity for the action of shear
forces only on concrete, there is no need to calculate the slabs for the shear force
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outside the support zones. And vice versa, in the case of a concentrated load acting
on the overlap and a sufficient bearing capacity with respect to the shear force only
on concrete at the place of its application, there is no need to check the strength on
the supports. Similar statements apply to foundation slabs as well. Despite all its
obviousness, this of course requires rigorous proof. Using the example of a flat slab,
uniformly distributed load and the same dimensions of elements in the plan:

1. Given:

q—uniformly distributed load;
Ai—area of the i-th slab element;
Rj—reaction in the j-th vertical support;
n—number of elements of flat slabs;
m—number of supports.

2. Let’s compose the equation of equilibrium of the acting support reactions and
vertical forces on the vertical axis Z:

∑
Qz =

n∑
i=1

q Ai +
m∑
j=1

R j = 0 (12)

3. Since in practice, the number of flat slab elements is always significantly greater
than the number of supports:

n � m, (13)

then, taking into account equality (12):

q Ai < R j , (14)

then, according to (14), while ensuring the bearing capacity for the action of
shear forces on concrete on the support, the strength of any individual slab
element will be ensured, which was required to be proved.

5 Punching Catastrophic Failure Analysis

It should also be noted that in real monolithic reinforced concrete flat slabs under the
action of uniformly distributed loads, the main sloping cracks can form at an angle
close to 45°. This is confirmed by the specific example shown in Fig. 4, catastrophic
failure of the flat slab of the stylobate part of the building at the interface with
the column at the facility in Moscow near the Paveletsky railway station in 2009.
Then, at the stage of developing the detailed design documentation, the new design
organization made changes to the initial project, which passed the examination, in
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Fig. 4 Flat slab after punching failure

the form of excluding capitals and reducing the cross section of columns, which led
to the implementation of a punching mechanism.

This aspect was most likely known to the authors of the method for calculating
reinforced concrete slabs for punching and therefore, taking into account other exper-
imental studies, served as the basis for using the corresponding sloping angle of the
pyramid in the codes. But nevertheless, such an approach, taking into account a wide
variety of design solutions, is not universal, has a number of the above disadvantages
and requires further development.

In the following publications, on the basis of experimental studies [2, 7, 8] and
proposals for improving the method of calculating slabs for punching shear in [7],
a comparative analysis of the calculations of the bearing capacity for the action of
shear forces and punching shear will be carried out to develop a unified and universal
approach to the calculation of reinforced concrete slabs.

6 Conclusions

1. Based on the analysis of the experimental data presented, it can be stated that
the failure of plates under the action of shear forces and from punching has a
related nature and a similar mechanism due to the formation and development
of main sloping cracks.
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2. The current normative calculation method in accordance with the requirements
of clause 8.1.55 of SP 63.13330.2018 for the action of shear forces has a signif-
icant reserve for the bearing capacity and may lead to the need to strengthen
reinforced concrete slabs not affected by the reconstruction of buildings and
structures.

3. Against this background and the current volume of construction with the use of
monolithic reinforced concrete, the creation of a unified and universal method
for calculating reinforced concrete slabs for the action of shear forces and
punching is an urgent task.
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Modeling the Bearing Capacity of Tank
Trucks Filled with Bulk Material
in Bending

M. V. Petrov and E. G. Gonik

1 Introduction

Tank trucks are used for transportation of various bulkmaterials (cement, flour, grain,
sugar, etc.) by vehicles. They are manufactured at various factories in Russia and
abroad.

Such enterprises are OOO SeverMolMash (Vologda), OOO Gero (St. Peters-
burg), ZAO Cheboksary enterprise Sespel (Cheboksary), machine-building plants
Bonum (Rostov-on-Don), “Betsema” (Krasnogorsk, Moscow region), “Alekseevka
KhimMash” (Voronezh region), Tropper GmbH (Austria), MAISONNEUVE group
(France), Hendricks FahrzeugwerkeGmbH., SPITZERSILOFAHRZEUGEGmbH,
Feldbrze Speinder (Germany), etc.

Tank trucks (Fig. 1) are thin-walled cylindrical shells with diameters up to
2500 mm, length up to 16,000 mm, and wall thickness up to 10 mm.

The tank is attached to the vehicle on supports. Under the influence of the mass
of the load, it bends between the supports. When lifted to unload the cargo, the tank
bends and may become unstable.

The stability of empty cylindrical shells has been experimentally and theoretically
investigated in many scientific works [1–17]. Loss of stability in bending of thin-
walled shells filled with bulk material is considered in [18–24].

In order not to lose stability, experimental and theoretical studies, mathematical
models are needed for correct calculations of the geometric dimensions of the tank
that satisfy the conditions for bending stability. Therefore, such studies are relevant.

The load-bearing capacity of a tanker truck will be estimated by the loss of its
stability in bending. The aim of the work is to model the bearing capacity of a tanker
filled with bulk material during bending and its experimental substantiation.
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Fig. 1 Tank truck for transportation of liquid and bulk materials

2 Experimental Research

First, let us study the behavior of model specimens under load. The experiments
were carried out on model samples similar to full-scale tank trucks. The material and
dimensions of the samples are shown in Table 1.

The samples were rigidly fixed at one end; the other end was free. There a lateral
force F was applied, which gradually increased until stability was lost. The value of
the force F and the corresponding deflection y were measured (Fig. 2). The experi-
ments were carried out on empty samples and filled with iron powder to 90% of the
volume. The results of experiments and calculations are presented in Table 2.

Table 1 Dimensions of the tested samples

Series of
samples

Radii R (mm) Wall thickness h
(mm)

Length L
(mm)

h/R L/R Sample
material

1 31,8 0,1 135 0,003 4,12 Aluminum
alloy 3004

2 41,6 0,12 165 0,0029 3.96 Aluminum
alloy 3004

3 41,2 0,42 171 0,01 4,15 Alloy D16T

4 41,2 0,42 348 0,01 8,3 Alloy D16T
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Fig. 2 Deflection versus
force plot. Graph (1)
corresponds to samples
without filler, and graph (2)
corresponds to samples filled
with bulk material for
samples of the first series

Table 2 Comparison of experimental results and analytical solution

Series of
samples

Percentage of
sample filling
(%)

Critical force, Fcr (kN) Difference Fcr
(%)

Increase in Fcr
for a filled
sample, % in the
experiment

Experiment Calculation

1 0 (empty) 0,153 0,16 4,5 40,5

90 0,215 0,18 16

2 0 0,262 0,269 2,7 16,9

90 0,341 0,265 22,3

3 0 1,77 2,21 25 26,3

90 2,235 2,07 7,5

4 0 0,83 1,1 32,5 12,3

90 0,932 1,15 23,4

Experimental studies show that the loss of stability occurs in the elastic stage of
material operation (Fig. 2). Therefore, for mathematical modeling, you can use the
principle of superposition. The loss of stability of the samples is characterized by
the formation of dents on the surface (Fig. 3) shows aluminum samples of two series
after the experiments.

3 Design Ratios

For empty thin-walled shells, the critical stress σ cr in bending is recommended in
[1] to be calculated by the formula:

σ |
cr = κ(l)E

h

R
, (1)
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Fig. 3 Shape of shells after loss of stability

where E is the modulus of elasticity of the shell material; h-wall thickness; R-radius
of the sample. The coefficient k (L) takes values 0,3 for medium-length shells, 0,22
for longer shells.

The flexural stability of thin-walled shells filled with bulk material is additionally
influenced by the weight load and the resistance of bulk material to the formation of
dents, similar to the action of internal pressure.

The weight load along the length of the shell is evenly distributed and the
maximum compressive stress in the buckling zone is calculated from the relationship
[20, 22]:

σu = M

W
, (2)

where M is the bending moment in the cross section at the point of buckling; W is
the axial moment of resistance of the shell.

The value of the bending moment depends on the conditions for fastening the
shell. For example, for a console-pinned shell,

M = ql2

2
, (3)
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where q—uniformly distributed weight load, l—distance from the free end of the
shell to the point of buckling.

For a shell hinged at the ends:

M = ql2

8
(4)

where l is the distance between the hinged supports.
Taking the material to be ideally free-flowing, the internal hydrostatic pressure is

calculated by the formula [21]:

P = ρgH, (5)

where ρ is the bulk density of the bulk material,H is the height of the aggregate, and
g = 9.8 m/s2.

Since the shell is in amomentless stressed state before loss of stability, the pressure
of the bulk material creates an axial stress at the point of loss of stability equal to [1]:

σp = PD

4h
= PR

2h
= ρgH R

2h
. (6)

Using the principle of superposition and relationship (1–6), the critical stress is

σcr = σ /
cr + σu + σp′ = k(l)E

h

R
+ M

W
+ ρgH R

2h
. (7)

The critical bending moment Mcr at the point of buckling is equal to

Mcr = σcr · W. (8)

For a cantilevered tank, the lateral critical force is

Qcr = Mcr

l
. (9)

If we take into account the weight load, then

Qcr = Fcr + ql = Mcr

l
, (10)

where Fcr is the critical concentrated force.
From formula (10), the critical force is equal to

Fcr = Mcr

l
− ql. (11)
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The permissible lateral force, taking into account the safety factor “n”, is equal to

F = Fcr

n

Expression (11) allows you to calculate the critical length of the tank for the
transportation of bulk material:

Flcr = Mcr − ql2cr .

From here,

lcr = −F + √
F2 + 4qMcr

2q
. (12)

If the tank is fixed on two end pivot bearings, then the critical bending moment is

Mcr = R
l

2
− qcr

l2

8
= qcr

l2

4
− qcr

l2

8
= qcr

l2

8
= σcr · W, (13)

where R is the reaction of the support.
From dependence (13), the critical weight load

qcr = 8σcrW

l2
. (14)

Critical tank length:

lcr =
√
8σcrW

q
. (15)

Let us calculate the critical forces Fcr for model samples using the proposed
method and compare with the experimental results (Table 2). Table 2 shows that the
critical forces obtained by calculations and experiments differ within 23.4%, which
is quite satisfactory for factory conditions.

4 Conclusions

1. The method for calculating the bearing capacity is verified by experiments.
2. Using dependencies (8–15), you can calculate for the tank critical bending

moment, shear load, length.
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Rearing Capacity of Reinforced Masonry
Under Central Compression Based
on the Deformation Parameters of Its
Components

Alexey N. Plotnikov , Tatyana Vyacheslavovna Romanova,
Boris Vasilievich Mikhailov , Olga Stanislavovna Yakovleva ,
and Mikhail Yurievich Ivanov

1 Introduction

To increase the bearing capacity, reduce material consumption and, accordingly, the
cost of construction, masonry reinforcement is traditionally used. Mesh reinforce-
ment located in the horizontal joints of the masonry limits lateral deformations. As a
result, the compressive efficiency of the brick increases, as well as crack resistance.

According to the design codes used in the calculation of reinforced masonry,
the actual stress–strain state of the reinforced masonry components is not taken
into account. New materials are emerging, such as porous bricks and composite
rebar. They require taking into account their specific properties and mechanisms of
operation and destruction of reinforced-masonry structures.

There are several approaches to modeling the work of masonry. They can be
classified into two principal groups. In the first group, which forms the basis of the
current SP15.13330.2012 “Stone and reinforced-stone structures”, the method of
sections with homogenization is used. In both domestic and foreign (Eurocode 6)
regulatory documents, masonry is considered as a homogeneous structure in which
the physical and mechanical characteristics of its components (brick and mortar) are
averaged. In the second group of calculation methods, masonry is represented by a
material with a complex composite structure, multi-modular materials with radically
different characteristics.

In the work of Antakov and Sokolov [1], diagrams of deformation of masonry of
compressed structures were obtained on the basis of the theory of the resistance of
anisotropic materials to compression, taking into account the values of the resistance
of the material to tension and shear when determining the compressive strength. The
authors, taking into account the analysis of a variety of experimental data on testing

A. N. Plotnikov (B) · T. V. Romanova · B. V. Mikhailov · O. S. Yakovleva · M. Y. Ivanov
Chuvash State University Named After I.N. Ulyanov (ChuvSU), 15 Moskovskiy Prospekt,
Cheboksary, Russian Federation

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022
N. I. Vatin et al. (eds)., Advances in Construction and Development, Lecture Notes
in Civil Engineering 197, https://doi.org/10.1007/978-981-16-6593-6_14

121

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-6593-6_14&domain=pdf
http://orcid.org/0000-0002-3477-8182
http://orcid.org/0000-0001-6511-6985
http://orcid.org/0000-0003-0526-4518
http://orcid.org/0000-0001-5886-3691
https://doi.org/10.1007/978-981-16-6593-6_14


122 A. N. Plotnikov et al.

prototypes, analytically described the stages of the stress state. When determining
the magnitudes of the pull-off, shear, and crushing forces, they used the strength
characteristics of the masonry: standard tensile strength Rt , shear Rsh, compression
R and geometric parameters—the areas of the corresponding surfaces At , Ash, Aef .

In works [2–4] it is shown that in order to use the given deformation criteria in
the calculation of elements and structures, appropriate deformation diagrams of the
material are required—during tension, shear, and compression.

Modeling of the properties ofmasonry has recently been carried out by a number of
researchers. In thework ofKashevarova [5], taking into account orthotropy, identified
criteria that consider the structural destruction and deformation softening of the
masonry. Possible values of the shear coefficient of the layers, which provide the
minimum level of stress intensity, have been determined. Criteria for tensile and
shear strength of brick and mortar are considered; parameters of the strength of
the contact point between brick and mortar in a horizontal joint are applied. The
tests have shown that the strength in a complex stress state depends on the angle of
inclination of the load to the horizontal seams, the ratio of the nature of the load.
Moreover, the deformation characteristics of the masonry components themselves
are not specified.

Pangaeva [6] allows you to select the composition and system of ligation of
masonry in a targeted manner, takes into account the different nature of deformation
and destruction of typical elements of masonry—butt and spoon rows, vertical and
horizontal mortar joints. He showed that a fragment of 510 mm in length from five
spoonfuls of brick is sufficient to obtain reliable data on the stress–strain state of
brick and mortar can be taken as a typical element of masonry.

Discrete model Kabantseva [7] considers masonry as a continuous (continuous)
composite material, takes into account the processes of contact interaction of its main
components—brick and mortar.

Masonry models as structures made of piecewise homogeneous physically
nonlinear materials of different modules were considered by other authors for
methods of structural modeling [8–10].

2 Material and Research Methods

Transverse reinforcement is performed to increase the compressive bearing capacity
of themasonrywalls, columns, andwalls. According to current standards, the number
of reinforcement in the masonry is determined by the percentage of reinforcement
by volume

μ = Va

Vk
100, (1)

where Va—reinforcement volume:
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Va = (C1 + C2)Ast , (2)

Vk—the volume of the masonry, respectively:

Vk = C1C2S. (3)

The minimum percentage of reinforcement is takenμmin = 0.1%; maximumμmax

= 1%, respectively.
The tensile strength of masonry with mesh reinforcement is determined by the

formula:

Rsku = kR + 2Rsnμ

100
, (4)

where Rsn is the standard resistance of the reinforcement.
For reinforcementmadeof steel of classB500,Rsn should be takenwith a reduction

factor of 0.6.
The compressive strength of the brick in unreinforced masonry is used within 25

… 30%. The formation of the first cracks occurs at the level of 0.4 … 0.7Ru (from
the ultimate strength) [11]. Tensile stresses build up in brick, while the mortar of
vertical joints has a lower strength to their perception compared to brick. Cracks
appear above the vertical seams, gradually merge in height and, as a result, divide
the masonry into columns that are multiples of the half-brick section. Fracture occurs
as a result of separation with the formation and development of vertical main cracks.
In addition, the appearance of cracks in the masonry is facilitated by the uneven
density and strength of the solution of horizontal joints, the uneven surface of the
brick bed. The first cracks appear as a result of the bending and shear stresses of
individual bricks, and their further development is due to the transverse expansion
of the masonry.

The optimal way to increase the strength of themasonry is its transverse reinforce-
ment with metal or composites [12]. Transverse reinforcement reduces cracking of
the masonry by transferring part of the stresses to the reinforcement and restraining
deformations. The first cracks in the reinforced masonry appear later. They are not
merged vertically or divided into columns. Horizontal reinforced joints allow more
even transfer of the compressive load from one row of masonry to another. The use
of mesh reinforcement can increase the use of brick strength up to 39%, increase the
strength of the masonry by 80%. Consequently, calculations of masonry reinforced
with transverse metal meshes should be based on consideration of tensile forces in
their rods.

Reinforced masonry is in a volumetric stress state (Fig. 1), for which Hooke’s law
is given in the following interpretation:

εx = 1

E

[
σx − ν

(
σy + σz

)]
. (5)
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Fig. 1 A masonry element
with an axis arrangement.
1—the initial stage of
cracking, 2—breaking cracks

Fig. 2 Diagram of efforts in
the masonry layer

Considering the scheme of efforts (Fig. 2), we write down the equation of efforts
for it:

N I = Ncrc − Ns . (6)

As shown in [13–20], the force of cracking and the force Ns arising in the
reinforcement is written through the mechanical parameters of the materials:

N I = Rt A j − εs Es As, (7)

where A j is the cross-sectional area of four mortar joints in the vertical plane; εs—
deformation of the reinforcement corresponding to the deformation of the formation
of a crack in the mortar joint, As—the total cross-sectional area of the reinforcement
of one direction within four rows of masonry, Rt—tensile strength of the masonry
along the tied seam. In this case, the stress refers only to the sum of 4 layers of mortar
joints, because the effect of transverse reinforcement is manifested when the mesh
is located at least every 4 rows.

Thederivationof the strength formula throughdeformation characteristics is based
on the analysis of the structure of the formula SP 15.13330.2012 “Stone and rein-
forced masonry structures” to determine the design resistance of reinforced masonry
under central compression (8) and the constraint imposed on it (9),
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Rsk = R + pμRs

100
, (8)

Rsk ≤ 2R. (9)

It should be taken into account that the strength of reinforced stonemasonry should
not abruptly break off after a linear increase, but increase asymptotically. It is also
known that the stresses in the steel reinforcement of the cross meshes do not reach the
yield point at the moment of cracking in the masonry, i.e., do not reach the yield point
Rs. From the analysis (7), the effect of reinforcement according to the formulas can
be infinite. This formula is modified by introducing the natural logarithm function
to better match the physical model. The argument of the logarithm is (1 + x) to
exclude negative and non-existent values of the function. In this case, the relative
deformations are replaced by the ultimate deformations of the mortar joint under
tension εu .

N I = Rt A j − εu Es ln(1 + As). (10)

A formulawas obtained for calculating the bearing capacity ofmasonrywith trans-
verse reinforcement with steel meshes, taking into account the increase in strength
due to the elastic resistance of the reinforcement in the seams:

Rsk = R

(
Rt A j

Rt A j − εu Es ln(1 + As)

)
. (11)

Currently, practical methods for calculating masonry are based on empirical
dependences obtained during testing of traditional materials. At the same time,
modern lightweight, heat-efficient, hollow stones, high-strength mortars with thin
seams are used in practice. The errors of using the normative approach are increasing.
The need for physical substantiation of the theory of work of reinforced masonry is
growing.

To illustrate the obtained analytical relationship, a test was carried out on a sample
of masonry reinforced with steel meshes.

The sample had dimensions in section 0.51 × 0.51 m, height h = 1.34 m. It was
laid out of ceramic bricks KR-r-by 250 × 120 × 65/1NF/125/2.0/30/GOST 530–
2012 on a cement-sand mortar M100 brands; the reinforcement is made with meshes
made of wire Ø4 Bp500 in accordance with GOST 6727-80 with a cell measuring
50 × 50 mm, laid horizontally every 3 rows of bricks (Fig. 3).

For testing, a single, solid ceramic brick was used with a bending strength Rben

= 2.6 MPa, in compression Rc = 13.4 MPa, the weight of the brick was 3.7 kg. The
cement-sand mortar of the M100 grade had a cubic strength Rm = 10 MPa.

For reinforcingwireØ4Bp500 (As = 12.57mm2), the standard value of the tensile
resistance is Rsn = 500 MPa, and the calculated value is Rs = 415 MPa.

To determine the physical and mechanical characteristics of the working rein-
forcement, tensile tests were carried out in accordance with GOST 12004-81. In
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Fig. 3 Reinforcement mesh layout

order to carry out subsequent measurements, a calibration dependence was built
using strain gauges.

For the subsequent measurement of deformations and stresses, strain gauges with
a base of 20 mm and a resistance of 100 Om were glued to the mesh rods. The strain
gauge glued to the mesh was coated with a transparent sealant in 1 layer, the wires
were attached to the mesh with tape.

To determine the forces in the reinforcing bars of the masonry mesh, strain gauges
(resistors) were installed on it at characteristic points. The sensors are located on two
grids: above the 9th and 15th rows of the masonry (Fig. 4).

Fig. 4 Location of load cells on reinforcing masonry mesh
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Fig. 5 Test stand

As you can see, the location of the strain gauges in both grids is the same in plan.
The names of the grids “top” and “bottom” show their position relative to each other
in height.

The following measuring instruments were used for testing:

– deflection meters Aistova 6-PAO (P1-P4) with an accuracy of 0.01 mm (Fig. 5)
to assess the total vertical deformations of the masonry column;

– Messura based on dial indicators ICH-10 (M1-M4), with an accuracy of 0.01 mm
for measuring longitudinal deformations of the masonry;

– electronic strain gauges DPL-10 with connection to the recorder “Terem—4.0”
0.001 mm for measuring surface deformations of masonry:

(a) D1, D4, D6, D9—for measuring longitudinal deformations of the masonry
(duplicating M1-M4);

(b) D2, D3, D5, D7, D8, D10—to measure the transverse deformations of the
masonry.

Roman numerals on the prototype indicate both the numbers of the sides of the
masonry and mechanical deflection meters for measuring longitudinal deformations.
Electrical tensometers of both transverse and longitudinal deformations of masonry
are numbered in Arabic numerals. During testing, it was possible to compare defor-
mation readings for different types of devices. The readings of the strain gauges from
the reinforcing meshes were taken by the AID-5 device (Fig. 6).

The test was carried out in accordance with the requirements of large scale simu-
lation. The dimensions of the cross-section of the base of the masonry (510 mm)
allowed the strain gauges to be maximally spaced along the length and width of the
mesh to record the differences in reinforcement deformations.

The specimenwas tested by step loading under central compression on a hydraulic
press with a capacity of 500 tf with hinged end faces and preliminary centering along
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Fig. 6 Placement of strain
gauges on the sample surface

the physical axis. The sample was laid out on the press. The geometric axes of the
sample and the distribution plates are aligned.

The sample was loaded in steps of 20 tf. At each stage, an exposure was carried
out for 10 min, during which the instrument readings were recorded and the sample
was examined. Measurement of reinforcement deformations was carried out by the
electric strain gauge method using a strain gauge bridge with a communication unit
for 28 sensors. The measurement of the longitudinal deformations of the prototype
was carried out using mesures with a graduation of 0.01 mm, installed on a 455 mm
base on all four sides. Also, the measurement of longitudinal and transverse defor-
mations was carried out by electric strain gauges with a base of 150 mm. The loading
was carried out until the hydraulic cylinder’s power reserve was exhausted (410 tf).

3 Results and Problems

According to the available data of strain gauges on reinforcing meshes using a cali-
bration schedule (Fig. 7), the forces and stresses in the rods of the masonry mesh
were determined.

The stresses in the central and peripheral parts of the reinforcement mesh are
shown in Figs. 8 and 9.

As a result of data processing and analysis, the following patterns were
determined:

– the values of stresses at the design loads in the reinforcing bars are far from the
design resistances and are about 37% in the center of the masonry and 20% in the
peripheral sections;

– stresses at different elevations along the height of the column are different. For
meshes located above (or closer to the load source), the stress values at the center
of the section are 1.36 times the values of the underlying mesh. For grids located
on the periphery at the corners of the section, 1.33 times more;
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Fig. 7 Calibration graph of strain gauges on wire

Fig. 8 Stresses in the central part of the mesh

Fig. 9 Stresses in the peripheral part of the reinforcement mesh
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– at the moment of the formation of initial cracks in the reinforced masonry, the
stresses in the rods were about 92 MPa in general along the center of the section
and 48 MPa at the peripheral points along the corners;

– up to a load of 200 tf, we can talk about a linear dependence of stresses, then a
nonlinear increase in stresses occurs, while the initial cracks in the masonry have
not yet been fixed.

Thedata presented show that in the calculations according to the standards for solid
brick masonry, a large safety factor is laid. The use of the value of the design tensile
strength of steel in the formulas is limited (reduced) by the introduction of operating
conditions for various types of reinforcing steels. Most of all, the value is underes-
timated for the most often used in construction reinforcement of the class B500 and
Bp500 and is 60% of the calculated value. Even so, the margin of safety remains 1.2
times. Consequently, there is a need to clarify the calculations and improve them.

During the tests, longitudinal deformations were measured on all four sides
(Fig. 10).

In general, a similar picture is observed for longitudinal deformations according
to the data of mechanical and electronic devices.

The transverse deformations of the masonry in the reinforced and unreinforced
layers show nonlinear work, which indicates an increase in the intensity of cracks
within the volume of the masonry (Fig. 11).

According to the presented graphs:

– there was a greater formation of cracks in the considered reinforced layer;
– transverse deformations in this layer are numerically greater than in the overlying

one;
– nets located in the horizontal seam provide a deterrent.

The brick under the reinforced layer perceives the load more evenly. Probably
due to the impossibility of stretching the lower edge of the brick, located above
the reinforced horizontal seam, by the same values as the reinforcement, this layer
collapsed first.

The bearing capacity of the unreinforced and reinforced pillar has been deter-
mined. The values, respectively, Nur = 624 kN, Nu = 973 kN, the difference
was 1.56. According to the ultimate strength of the reinforced masonry, the strength
should be Nu = 1600 kN.

Fig. 10 Longitudinal
deformations of the masonry
on four sides
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Fig. 11 Transverse deformations of masonry. D3—closer to the reinforced layer, D2—to the layer
without reinforcement

The maximum test load achieved was 4020 kN. The bearing capacity reserve is
estimated at 2.5 times.

Let us make a calculation to determine the design resistance of the reinforced
masonry according to the previously derived formula (11). Let us consider four rows
of an experimental sample. The seams are assumed to be 1 cm thick. Eleven wire
rods are located in one horizontal seam.

Rsk = R

(
Rt A j

Rt A j − εu Es ln(1 + As)

)

== 3.0

(
16 ∗ 204

16 ∗ 204 − 1.5 ∗ 10−4 ∗ 20000000 ∗ ln(1 + 1.3827)

)

= 3.0

(
3264

3264 − 2604.7

)
= 14.85 M�a, (12)

where εu = 1.5 * 10−4 is the deformation of the reinforcement, corresponding to the
deformation of the formation of a crack in the mortar joint (ultimate deformation);

A j—cross-sectional area of four mortar joints in the vertical plane, A j = 51 ∗
1 ∗ 4 = 204 cm2;

As—the total cross-sectional area of the reinforcement of one direction within
four rows of masonry, As = 12.57 ∗ 10−2 ∗ 11 = 1.3827 cm2;

Rt—is the tensile strength of the masonry along the tied seam, Rt = 0.16 MPa =
16 N/cm2 (according to table 11 SP15.13330.2012. Stone and reinforced-masonry
structures).

Es = 200,000 MPa = 2 * 107 N/cm2—modulus of elasticity of reinforcing steel.
In this case, Nu = 3862 kN, which is close to the ultimate test load of 4020 kN.
The tests were carried out with a gradual, within two hours, loading of the sample,

which made it possible to evaluate the deformation characteristics of this type of
masonry. The relationship between stresses and strains appeared to be nonlinear.
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The modulus of elasticity (or the initial modulus of deformation) of masonry with
mesh reinforcement according to SP 15.13330.2012 (clause 6.21) is assumed to be
the same as for unreinforced:

E0 = αRu . (13)

According to the results of the experiment, for a conditional material at α =
1000, we can take E0 = 15,450 MPa. According to the measured deformations, E0
= 10,666 MPa.

Poisson’s ratio was defined as the ratio of transverse to longitudinal deformation
at a third of the breaking load

ν = εx

εy
, (14)

where εx and εy are relative, respectively, transverse and longitudinal deformations.
At a maximum load of 4020 kN, the generalized modulus of deformation was E

= 6925 MPa. The fall of E occurs 1.6 times.
The value of Poisson’s ratio for reinforced masonry increases slightly with

increasing load. The average value was 0.2278, which differs from the norm ν =
0.25 by less than 10%.

The value of the absolute vertical deformation of the masonry column was εy =
4.17–4.58 mm. Relative vertical deformations εy = 3.11 * 10−3 – 3.41 * 10−3.

The peculiarities of the work of the reinforced masonry are in the layer-by-layer
resistance of the reinforcement meshes laid in horizontal seams. Their effect changes
the conditions for the occurrence and development of cracks. Cross meshes have a
higher elastic modulus than masonry. They create lateral compression stresses and
prevent the development of deformations in the transverse direction.

In similar experiments [15], at the last stages of loading, small pieces of masonry
mortar peeled off along the surface of the brick andmortar joint, which separated and
flew off at a distance of 10–20 mm from the massif with a characteristic crackling.
With the destruction of unreinforced samples, this phenomenon was not recorded.
This experimentally established fact confirms the assumption about the restraining
effect of the cross-reinforcement mesh on the development of Poisson phenomena
arising in horizontal seams.

However, the reinforcing bars do not fully utilize their strength. The forces in
them do not reach the yield strength of the steel both during the formation of initial
cracks and during the further increase in the load.

The development of main cracks was not recorded. Failure occurred brick by
brick, with the first visible cracks appearing in the brick mainly above the reinforced
joint layer. The cracks were of a mirror-like nature (they formed symmetrically along
the opposite masonry faces).
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4 Conclusion

Information about the deformations of the components that make up the masonry
allows you to determine its bearing capacity. The results of the experiment carried
out for reinforced masonry made of solid ceramic bricks showed the convergence of
the strength characteristics of the masonry with an analytical calculation according
to the developed method. The convergence is determined to be 4%. In comparison
with the current standards, the safety margin was 2.5 times.

There were no main cracks in the sample, which is typical for pillars with indirect
reinforcement. The destruction proceeded in two forms: the loss of the strength of
the brick (its crushing-crushing) and the destruction of the mortar and the pouring
out of its surface layers from the seams with the brick continuity still preserved.

The stress values in the reinforcement meshes were far from the yield point of the
reinforcement and amounted to 37% of this value in the center of the masonry and
20% in the peripheral areas. At themoment of the formation of the first visible cracks,
the stresses in the meshes were 92 MPa in the center of the section and 48 MPa in
the corner points.

The generalized modulus of deformation of the reinforced masonry in the process
of loading decreased by 1.6 times.
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Criteria for Special Limiting State
of Eccentrically Compressed Members
of RC Frames

Sergey Savin

1 Introduction

The problem of assessing the bearing capacity of eccentrically compressed rod
elements of reinforced concrete frames of buildings under special influences caused
by a sudden failure of an individual element of the bearing system is related to
the factors of long-term power and environmental resistance (physical nonlinearity,
creep, corrosion) [1–6] and subsequent dynamic loading. In cases where the eccen-
trically compressed elements of the structural system overloaded as a result of an
emergency have a slender section, or have acquired environmental (corrosion) or
mechanical (chips, death) damage during installation and operation, then a possible
scenario for the exhaustion of their bearing capacity may become buckling.

Kolchunov and Prasolov [7] performed experimental studies on scale models of
flat reinforced concrete frames, which demonstrated the possibility of implementing
this scenario of destruction of structural elements with a sudden removal of a vertical
bracing element. Experimental and numerical investigations carried out by Fedorova
et al. [8] for models of three-story flat frames showed that in the scenario of removing
one of the columns, additional loading of the preserved eccentrically compressed
columns in adjacent spans can lead to destruction of concrete along inclined sections
at the junction nodes of the girders. The formation of an inclined crack in such areas
requires taking into account the change in the conjugation conditions at the nodes
when modeling the reinforced concrete frames of buildings using the bar and plate
analogy.

Grudev [9] noted that in the cases when all the parameters determining the process
of deformation of structural system elements in the considered emergency design
situation are known (stress–strain diagrams, type, and arrowof initial deflection, etc.),
the calculation for progressive collapse in a nonlinear setting (physical, geometric,
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genetic nonlinearity, etc.) can be considered as deterministic, and deformation and
destruction of structures—as a stable process. With regard to reinforced concrete
eccentrically compressed rods, the solution to the problem of nonlinear deformation
of such structural members is presented, for example, in the paper of Radaykin
[10]. Such a situation is possible when designing the reconstruction of buildings and
structures, when the geometric parameters of structures, strength, and deformability
of materials can be established as a result of the survey. However, in practice, the
values of a number of parameters, as a rule, cannot be unambiguously established
in advance, which requires variations of the design models for various emergency
design situations in order to identify the most disadvantageous among them. In this
regard, from an engineering point of view, it is justified for eccentrically compressed
members with small eccentricities to calculate the buckling mode when one member
of the frame is removed. It should also be noted that the solution of the deformation
problem by step-iterative methods in many cases, especially when a small number
of steps are used, into which the load is divided, will shift towards the solution by
the method of secant elastic moduli. In this case, the final deformed state for the
increment of the last step of the load is determined taking into account the secant
moduli of deformations in the section of the stress–strain diagram. Thus, the ability to
evaluate the behavior of a structural system under infinitesimal perturbations, which,
for concrete, may also be associated with structural heterogeneity, is significantly
hampered.

In this regard, attention should be paid to a number of analytical and numer-
ical solutions to the problem of the bearing capacity of eccentrically compressed
reinforced concrete elements under dynamic loading, taking into account the simul-
taneous manifestation of factors of long-term force and environmental resistance,
obtained using the theory of stability. In particular, in the paper of Tamrazyan [5] an
analytical solution to the problem of stability of a nonlinearly deformable reinforced
concrete bar was proposed. Taking this solution into account, in the work [11] an
analytical model was proposed for taking into account the influence of disruption
of adhesion of reinforcement and concrete in corrosively damaged areas. An analyt-
ical solution and a numerical analysis of the stability of elements in the structure of
the building frame, taking into account the influence of the system, are given in the
work of Kolchunov, Savin [12], which shows a significant decrease in the bearing
capacity and a change in the nature of deformation and destruction of elements
during corrosion damage to concrete. In the development of these studies in the
paper of Kolchunov, Fedorova, Savin [13] an incremental model was proposed to
take into account external disturbances for stability. In the paper [14], this model was
implemented to structural analysis of reinforced concrete eccentrically compressed
members. The results of structural analysis were compared with deformation calcu-
lation based on the step-iterative method. The results obtained in this work have
demonstrated the effectiveness of the proposed approach as applied to elements
loaded with small eccentricities at the values of flexibility that require taking into
account the deformed state of the elements.

All of the above works were devoted to the solution of important, but still partic-
ular problems, while a general approach to their solution has not yet been developed,
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there are no universal criteria that could be used to assess the special limiting state
of eccentrically compressed elements reinforced concrete frames of structures in
case of sudden. In this regard, the purpose of the study was to formulate criteria
for a special state for eccentrically compressed reinforced concrete elements of
load-bearing systems of structures, taking into account factors and to formulate a
general algorithm for computational analysis. This paper presents an algorithm for
calculating the buckling mode of reinforced concrete eccentrically compressed bar
members of building frames, taking into account the nonlinear nature of their defor-
mation, and also gives suggestions on the criteria for the special limiting state of the
structural members under consideration.

2 Methods

2.1 Stability of Road Elements Under Degrading of Restraint
Conditions

Let us use the stability equation for a bar element proposed in [15]:

d4w

dξ 4
+ k2

d2w

dξ 2
= 0, (1)

where

ξ = x

l
, w = w

l
, k2 = Nl2

Bred
. (2)

In expression (2) Bred = the flexural stiffness of the reduced cross-section of the
reinforced concrete element, determined taking into account the loading mode and
the presence of corrosion damage; x= the coordinatemeasured along the undeformed
axis of the bar from the pinching point; w = w(x) is the deviation of the bar axis from
the undeformed state; l is the length of the bar element; N = axial force.

If the ends of the bar are resiliently fixed against lateral displacements and turns
(Fig. 1), then forces acting in the support sections of the element (in a dimensionless
form) take the form:

Q = −Ciw + k2w′ = −w′′′,

M = −C jw
′ = −w′′, (3)

Here, Ci, Cj are the values of the compliance of the bar support anchors for lateral
displacement and rotation, respectively.
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Fig. 1 A design scheme of a
bar member

Substituting the solution to Eq. (1) by the method of initial parameters for ξ = 1
into (3), we obtain a system of two linear homogeneous equations with two unknown
variables:

A1w0 + A2w
′
0 = 0,

A3w0 + A4w
′
0 = 0. (4)

Here,

A1 = C3 − C1 + C1C3

(
1

k2
− sin k

k3

)
,

A2 = −C1C4
1 − cos k

k
− C1

sin k

k
,

A3 = −C2C3
1 − cos k

k2
− C3

sin k

k
,

A4 = −(
C2C4 − k2

) sin k
k

+ cos k(C4 − C2).

Equating to zero the determinant composed of the coefficients at unknowns of the
system of equations (4), we find the parameter of the critical force k for a compressed
rod element at arbitrary values of the parameters Ci, Cj.

However, as applied to the entire building frame, the deformation process can be
accompanied by partial unloading of individual compressed rods due to the redistri-
bution of efforts by floor and roof structures to other vertical supporting structures. To
take into account this effect, it is necessary to consider not a single rod, but the entire
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rod system, taking into account the elastic conditions of conjugation at the nodes.
Based on the computational analysis of the rod system of the reinforced concrete
frame of the building, such combinations of the values of the parameters Ci,cr, Cj,cr

can be found, at which its buckling occurs under the given parameters of impacts.

2.2 Modeling Static-Dynamic Behavior of Reinforced
Concrete

As a deformation rheological model of the static-dynamic resistance of reinforced
concrete in this work, it is proposed to use amodel consisting of two series-connected
elements: a quasi-elastic element, which corresponds to the secant modulus of elas-
ticityEsec,0, calculated taking into account creep deformations, and an elastic-viscous
element, represented by the Kelvin-Voigt model [4, 16]. Taking into account the
adopted model, the physical relations for the stage of dynamic additional loading of
the system take the form:

�ε = �σ

Esec,0

(
1 − e−ωt

)
, ω = Esec,0

K
, (5)

where Esec,0 = secant modulus of elasticity for the stage of normal operation, K =
modulus of viscous behavior of an element, t = time of dynamic reloading of load-
bearing elements of a structural system during its sudden structural restructuring,
�σ and �ε are increment of stresses and relative deformations in the section of a
structural element during its dynamic loading.

The dynamic tangential modulus of concrete deformation for calculating eccentri-
cally compressed elementswith their dynamic additional loading, taking into account
(4), can be determined from the expression:

Et,d(y) = Et,1

(1 − e−ωt )
,

whereEt,1 =dσ /dε =E0 −2H1 ε is tangentmodulus for the deformed state preceding
dynamic loading.

2.3 Consideration of Concrete Degradation Due to Corrosion

In order to take into account long-term processes of corrosion damage to structural
elements in contact with an aggressive medium, in this work it is proposed to use
the phenomenological model of the environmental resistance of concrete proposed
by Bondarenko [17, 18].
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In this case, taking into account the decrease in the strength and deformation
characteristics of concrete to the depth of advancement of the front of corrosion
damage during clogging of pores can be carried out by multiplying the modulus of
concrete deformation by the function of corrosion damage K(z, t, η), which can be
written by analogy with [17] as

K (z, t, η) =
i=2∑
i=0

ai z
i , (6)

where z ∈ [h/2 − δ(t); h/2] is the coordinate of an arbitrary point in the part of
the section damaged by corrosion; ai—parameters of the function of corrosion
damage, determined empirically; η = σ /Rb,n is the ratio of the current stress level in
compressed concrete to its design compressive strength; t = time of contact of the
structure with an aggressive environment.

Separating the remaining part of the section and the part of the section damaged
by corrosion processes, taking into account (5), the flexural stiffness of a rectangular
section of an eccentrically compressed reinforced concrete element is determined
from the following expression:

Bx =
h
2 −δ(t,η)∫

− h
2

Et (y) · y2dy
b
2∫

− b
2

xdx +
h
2∫

h
2 −δ(t,η)

Et (y) · K (y, t, η) · y2dy
b
2∫

− b
2

xdx .

Since the determination of the value of advancement of the front of corrosion
damagedeep into the sectionof a structure for real structural systemsunder conditions
of a variable value of the parameter η in time and a decrease in the value of the
calculated resistance to compression Rb,n for fibers damaged by corrosion is a rather
difficult problem, for solving applied problems in the first approximation, we can
take η = 0.6, which corresponds to the boundary of the first and second sections of
the three-line diagram of concrete state according to Code of RF SP 63.13330.2018,
the thermodynamic and physicochemical factors of the environmental resistance are
assumed constant, and the time intervals t are fixed.

Taking into account the calculated dependences presented in Sect. 2.2 of this
article, as well as in this section, as criteria for the special limiting state of eccentri-
cally compressed elements, the critical value of the reduced stiffness of the section
Bred,cr and the critical timeof the environmental resistance (interactionwith an aggres-
sive medium) tcr, according to the outflow of which the sudden removal of one of
the load-bearing elements of the system leads to the destruction of the considered
eccentrically compressed reinforced concrete element.
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3 Results and Discussion

3.1 An Algorithm for Calculation of a Buckling Mode

The sequence of calculating the stability of the deformed shape of reinforced concrete
eccentrically compressed elements of the frame of buildings with a sudden removal
of one of the load-bearing elements of the structural system, taking into account the
analytical expressions presented in the work to take into account the loading mode
and environmental factors, consists of the following stages:

– a finite element model of the building frame is created using nonlinear finite
elements;

– the stages of installation (dismantling) of the bearing elements of the model are
set, as well as the sequence of application of constant and long-term loads and the
generalized force that occurs at the place of the removed element in the secondary
design scheme of the building;

– the calculation of the building frame is performed by the step method or by the
method of variable parameters of elasticity (the secant method);

– the stiffness matrix of the model obtained at the last step of the calculation for
constant and long-term loads is used for the subsequent linear calculation for
a special effect caused by the sudden removal of the structural element of the
structural system.

Thus, the calculation of the stability of nonlinearly deformable elements of the
reinforced concrete frame of a building under a special emergency impact is reduced
to a linear calculation of the stability of a fragment of the frameof a buildingwith stiff-
ness stepwise variable along the length of structural elements calculated by tangen-
tial modules. The value of the critical force obtained as a result of such a calculation
should be comparedwith the forces in the corresponding structural elements obtained
as a result of the deformation calculation for dynamic additional loading caused by
a sudden emergency failure of one of the load-bearing elements of the structural
system. The stability of the structural system is ensured if the condition is satisfied:

Ncr,dyn > Ndyn,

where Ncr,dyn = critical force causing buckling of the system, the stiffness of which
is determined on the basis of its deformation calculation for a particular emer-
gency action, Ndyn = dynamic force in an element of the structural system under
consideration.

In order to identify the most dangerous elements of a structural system from the
point of view of buckling, one can use the energy criteria determined by the work
of the nodal bending moments and shear forces A (M, Q) during bending [19]. The
structural element of the building frame, which is losing stability, corresponds to the
largest negative work of nodal bending moments and shear forces in absolute value:
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Ai(M, Q) < 0.

When dividing a structural element into a number of finite elements (when calcu-
lating by FEM), this criterion can also be used to identify the sections of structural
elements of the building frame that are most sensitive to loss of stability.

3.2 Numerical Analysis of a Scale Model of a RC Frame
with Slender Columns

In order to illustrate the presented algorithm for calculating the shape stability of a
nonlinearly deformable bar bearing, consider a scale model of a reinforced concrete
frame from [20]. The geometrical dimensions and the scheme of reinforcement of the
experimental structure of the reinforced concrete frameare shown inFig. 2.Materials:
concrete of compressive strength class B25, for which the standard compressive
strength is Rb,n = 18.5 MPa, the initial modulus of elasticity E0 = 30,000 MPa.
Reinforcement of racks and crossbars is made with space frames with longitudinal
reinforcement of class B500 (Rs,n = 500 MPa) and transverse reinforcement A300
(Rs,n = 300 MPa). The columns of the second floor of the experimental model have
flexibility in the undeformed state μ…l/h = 1.2…940/50 = 22.6, where μ = 1.2 is
the coefficient of the calculated length for rods with pliable termination at the ends.

Fig. 2 Scale model of the reinforced concrete frame
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Fig. 3 Design model of reinforced concrete frame at outer column removal scenario: primary
design scheme “n” (a); secondary design scheme “n − 1” (b)

At the stage of normal operation, concentrated forces P1 = 4 kN, P2 = 20 kN, P3

= 16 kN were applied to the upper frame nodes (Fig. 3a). The dynamic effect of
the instantaneous removal of the leftmost frame post at time t = T /4, where T is the
period of forced oscillations of the considered “n − 1” rod system, was modeled by
static application of a longitudinal force P = 4 kN to the frame node at the place of
the removed post, directed downward (Fig. 3b). Additionally, the calculation of the
deformed state of the frame model at the time t = T /8 was performed, at which the
reaction is zeroed in the node at the place of the remote post.

As a result of calculating the stability of the deformed state of the frame using the
proposed algorithm for the time t = T /8, the safety factor for stability k = 0.98 was
obtained, indicating a change in the equilibrium state of the considered bar system
(Fig. 4). The most sensitive to the loss of stability were the elements of the rightmost
pillar of the second floor of the frame, adjacent to the crossbars.

To assess the result obtained, a nonlinear deformation calculation of the rein-
forced concrete frameunder considerationwas performed using a 3Dmodel, inwhich
the concrete matrix and longitudinal reinforcement were modeled by 8-node volu-
metric finite elements, taking into account physical nonlinearity based on exponential
approximation of the deformation diagrams of concrete and steel. The cross-sectional
dimensions of prismatic 8-node FE simulating reinforcing bars were selected to be
equivalent in area to reinforcing bars according to Fig. 2. The results of the calcula-
tion performed using the 3Dmodel are presented in the form of normal stress patterns
in concrete and reinforcement in Fig. 5.

The results obtained agree with the result of calculating the stability of the
deformed state of the frame: in the end sections of the vertical supporting element
of the 2D frame, which are most sensitive to buckling according to the results of
the corresponding calculation, the values of normal stresses close to the standard
resistance of concrete were obtained in the 3D model.
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Fig. 4 Results of numerical analysis of the stability of the deformed state of the frame at the time
t = T /8 from the beginning of the emergency impact

4 Conclusions

The paper presents design dependencies for assessing the bearing capacity of eccen-
trically compressed rod reinforced concrete elements of building frames under special
influences caused by the sudden removal of one of the load-bearing elements of the
structural system.

It is proposed to consider the critical force N < Ncr or other parameters derived
from it (critical stiffness, critical time of environmental resistance, critical values of
the flexibility of nodal restraints) as criteria for a special limiting state associated
with the loss of shape stability for individual elements of building frames. At the
same time, in accordance with codes, for example, clause B.9 of Code of RF SP
63.13330.2018 “Concrete and reinforced concrete structures”, the stability margin
must be double or more to ensure structural safety.
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Fig. 5 Normal stresses in the elements of a reinforced concrete frame at time t = T /4: σx (a) and
σy (b) in concrete; σx (c) and σy (d) in steel reinforcement
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Problems of Accounting for External
Reinforcement in the Nonlinear
Calculation of Normal Cross Sections
of Bent Reinforced Concrete Elements

O. A. Simakov and D. V. Fuchizhi

The experience of using external reinforcement based on carbon fibers to strengthen
reinforced concrete structures shows the high reliability of this system. It should be
noted that over the past 15 years, the calculation method has undergone a number
of significant changes, while the overall reliability coefficient of this method has
decreased on average (a number of criteria have been introduced that determine the
amount of reduction in the calculated value of the strength of external reinforcement).
At the same time, according to the results of experimental studies, the difference
between the experimental data and the results of calculations does not fall below
20%. This margin is justified due to a sufficiently large number of not sufficiently
studied issues and developed calculation methods. First of all, this applies to taking
into account changes in stiffness in statically undetectable systems when reinforcing
reinforced concrete structures with external reinforcement.

Based on the results of the analysis of the methodology for accounting for the
nonlinear operation of structures [1–20], a conclusion is made about the importance
of accounting for the redistribution of forces in the structure. The experimentally
calculated dependence is shown in Fig. 1 [2].

Taking this dependence, the analysis is carried out for the 5-span scheme of the
beam floor. At the same time, the issue of only strengthening the beams in the span
and separately above the supports is considered.

The general view of the calculation scheme is shown in Fig. 2.
General characteristics of the scheme:

– 5 spans of 6 m on x and y;
– nodal supports with a step of 6 × 6 m;
– the cross section of the plate is 200 mm, the beams are 400 × 600;
– concrete B25 (strength 14.5 MPa);
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Fig. 1 Graph of stiffness changes for the normal section of a reinforced concrete element

Fig. 2 General view of the calculation scheme

– reinforcement A500S 3ø12;
– for the element with reinforcement, reinforcement with external reinforcement

with carbon tape (strength 245 GPa).

In general, the following type of reinforcement scheme was adopted:

– reinforcement of beams along the lower face in the span of 2 layers of carbon tape
with a density of 530 g/m2 (thickness 0.294 mm);

– reinforcement of the support zones with carbon tapes in 1 layer.

External reinforcement parameters:

– Modulus of elasticity 245 Gpa;
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Fig. 3 The amplification of overlapping

– The ultimate tensile strength of 3.6 Gpa.

The general scheme of reinforcement of structures is shown in Fig. 3.
The calculation is based on two dependences of the bending stiffness:

– proposed in [1];
– based on the experimental data given to the cross section under consideration.

In general, themethod [1] suggests using the reducedmoment of inertia according
to the formula (1) and (2)

Ired = Ib + α · Is + α · I ′
s + α f · I f (1)

Ired = bx3

12
+ bx

( x
2

)2 + α · As
(
x − a′)2 + α · A′

s(x − a)2 + α f · A f (h − x)2

(2)

α = Es

Eb
, α f = E f

Eb

The given method has the following provisions that cause reasonable criticism:

– it is based on a theory that does not take into account the significant creep defor-
mations of the binder layer (the adhesive layer of the external reinforcement). At
the same time, these deformationswere noted in almost all experiments conducted
for the earlier period of curing of the binder;

– the uneven distribution of forces in discrete steel reinforcement and external
reinforcement is not taken into account.

As a result of calculations of the scheme presented in Figs. 4 and 5, the force
isofields are obtained. First of all, the analysis is carried out on the isoples of bending
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Fig. 4 Diagram of the
calculation results. a Vertical
deformations of the plate, b
vertical deformations of the
beams, c diagrams of
bending moments along the
beams

а)

b)

c)

moments—the main criterion for calculating the strength of normal cross sections
of bent elements.

Figure 4 shows fragments of bending moments in spans 1–3 for different stiffness
variants with the same load value.

After analyzing the data obtained, we can conclude that the difference in the
obtained values is within 15%.

At the same time, by adjusting the height of the cross section of the beams, the
range of changes in the values of bending moments expands and is 5–20% for this
design scheme.
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а)

b)

42,9 kN m 74,4 kN m 48,5 kN m 24,7 kN m

47,9 kN m 83,6 kN m 54,4 kN m 28,4 kN m

Fig. 5 Diagrams of bending moments in floor beams. a The stiffness is calculated according to
[1]; b the stiffness is assumed according to experimental data

Themethod [1] implies taking into account the initial deformations of the structure
through the bending moment M0 from the load acting on the structure. The relative
deformations of reinforcement and concrete are determined by the formulas:

ε0s = M0

Eb1 Ired
(h0 − x0)

ε0b = M0

Eb1 Ired
x0

As well as limiting the boundary of the compressed concrete zone:

ξR, f = ω

1 + ε f,ult+ε0b
ε0s

If we take into account the absence of complete removal of the loadwhen strength-
ening the structure, the range of changes in the value of bending moments is reduced
to 2–10%.

To be applied at the regulatory level, themethod [1] implies significant coefficients
of the load-bearing capacity margin:

– the reliability coefficient for the composite material γ f . For calculations for the
first group of limit states, 1.2 is assumed for carbon composites;

– coefficient of the working conditions of the external reinforcement element,
depending on the material and type of fibers γ f 1. For composite materials based
on carbon fibers, it is accepted from 0.8 (woven materials that work in aggressive
environments) to 0.95 (laminates that work in indoor areas);
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Fig. 6 Calculation scheme of the normal cross section of the bent element

– the coefficient of working conditions, taking into account the adhesion/adhesion
of the reinforcement element with the base material γ f 2. The coefficient depends
on the strength of the concrete base, the maximum relative deformations of the
external reinforcement, as well as the stiffness of the reinforcement element. In
general, the formula has the form:

γ f 2 = 1

2.5ε f,ult

√
Rb

nE f t f
≤ 0.9

The equation of the calculated value of the tensile resistance of the external rein-
forcement, which is taken into account in the calculations, is determined by the
formula:

R f = γ f 1γ f 2R f,n

γ f

And the limiting bending moment perceived by the reinforced external reinforce-
ment section is determined by the formula:

Mult = Rbbx(h0 − 0.5x) + Rsc A
′
s

(
h0 − a′) + R f A f a

In accordance with the calculation scheme in Fig. 6.
Thus, the generalized reliability coefficient of the normal sections of bending

elements is more than 1.3. Drawing an analogy with the limits of time, perceived a
normal section of bendable element, vychisleny by the method of [1] and obtained
experimental data it is possible to allocate the following:

– the currentmethods of calculating the normal cross sections reinforced by external
reinforcement do not take into account a number of factors that determine the
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actual operation of the structure. These simplifications are fully compensated by
the stock coefficients (for some cases, they have too large values);

– the calculated bending moment has a value more than 20% lower than the value
of the bending moment according to experimental studies.

Based on this analysis of the methodology [1] included in the current regulatory
documents, as well as the numerical calculations of the bending moments for the
stiffness values of the bent elements reinforced by external reinforcement, we can
draw the following conclusions:

1. When determining the forces in statically indeterminate reinforced concrete
structures, it is mandatory to take into account the redistribution of bending
moments as a result of changes in the stiffness of the section. External rein-
forcement based on carbon fibers contributes a significant component to the
value of the stiffness of the normal cross section. At the same time, the value
obtained on the basis of analytical calculations according to the standards in
force in the Russian Federation does not correspond to the actual values.

2. Before developing a methodology for accounting for changes in the stiffness
of reinforced concrete sections, taking into account external reinforcement,
it is recommended to introduce increasing coefficients for forces determined
by various nonlinear methods. The value of the coefficients is planned to be
determined in the future work.

3. Real value accounting effects stiffness enhanced external reinforcement of
normal section bending element based on a portion of the load during the work
on strengthening is in the range of 2–10%;

4. Themethod of calculating the normal cross sections of the bent elements, taking
into account the external reinforcement, adopted in the regulatory documents,
shows a real margin of reliability of more than 20%;

5. Taking into account the above factors, it is possible to state the possibility of
applying the methods [1, 5] for the calculation of reinforced concrete statically
indeterminate structures of civil buildings;

6. For the purpose of a more reliable analysis of the stress–strain state of the
reinforced structure, it is permissible to use existing methods for reducing the
rigidity of the reinforced element. In this case, the error will be in the range of
up to 30%. What is compensated by the total reserves of the system (at the level
of different reliability coefficients).
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Traditional Measurements
in Experiments on Determination
of Mechanical Properties Materials
and Nuances for Composites

Alexander Anatolyevich Treshchev

1 Traditional Methods of Testing Analysis of Tubular
Samples

Traditionally, when covering the methods of experimental identification of the prop-
erties of structural materials, the reader is convinced of the universality of data on the
loading of thin-walled cylindrical shells, that is, tubular samples. Such tests served
as a universal method for testing the proposed postulates in the development of
deformation models of structural materials.

The design of the prototypes is widely known and adopted by the type of cylin-
drical shell with end sections convenient for fixing in the standard grips of the stand
[1–3]. This ensures reliably adjustable loading of the cylindrical part of the tube
with a longitudinal force N, a uniform internal pressure q, and a torsional moment
M. The tube dimensions are accepted according to the standards [1–3]. Testing and
processing of the data obtained assume a uniform flow of stresses along the thickness
of the tube, and this makes it easy to calculate the stresses. The coordinate system is
oriented so that the x1 axis is the forming shell, the x2 axis is the guide, and the x3
axis is the radius. Then the components of the stress tensor on the calculated part of
the tube are calculated as follows:

σ11 = N

πh0d0
; σ22 = d0q

2h0
;

τ12 = 2M

πh0d2
0

; σ33 = τ23 = τ13 = 0, (1)

where d0—the initial size of the diameter of the middle surface of the tube; h0—the
initial size of the wall thickness of the shell.
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The values of stresses (1) on the design area of the shell, calculated according to
the results of the test of the tubes, are called controlled [1–3]. Varying the parameters
of the force loading makes it possible to obtain the expected values of the resulting
stresses. It is proved [1–15] that homogeneous stress states are realized as simply as
possible in the cross sections of thin tubes, among which it is possible to partially
change the independent stress parameters at the discretion of the researcher. The
change in the stress ratio due to the regulation of force influences makes it possible
to trace a wide range of changes in the stress phases.

By controlling the force loads and calculating the stresses from them (1), we
obtain natural invariants of the deviator plane:

σ = σ11 + σ22

3
; 4,5τ 2 = σ 2

11 − σ11σ22 + σ 2
22 + 3τ 2

12;
τ 3 cos 3ϕ = −√

2σ(σ11 − σ)(σ22 − σ), (2)

where cos 3ϕ =
√
2 det Si j

τ 3 —the phase invariant; Si j = σi j −σδig—the deviator stress.
Experimental studies of the mechanics of materials are usually carried

out according to simplified test programs: q-experiments; M-experiments; N-
experiments. In addition, combined studies are carried out: q~M-experiments;
N~M-experiments; N~q-experiments; N~M~q-experiments. In the program N-
experiments one is a non-zero longitudinal stress, and therefore, will receive

σ11 = N

πh0d0
= t; σ22 = τ12 = 0; σ = t

3
;

τ =
√
2|t |
3

; cos 3ϕ = sign(t). (3)

The q-experiments program gives non-zero stress σ22:

σ11 = τ12 = 0; σ22 = d0q

2h0
= p; σ = p

3
;

τ =
√
2|p|
3

; cos 3ϕ = sign(p). (4)

The M-experiments program gives non-zero stress τ12:

σ11 = σ22 = 0; τ12 = 2M

πh0d2
0

= τ0; σ = 0;

τ =
√
2

3τ0
; cos 3ϕ = 0. (5)

For combined N~q-experiments, the values are valid:
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σ11 = N

πh0d0
= t; σ22 = d0q

2h0
= p; τ12 = 0; σ = t + p

3
;

4,5τ 2 = t2 − tp + p2; 3τ 3 cos 3ϕ = −√
2(t + p)(2t − p)(2p − t). (6)

In the experimentsN~q, if p = 0 and is accepted t > 0, then ϕ = 0, and if p > 0

and for t = kp at k = −1, we have σ = 0, τ =
√

2
3p , ϕ = π

6 , which occurs with a

pure shift. If we accept k = 1, we get σ = 2p
3 , τ =

√
2p
3 , cos 3ϕ = −1. Hence, it

can be seen that even in N~q-experiments, it is possible to study the entire interval
of the existence of the stress phase.

Achieving the state of the cylindrical shell close to uniform in the process of axial
compression may not be realized due to possible bulging of the wall, which will
violate the experimental program. In this regard, experimental studies need to be
carried out using combined experiments that implement different stress phases even
for classical materials, including those caused by torsion of tubes by moments M.

In the considered experiments, along with the calculation of stresses and phases,
measurements are always performed that allow us to calculate deformations and
their invariants. When processing the results, the uniformity of deformations in the
thickness of the shell is postulated. There are no difficulties in measuring the longi-
tudinal, transverse, and shear strain (e11, e22, 2e12 = γ12) of tubular samples. Some
understatement remains when determining strains along the thickness of the tube
wall e33. The reason for this lies in the small base, when the accuracy of thick-
ness measurements during deformation is significantly reduced, and therefore most
experimental works [1–15] operate with e33 for the hypothetical law. Often, the law
of linear volume change is adopted, that is

e33 = −(e11 + e22) + σ11 + σ22

3K
, (7)

where K = E
3(1−2v)

—volumetric modulus of elasticity; E, v—Young’s modulus and
Poisson’s ratio, traditionally calculated fromuniaxial experimentswith core samples.

Having established from experimental data the strain e11, e22, 2e12 = γ12 and
having accepted their conditions (7) values e33, taking into account that e13 = e23,
we obtain natural invariants of strain:

(8)

where β—phase of strain.
Confirmation of the knowndeformation laws is characterized by the establishment

of a connection τ with γ and ϕ with β under various combinations of stresses
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and strain developing in the walls of tubular samples. In particular, for a classical
material such as low-carbon steel, the hypothesis of the coincidence of stress and
strain phases is satisfactorily confirmed, and at the extreme points of uniaxial tension
and compression there is an absolute coincidence of them. This hypothesis seems
to be very rough for composites (nonmetals). In the case of adopting the linear law
volume deformation, zeroing the phase difference, the adoption of collinearity of the
principal axes of the stress and strain statesmust be unambiguouswhen the octahedral
shear stress and shear for the different phases. In this case, the compressive stress is
formulated as the sum of the principal stresses on the variation of main strains, or to
write down an inverse as a sum of products of strain variation of stress:

δU = δW = σkδek = ekδek . (9)

The connection of principal stresses and deformations with universal invariants
makes it possible to transform variation (9) to the form:

(10)

Decryption of variations leads to dependencies:

(11)

If the hypothesis of phase coincidence is valid, the variations (11) are reduced to
the form:

(12)

for the existence of elastic potentials

the conditions and for the linear law of volumetric strain

σ = 3Ke, (13)

requires the manifestation of a connection τ only with �, that is

(14)
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2 Features of the Method of Testing Tubular Samples
for Composites

These arguments are quite contradictory for the experimental analysis of struc-
tures, the stiffness parameters of which vary depending on the type of stress or
strain states. Among such materials, composite materials are often found, polymer-
ized, fiber-reinforced, and granular. Such materials do not obey the hypotheses of
the disjointedness of the volume law from shear deformation and the equality of
stress and strain phases, and this contradicts the fundamental equations (13), (14),
while ω = ϕ − β �= 0 [1–3]. Thus, planning and conducting mechanical tests of
tubular samples for any series of N~M~q-experiments requires special care. When
carrying out measurements inM-experiments, along with the determination of shear
strain 2e12 = γ12, it is necessary to calculate strain e11, that are absent in clas-
sical mechanics, and other experiments are required in the complex aspect. The
essence of the contradiction between the classical data on the SSC of tubular samples
becomes obvious when loading thin-walled cylindrical shells made of materials with
a dependence of physical and mechanical properties on the type of stress state being
realized.

In [16–20], the universality of the determining relations for these materials in the
form of two forms of the strain potential is demonstrated:

W = 0,5
[
(A + Bα1)σ

2
1 + (A + Bα2)σ

2
2 + (A + Bα3)σ

2
3

]

+ [C + Eα3 + D(α1 + α2)]σ1σ2 + [C + Eα1 + D(α2 + α3)]σ2σ3

+ [C + Eα2 + +D(α1 + α3)]σ1σ3; (15)

W =
(
b̃1 + b̃3ξ

)
σ 2 +

(
b̃2 + b̃4ξ + b̃5η cos 3ϕ

)
τ 2, (16)

where

αk = σk

S
; S = √

αkσk; cosψ = ξ = σ

S0
; sinψ = η = τ

S0
; S0 =

√
σ 2 + τ 2;

S0 = S√
3
; α1 + α2 + α3 = √

3ξ ; αkαkαk = 3ξ 3 + 9ξη2 + 1,5
√
2η3 cos 3ϕ√

3
;

cos 3ϕ =
√
2 det

(
Si j

)

τ 3
; Si j = σi j − δi jσ ; b̃1 = 1,5(A + 2C); b̃2 = 1,5(A − C);

b̃3 = 1,5(B + 4D + 2E)√
3

; b̃4 = 4,5(B − E)√
3

; b̃5 = 0,75(B − 2D + 2E)
√
2√

3
;

A = 0,5

(
1

E+ + 1

E−

)
; B = 0,5

(
1

E+ − 1

E−

)
; C = −0,5

(
v+

E+ + v−

E−

)
;
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E = 0,25
√
3

(
1 − 2v+

E+ − 1 − 2v−

E−

)
− 0,25

(
1 − 4v+

E+ − 1 − 4v−

E−

)
;

D = −0,5

(
v+

E+ − v−

E−

)
;

E±, v±—elastic modulus and Poisson’s ratio under uniaxial tension and compres-
sion.

The connection of stress and strain tensors resulting from the potential W is
established by the Castigliano formulas:

ei j = 1

3

⎧
⎨
⎩2

[
b̃1 + b̃3ξ

(
1 + 0,5η2

)] +
(
b̃4η2 + 1,5

√
2b̃5

)
η2

ξ
− b̃5η

3 cos 3ϕ

⎫
⎬
⎭σδi j

+ 1

3

{
2
(
b̃2 + b̃4ξ + b̃5η cos 3ϕ

)
− (b̃3ξ

2 + b̃4η
2)ξ

−b̃5
(
3 − ηξ 2

)
cos 3ϕ + 3

√
2b̃5μi j

}
Si j , (17)

where μi j = λi j

Si j
; λi j = �i j

S0
;�i j—minor for the component Si j .

Generalized deformation laws for structural materials follow from the equations
of states (17):

tgω = 3b̃5η sin 3ϕ
3η
2G0

+ ξ

D0

, (18)

which do not correspond to, but rather refute, Eqs. (13), (14), which are immutable
for classical mechanics. In the entry (18), there is a parameterK0, G0, and D0 called
generalized «modules» of volume strain, shape change (shift), and dilation (these
are not constants, but nonlinear functions that depend on the type of stress state):

K0 = 1[
2b̃1 + b̃3ξ

(
2 + η2

) − b̃5η3 cos 3ϕ
] ; D0 = 1

b̃4η3
;

2G0 = 3

2b̃2 + ξ 3
(
2b̃4 − b̃3

)
+ b̃5η3

(
2 + ξ 2

)
cos 3ϕ

. (19)

Considering a circular cylindrical shell with thin walls made of composite mate-
rial, the location of each point in the middle-curved surface is usually determined
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by Gauss coordinates �1, �2, and �3. Taking the shell length l, radius of curvature
R, wall thickness h, subjected to pure torsion and the labeling of the axial displace-
ment of the middle surface through u, the district—through and move along the
radius w, we present the parameters of the Lame and the main curvature to the form:
Ã = 1; B̃ = R; k1 = 0; k2 = R−1, where R—is the radius of the middle surface of
the shell.

Let’s replace the coordinates of the shell surface as follows: x1 = �1, x2 =
�2, x3 = �3. It is obvious that the coordinate x1 is directed along the generatrix,
x2—along the guide, and x3—along the radius of curvature of the surface from the
center. We assume one end section of the shell with x1 = 0 a rigidly pinched,
and the second—with x1 = l a loaded torque with a uniformly distributed shear
force intensity S = hτ0 (pure torsion of the sample in M-experiments), where τ0—
uniform tangential stresses over the thickness of the section at x1 = l. In this case,
it is quite clear that both cylindrical surfaces of the shell are in an unloaded state.
Such states correspond to a flat generalized stress state. Therefore, zero values of
stresses σ33 = τ13 = τ23 = 0 with characteristic boundary conditions are obvious:
u = 0, v = 0 at x1 = 0; σ11 = 0, τ12 = τ0 at x1 = l. For axisymmetric loading
of a shell, different from zero voltage to depend only on the coordinates x1. The
fundamental equilibrium equations [1] in the accepted coordinate system are as
follows:

σ11,1 = 0; τ12,1 = 0; σ22

R
= 0. (20)

The elementary solution of equations (20) under the corresponding boundary
conditions is reduced to the form:

σ11 = 0; σ22 = 0; τ12 = τ0. (21)

Equation (21) completely characterize the stress state of the shell, and the
constitutional equations (17) are transformed to the form:

e11 = (1,5B − D)α2
12

√
2τ12; e22 = (1,5B − D)α2

12

√
2τ12; e12 = (A − C)τ12,

(22)

or, given (21):

e11 = (1,5B − D)
√
2τ0

2
; e22 = (1,5B − D)

√
2τ0

2
; e12 = (A − C)τ0, (23)

The selected coordinate system leads to dependencies

e11 = u,1; e22 = w

R
; e12 = 0,5v,1, (24)
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where u(x1),υ(x1),w(x1)—longitudinal, circumferential, and normal displacements
are averaged.

Taking the equalities of expressions (22) and (23), we come to a system of
equations in displacements:

u,1 = (1,5B − D)
√
2τ0

2
; w

R
= (1,5B − D)

√
2τ0

2
; v,1 = 2(A − C)τ0. (25)

The solution of equations (25) in combinationwith boundary conditions is reduced
to the dependencies:

u = (1,5B − D)
√
2τ0x1

2
; v = 2(A − C)τ0x1; w = (1,5B − D)

√
2τ0R

2
,

(26)

or

u =
[
(3+2v+)

E+ − (3+2v−)
E−

]√
2τ0x1

8
;

v =
[(

1 + v+)

E+ +
(
1 + v−)

E−

]
τ0x1;

w =
[
(3+2v+)

E+ − (3+2v−)
E−

]√
2τ0R

8
. (27)

The above decisions show that unlike classical methods of experimental deter-
mination of deformations of M-experiments for composite materials is the need to
measure not only the angle of torsion and circumferential displacement v, but also
other displacements u and w (27), missing in steel shells. If we take the special
case when the characteristics of the shell materials are reduced to the classical ones
E+ = E− = E, v+ = v− = v, then the displacements will be equal:

u = w = 0; v = 2(1 + v)

E
τ0x1. (28)

Analyzing Eqs. (27) and (28), it is possible to establish qualitative differences
between the calculated and experimentally obtained characteristics of the SSC of
shells associated with taking into account the different resistance of composites. As
can be seen fromEq. (20),with a nature different resistance of thematerial (E+ > E−
or E+ > E−) the shell in the case of free torsion lengthens or shortens, increasing
or decreasing the diameter, which confirms the differences in the quality patterns of
its SSC. In addition, the pure torsion of the shell leads to a change in the volume:
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e =
√
2τ0b̃4
3
√
3

and this is not observed in experiments with samples made of materials such as steel
[1–3].

Table 1 summarizes the calculated data for a cylindrical shell with a pure torsion
when E+ = E, E− = 2E, v+ = 0,1, v− = 0,2 and at E+ = E, E− = 0,5E, v+ =
0,2, v− = 0, 1 as well as at E− = 3,4E , v+ = v− = 0,2, and at Eˆ + =
E, E− = 0,294E , v+ = v− = 0,2 («T»). Comparative characteristics can be
given in the table of calculated results, which follow from the different-module
theory of S.A. Ambartsumyan («A») [21], as well as classical solutions for E = E+
(«K+»), E = E− («K–») and 1

E = 0,5
(

1
E+ + 1

E−
)
(«KO») [1]. The considered

example demonstrates the error of the classical theory of elasticity for displace-
ments vE

τ0x1
at E−

E+ = 2 or E−
E+ = 0,5, which reaches 29,4% and depends on the values

E−, E+, v+, v−, so that with an increase in E−
E+ or E+

E− this error increases to 54,5% (at
E−
E+ = 3,4 or E−

E+ = 0,294). The difference in the calculated results for the displace-
ments uE

τ0x1
and wE

τ0R
in the models «T» and «A» is 6%, and for vE

τ0x1
the complete

coincidence is observed.
The considered example demonstrates the error of the classical theory of elasticity

for displacements vE
τ0x1

at E−
E+ = 2 or E−

E+ = 0,5, which reaches 29,4% and depends on

the values E−, E+, v+, v−, so that with an increase in E−
E+ or E+

E− this error increases

Table 1 The results of the calculation of the shell to the pure torsion

Solution option v− v+ E−
E+

uE
τ0x1

vE
τ0x1

wE
τ0R

K+ 0,2 0,1 2,0 0 2,2 0

KO 0 1,7 0

K– 0 1,2 0

T 2,0 0,265165 1,7 0,265165

A 2,0 0,25 1,7 0,25

K+ 0,1 0,2 0,5 0 2,4 0

KO 0 3,4 0

K– 0 4,4 0

T 0,5 −0,53033 3,4 −0,53033

A 0,5 −0,5 3,4 −0,5

K+ 0,2 0,2 3,4 0 2,4 0

K– 0 0,706 0

K+ 0,294 0 2,4 0

K– 0 8,163 0

T 3,4 0,424 1,553 0,424

T 0,294 −1,443 5,281 −1,443
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to 54,5% (at E−
E+ = 3,4 or E−

E+ = 0,294). The difference in the calculated results for
the displacements uE

τ0x1
and wE

τ0R
in the models T and A is 6%, and for vE

τ0x1
the complete

coincidence is observed.
Another example of the fallacy of classical methods of testing tubular samples

is a similar shell, but loaded according to the programs of N~M-experiments. For
these experimental programs, it is possible to imagine the SSC of a cylindrical shell
with similar geometric characteristics: length l, radius of curvature R, wall thickness
h and fixed at one end, and at the other—loaded with twisting load forces S = hτ0
and tensile force N = ht .

The considered loading also applies to the plane generalized stress state at σ33 =
τ13 = τ23 = 0. The accepted anchoring of the shell leads to boundary conditions of
the form:

(29)

In this case, the resulting stresses depend on a single coordinate, x1 and there-
fore the equilibrium equations do not change and, taking into account the boundary
conditions, they elementary lead to a solution for the stresses

σ11 = N

h
= t; σ22 = 0; τ12 = τ0. (30)

Three equations (30) give the values of the parameters of the stress state of the
shell. In this case, the equations of state (17) are transformed to the form

e11 = [
A + 0,5B(3 + α11)α

2
11

]
σ11 + (1,5B − D

(
1 + α2

11

)
α12τ12;

e22 = Cσ11 + (1,5B − D)α12τ12;
e12 = [

A − C + 0,5Bα3
11 + (1,5B − D)

(
1 + α2

12

)
α11

]
τ12, (31)

or taking into account (30)

e11 =

⎡
⎢⎢⎣A + 0,5B

(
3
√
t2 + 2τ 2

0 + t

)
t2

(
t2 + 2τ 2

0

) 3
2

⎤
⎥⎥⎦t +

2(1,5B−D)τ 2
0

t2+τ 2
0(

t2 + 2τ 2
0

) 3
2

;

e22 = Ct + (1,5B − D)τ 2
0

t2 + 2τ 2
0

;

e12 =
⎡
⎣ A − C + 0,5Bt3

(
t2 + 2τ 2

0

) 3
2

+ (1,5B − D)
(
t2 + 3τ 2

0

)
t

(
t2 + 2τ 2

0

) 3
2

⎤
⎦τ0. (32)

Geometric relations have the form:
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e11 = u,1; e22 = w

R
; e12 = 0, 5v,1. (33)

By establishing equalities between expressions (32) and (33), we arrive at a system
of differential equations in displacements:

u,1 =

⎡
⎢⎢⎣A + 0,5B

(
3
√
t2 + 2τ 2

0 + t

)
t2

(
t2 + 2τ 2

0

) 3
2

⎤
⎥⎥⎦t +

2(1,5B−D)τ 2
0

t2+τ 2
0(

t2 + 2τ 2
0

) 3
2

;

w

R
= Ct + (1,5B − D)τ 2

0

t2 + 2τ 2
0

;

v,1 = 2

⎡
⎣ A − C + 0,5Bt3

(
t2 + 2τ 2

0

) 3
2

+ (1,5B − D)
(
t2 + 3τ 2

0

)
t

(
t2 + 2τ 2

0

) 3
2

⎤
⎦τ0. (34)

The solution of equations (34) with the use of boundary conditions (29) is reduced
to the dependencies

u =

⎡
⎢⎢⎣A + 0,5B

(
3
√
t2 + 2τ 2

0 + t

)
t2

(
t2 + 2τ 2

0

) 3
2

⎤
⎥⎥⎦t x1 +

2x1(1,5B−D)τ 2
0

t2+τ 2
0(

t2 + 2τ 2
0

) 3
2

;

w = CRt + (1,5B − D)Rτ 2
0

t2 + 2τ 2
0

;

v = 2

⎡
⎣ A − C + 0,5Bt3

(
t2 + 2τ 2

0

) 3
2

+ (1,5B − D)
(
t2 + 3τ 2

0

)
t

(
t2 + 2τ 2

0

) 3
2

⎤
⎦τ0x1. (35)

By analogy with the previous example, taking the characteristics of the shell
materials from the conditions E+ = E− = E, v+ = v− = v (for the classical
solution), we obtain the displacements as such

u = t x1
E

; v = 2(1 + v)

E
τ0x1; w = Rvt

E
. (36)

The above analysis shows that any test programs for composite tubular samples
lead to the conclusion that the measured and calculated SSC parameters do not
coincide with similar values obtained by classical approaches.
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3 Conclusion

The examples discussed above confirm the inconsistency of traditional approaches
to processing the obtained parameters and the execution of experimental studies of
composite thin-walled tubular samples, or those made of materials with a granular
structure. This requires a review of well-established hypotheses and methods of
testing materials under complex SSC.
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Numerical Study of Crack Formation
and Strains Distribution During
the Punching of Reinforced Concrete
Slabs

Valery Borisovich Filatov and Zulfat Shavkatovich Galyautdinov

1 Introduction

The analysis of works on the study of the strength of reinforced concrete slabs
under punching [1–6] showed that in all studies, the authors of the works carried out
tests on samples with square columns. Experiments on punching slabs by columns
of rectangular section [7–11] show a significant effect of the shape of the column
section on the strength of a reinforced concrete slab during punching. The results of
these studies are used in the calculations for punching in the European, American,
Swiss design codes and some others. However, the issue cannot be considered solved
and the influence of design parameters on the strength of slabs during punching is
studied by many authors [12–14].

Russian design codes there are no recommendations on taking into account the
aspect ratio of the column section for punching shear strength of the slab.Meanwhile,
the lack of such recommendations, as shown by the results of experimental studies,
can lead to a significant overestimation of the calculated estimate of the punching
strength of slabs of a monolithic non-girder frame. This leads to a decrease in the
mechanical safety of the buildings and structures being constructed.

To study the features of the operation of a monolithic floor slab during punching
by columns of various sections, the authors tested four samples. The samples were
a fragment of a monolithic reinforced concrete junction of a column and a floor slab
of a non-girder frame. The view of one of the samples during the tests is shown in
Fig. 1.

The variable parameter was the column cross-sectional shape. The four specimens
have been tested:

• CMR-D—a column of round section with a diameter of 210 mm.
• CMR-1—a column of square section with a side size of 200 mm.
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Fig. 1 View of sample
CMR-4 during testing

• CMR-2.5—a column of rectangular section of the size 200 × 500 mm.
• CMR-4—a column of rectangular section of the size 200 × 800 mm.

Some results of experimental data analysis are given in [15, 16].
For a deeper analysis of the experimental data, a numerical study was performed

on finite element models in Simulia Abaqus. The finite element model is developed
in a nonlinear formulation and takes into account the peculiarities of the operation
of reinforced concrete structures: the formation and development of cracks, plastic
deformations of concrete and the possibility of brittle failure. To describe the behavior
of concrete at all stages of loading, the law of concrete deformation is used, taking
into account plastic deformations.

Finite element modeling to study the stress-strain state of slabs during punching
was effectively used by the authors [17–21].

2 Structure of Finite Element Model

Models of four samples were developed, corresponding to full-scale samples, the
test results of which are given in [16]. The general view of the finite element model
is shown in Fig. 2a. Since the model is symmetric, only a quarter of the samples
were modeled, and the reactions of the discarded parts were modeled by imposing
constraints. Steel plates on the top face of the slab were modeled, which transferred
the load to the specimen slab by means of rods. On the lower node of the rods, a
connection was superimposed that forbade movement along the vertical axis; thus,
the fixation of the rod in the power floor was simulated. The samples were loaded
with a monotonically increasing uniformly distributed load applied to the lower face
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a) b)

Fig. 2 General view and reinforcement of the finite element model

of the column. The finite element mesh is adopted with a size of 7 mm in plan.
The reinforcing bars of the upper and lower grids of the plate, the longitudinal and
transverse reinforcement of the column, adopted in the finite element model are
shown in Fig. 2b.

The slab reinforcement in perpendicular direction was located at different depths,
differing by the value of the reinforcement bar diameter. The reinforcement was
modeled by a finite element “beam”, that is, the bending work of the element was
taken into account.

Table 1 shows the values of failure loads obtained in finite element modeling and
in the experiment on test samples. The results in Table 1 show that the finite element
model underestimates the strength of the samples with a uniform distribution of
shear stresses (sample CMR-D). For samples with a small stress concentration in the
column corners (samples CMR-1 and CMR-2.5), there is a satisfactory convergence
of the results. For the CMR-4 sample with the greatest unevenness of shear stresses
at the control perimeter, the finite element model slightly overestimates the strength

Table 1 Comparison of the
values of failure loads of
finite element models and test
samples

Samples PFEM (kN) Ptest (kN) PFEM/Ptest

CMR-D 62 71 0.87

CMR-1 62 68 0.91

CMR-2.5 71 70 1.01

CMR-4 88 82 1.07
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of the sample. This trend allows us to conclude that it is necessary to improve the
strength criterion in finite element modeling.

3 Results and Discussion

The finite element model was verified by comparing it with the test results of test
samples. Figure 3 shows the schemes of cracks on the tensioned side of the plate of
the finite element model at different loading levels.

A comparison was made of the crack formation patterns on the tensioned edge
of the slab, as well as the values of the deformations of the tensioned reinforcement
and compressed concrete in the areas where the strain gauges were installed in the
sample.

Note that at the initial stage of loading, radial cracks are formed in the sections
of the plate near the column corners. Thus, the concentration of deformations near
the corners of the column is observed not only on the compressed, but also on

a) b)

c) d)

Fig. 3 Crack patterns in the slab of the finite element model at load levels: a 0.3 Pult.; b 0.5 Pult.;
c 0.7 Pult.; d 0.9 Pult.
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a) b)

Fig. 4 Crack patterns in the slab of the finite element model (a) and test sample CMR-4 (b)

the tensioned face of the slab. Note that the cracks width was limited to one finite
element, that is, the cracks were not distributed over the entire tensioned face of
concrete, which corresponds to the real work of concrete under tension, when the
ultimate stresses are reached, a crack is formed and then the stress is “removed” from
adjacent sections concrete.

Comparison of the schemes of cracks on the tensioned face of the finite element
model (Fig. 4a) and the test sample CMR-4 (Fig. 4b) has been performed. It was
noted that the crack patterns have the following similarities:

• radial cracks prevail;
• cracks in the tangential direction are mainly located near the corners and at the

long side of the column;
• cracks are located above the reinforcement bars (with a step of 100 mm);
• highest concentration of cracks is localized in the area of slab adjacent to the

column’s corner.

Figure 5a shows the graphs of concrete tangential strains on compressed side of
the slab along the column’s long side for the finite element model and the full-scale
sample.

Analysis of the graphs shows that near the column’s corner there is a significant
increase in strains of the slab concrete, while at the middle of the column’s long side,
there are practically no concrete strains. The specified feature of concrete deformation
when punching a slab with a rectangular column has been repeatedly noted by the
authors [10, 11, 13]. This is an essential remark, because the values of tangential
strains prevail over radial ones and therefore, they make a significant contribution to
the unevenness of the stress-strain state of concrete in the punching zone.

Figure 5b shows the graphs of concrete radial strains on compressed side of
the slab along the column’s long side. It follows from the graphs that the radial
strains of the slab increase near the corners of the column, but are generally more
evenly distributed in this area. The distribution of radial and tangential deformations
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Fig. 5 Graphs of tangential (a) and radial (b) strains of concrete sample SMR-4 at load level 0.7
Pult.

of concrete during punching was investigated by the authors [11]. The results of
studying the distribution of shear stresses on the control perimeter by the method of
finite element modeling are presented in [10]. In both cases, concentration of forces
in the slab near the corners of column and their decrease along the long side of
column were noted.

Note that graphs of tangential and radial strains of concrete compressed face of
the slab for finite element model and full-scale sample have good convergence for a
qualitative estimate. Evaluating the results from a quantitative point of view, it can
be noted that the deformations of the concrete of the prototype exceed the values
obtained in finite element modeling. This may be due to underestimation of tensile
reinforcement deformations in the finite element model, which will be discussed
below.

Figure 6 shows a comparison of deformations of tensile reinforcement for a finite
element model and a full-scale sample. Note that the graphs have good convergence,
which indicates the correctness of the developed finite element model. At the same
time, it should be noted that the correspondence of the results for strain gages No.
4 and No. 8 is somewhat worse than for No. 3. Apparently, this can be explained
by the fact that strain gauges No. 4 and No. 8 are located near the corner of the
column, where intense cracking is observed. The formation of cracks leads to a
partial destruction of the bond between reinforcement and concrete, which was not
taken into account in the finite element model. Debonding of reinforcement with
concrete leads to a redistribution of tensile forces from concrete to reinforcement. In
the finite element model, the bond of reinforcement to the concrete was considered as
provided and the tensile force from concrete to reinforcement was not redistributed.
As a result, deformation of the sample reinforcement slightly exceeds the values
obtained in finite element modeling.

Strain gauge No. 3 is located at a distance of 1.5 h0 from the column corner.
This distance corresponds to the length of the effective control perimeter, which is
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Fig. 6 Strain gauge scheme (a); graph of strain gauge No. 8 (b); graph of strain gauge No. 3 (c);
graph of strain gauge No. 4 (d)

taken into account when calculating punching shear according to the Model Code
2010 method. As test results of the sample show (Fig. 4b), the intensity of cracking
decreases with distance from the corner of column. The concrete receives the tensile
forces together with the reinforcement. This is most consistent with the nature of
finite element model deformation and strain gauge No. 3 shows the best coincidence
of the calculated and experimental values of reinforcement deformations.

The noted features of deformation of this finite element model will be taken into
account for its subsequent correction and improvement.
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4 Conclusion

1. The results of numerical experiments on finite element models showed a good
convergence of the qualitative and quantitative picture of deformation with the
results of experimental studies on test samples.

2. The results of the finite element experiment show that plate deformations are
concentrated near the column’s corners and decrease along the long side of
rectangular column, which indicates an uneven distribution of internal forces
along the length of the control perimeter. The same character of plate deforma-
tion is noted in the results of experimental studies on test samples. This fact is
of significant importance, since the method of Russian design code assumes a
uniform distribution of shearing forces along the length of control perimeter.

3. Comparison of the results of finite element modeling and experimental studies
on test samples is a verification of the finite element model and allows the
model to be used to study various design parameters that affect the strength of
a reinforced concrete slab during punching.
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Forecast Durability for Protective
Penetrating Waterproof Coating

A. I. Bedov, A. I. Gabitov , I. G. Terekhov, and A. S. Salov

The current level of constructionmaterials production enables applying variousmate-
rials. Mass and precast concrete, as well as reinforced concrete, are widely applied
for installing substructures, foundations, both bearing and enclosing structures, while
silicate and red bricks, gas-concrete and cellular blocks are commonly used inmaking
external walls, enclosing structures and interior partitions.

Generally, the durability of structures made of the above materials depends on
two points: secondary protection of constructionmaterials and reliablewaterproofing
thereof.

The correct choice of technology for protecting construction materials and water-
proofing structures is defined by a great number of points: kind of negative destructing
effect, type of structure and construction materials it is made of, operating conditions
and aesthetic and structural requirements.

This paper deals with finding a method for using innovative waterproof material
and technologies to provide durability for hydraulic structures under construction,
operation, repair and renovation thereof.

The proposed problemwas being solved using the “Kalmatron” system including:

• “Kalmatron” protective waterproofing compound;
• “Kalmatron-Econom” waterproofing plastering;
• “Kalmatherm” protective thermal insulation composition.
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Application of this system provides for reliable waterproofing of concrete, brick
and other structures, making high-strength waterproof coating protecting facilities
against various natural and man-made aggressive environments, and recovering
waterproofing and strength of the failed structures.

In the course of investigations, the efficiency of applying this system and
possibilities thereof in providing reinforced concrete structures and items with
high-performance properties was analyzed.

Experience in operating concrete and reinforced concrete structures and, that of
buildings, facilities and technological systemsmade therefrom, accordingly, revealed
that these objects are to be protected against the corrosion [1–4].Moisture penetration
is due to precipitation, steam condensation and water flow from wet ground layers
towards the structures. Further structural changes in the structure materials, as well
as freezing of the buildings and facilities elements, basically of footings and foun-
dations thereof, result in destruction. Penetrating waterproof method was developed
to overcome the above difficulties [5, 6].

The only document regulating the quality and characteristics of penetrating water-
proofing (in Russia) is GOST 31357-2007 “Dry building mixes based on cement
binder. General technical conditions”. In particular, it states the fact that “a material
can be considered as a penetrating waterproofing, after treatment with which the
water resistance of concrete increases by at least 2 steps” [GOST 31357-2007].

The proposed problem may be solved using the Kalmatron penetrating protec-
tive waterproofing compound. Application of this compound enables reliable water-
proofing of concrete, brick and other structures, making high-strength waterproof
coating protecting facilities against various natural and man-made aggressive envi-
ronments, and recovering waterproofing and strength of the failed structures. Water-
proofing efficiency is achieved due to a number of successive reactions occurring
in time and inside the structure of the material to be protected between compo-
nents within thereof found in Kalmatron compound solution. Poorly and slightly
soluble new formations filling the capillaries, pores andmicrocracks displacingwater
therefrom are formed by these chemical reactions, which may also be applied for
“self-healing” effect [7, 8].

Certain number of experiments were made to identify Kalmatron features using
the procedure for mathematical design of experiments with a view to make a forecast
durability model for “Kalmatron” waterproof coating depending on conditions and
thickness thereof [9, 10].

A four-factor experiment plan was made and 9 series of samples (prisms and
cylinders) were prepared and mixture properties and composition were defined for
testing in hydrochloric acid. Each series included 12 prisms (6 main and 6 check
ones) and 6 cylinders (3 main and 3 check ones).

A four-factor experiment plan consisted of:

• selection and variation of factor items (Table 1);
• combination square plotting;
• definition of factor combinations.
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Table 1 Name and options of factor items

Item name UOM Item symbol No. and option value

Testing length Months T 1 2 3

Acid strength RC (ph) K 0.01(4) 0.05(3) 0.1(1)

Chemically active particles content of cement
by weight

A 2 6 10

Cement content in dry mix by weight C 30 40 50

Fig. 1 Results of forecast durability of «Kalmatron» properties depending on conditions and
thickness thereof

By mathematical transformations using design models of the procedure for math-
ematical design of experiments [11, 12], we got diagrams and analytical expressions
of both partial and general dependences of the studied values of factors T, K, A, C
(Table 1), thereby enabling to find values of the forecast durability of “Kalmatron”
coating [13–15] depending on conditions and thickness thereof (Fig. 1).

Proceeding from the experiments the following results are obtained:

1. The use of the technique of mathematical planning of the experiment made it
possible to obtain, with a minimum amount of testing, analytical dependencies
that establish relationships between the studied parameters of the samples and
the parameters (factors) of the tests.

2. The analysis of the obtained dependences enabled to reveal corrosion patterns
of the aggressive hydrochloric acid affecting fine grain concrete protected by
“Kalmatron” coating under variation of (T, K, A, C) factors.

3. The required thickness of the protective “Kalmatron” coating providing the
durability of structures in this aggressive environment for 50 years is considered
to be 1.5–6mmafter processing the results of testing the samples in hydrochloric
acid with the strength of 0.01–0.1 rated consumption (pH = 1–4)



184 A. I. Bedov et al.

In conclusion, we would like to note that actual testing data may be practically
applied at the design stagewhendetermining the calculated thickness of the protective
penetrating waterproof coating under construction or repair of concrete structures
operating in an aggressive environment.
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The Use of Carbon Fiber Tapes as One
of the Ways to Increase the Seismic
Resistance of Gas-Silicate Walls

B. K. Dzhamuev and E. S. Erizhokova

1 Introduction

The use of walls made of gas-silicate blocks in buildings and structures erected in the
regions of Russia that are subject to seismic activity is limited due to the following
reasons:

• masonry made of gas-silicate blocks, as well as brick, is considered as elastic
(up to the set load level) or brittle material (above this level). Structures made
of plastic material easily tolerate some significant overloads. When calculating
such structures, the average intensity of the seismic impact can serve as the main
one. Structures made of brittle materials, including lightweight concrete blocks,
are very sensitive to the peaks of accidental overloads, which can be critical for
these structures. Overload peaks are most dangerous for brittle materials since
their elastic limit is close to the ultimate strength.

• use of, mainly, cement mortar for masonry walls made of gas-silicate blocks does
not allow the requirements of Seismic Building Design Code [1] to the masonry,
in terms of its resistance to seismic effects: value of the normative traction should
be Rtt ≥ 0.18 MPa (for masonry of the I-th category) and 0.18 MPa ≥ Rtt ≥
0.12 MPa (for masonry of the II-th category).

When building walls made of gas-silicate blocks, the issues of increasing the
strength and earthquake resistance of structures are solved by using high-strength
materials, special masonry solutions, which significantly increase the solidity of
masonry and reinforcement. Restoration of structures damaged by earthquakes
is carried out by applying structural reinforcement methods: metal and rein-
forced concrete clips or external reinforcement based on the use of carbon fiber
(fiber-reinforced polymer-FRP).
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At the Center for Earthquake Engineering Research (hereinafter CEER), CSRIBS
named after V. A. Kucherenko under the direction of the Head of the labora-
tory of seismic Resistance of Structures, Ph.D. in Engineering, Associate Professor
GranovskiyArkadiy developed and implemented a comprehensive programof exper-
imental investigations of strength and deformability of load-bearing structures (walls
and columns), made of gas-silicate blocks, ceramic brick, and reinforced concrete,
reinforced with FRP brand MBrace FIB CF («BASF»).

The purpose of the research is to evaluate the effectiveness of using carbon fiber
fabric to increase the strength and rigidity of load-bearing and enclosing structures
made of light concrete of buildings under construction in both conventional and
earthquake-prone regions of the Russian Federation.

The tests were conducted in 2 stages:

• at the first stage, the behavior of walls under various schemes of their reinforce-
ment FRP on the effect of the static load was studied: the wall is skewed in its
plane;

• at the second stage, dynamic tests were carried out on the vibration platform of
walls made of gas-silicate blocks with an opening made in full size. The tests
were carried out on non-reinforced and reinforced FRP samples.

Masonry and reinforcement material. For laying the fragments of the walls of the
prototypes, gas-silicate blocks were used, manufactured according to the YTONG
technology by Xella-Aeroblock-Center CJSC, with a concrete class of B3.5 and
a density of D500. The masonry of the walls was carried out on the adhesive
solution of the brand “YTONG-economy”. FRP canvases of the MBrace FIB CF
230/4900.200g/5.100m brand were used to reinforce the walls.

Fragments of walls without reinforcement were used as reference samples. In
the prototypes of the I-th and III-th series, reinforcement with carbon fiber canvases
was performed from 2 sides, in the samples of the II-th series only from one side.
Figure 1 shows the test circuit of the prototypes. In all series, including reference
one, 3 samples were tested.

2 Static Tests on the Skew

Preliminary tests (according to the scheme inFig. 2) the cubes are glued together on an
adhesive solution “YTONG-economy” tensile (normal grip) and cut (tangential grip)
showed that the magnitude of the normal and tangential block chaining, respectively,
Rtent = 0.2 MPa and Rcut = 1.07 MPa. To Seismic Building Design Code [1] for
masonry walls of the 1-st category of the value of the temporary resistance to tension
needs to be Rvp ≥ 0.18 MPa. That is, the masonry of walls made of gas-silicate
blocks “YTONG-economy” meets the requirements of the Seismic Building Design
Code [1] for masonry walls of the 1-th category.

Table 1 shows the test results of the prototypes. The analysis of the test results of
fragments of masonry walls made of YTONG gas-silicate blocks manufactured by
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Fig. 1 The scheme of the
test prototypes

Fig. 2 Scheme of samples
for testing on the tensile
(normal grip) and cut
(tangential grip)

Table 1 The results of static tests

№ of series Scheme of
reinforcement

Ndest (kN) Limit of masonry
strength on the cut
Rcut (MPa)

Relative strength (%)

Etalon Nonreinforced 174.6 0.67 100

I 3 canvases on both
sides

338.3 1.28 193

II 3 canvases on the one
hand

260.8 0.99 148

III 1 canvas on both sides 206.3 0.79 134
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Xella-Aeroblok-Center CJSC on the “YTONG-economy” brand adhesive solution
reinforced with MBrace (BASF) carbon fiber allows us to note the following:

• the ultimate strength of the masonry when cut along an unbound seam, depending
on the scheme of reinforcement with carbon fiber, is 1.34–1.93 times higher than
the strength of the non-reinforced masonry;

• the adhesion of the carbon fiber to the gas-silicate blocks was ensured until the
masonry was destroyed.

The third column shows the average values based on the test results of the 3
samples. The fourth column shows the value of the strength limit of the masonry
when cutting along the bandaged section, which was determined by the formula:

Rcut = Ndest/(1.4 · a · d) (1)

where

Rcut limit of the strength of masonry on the not-tied masonry joint, MPa;
Ndest the calculated value of the horizontal force, kN;
a half the length of the sample, m;
d thickness of the sample, m.

3 Dynamic Tests

At the second stage of the tests, the behavior of masonry walls made of gas-silicate
blocks (without reinforcement and with carbon fiber reinforcement) under the influ-
ence of dynamic loads simulating seismic impacts with an intensity of 7–9 points,
according to the MSK-64 scale, was studied.

Dynamic tests were performed on pre-compressed samples. The value of the
minimum value, i.e., until the vertical load on the sample is completely removed.

Methods of testing. To excite the vibrations of a fragment of a wall with an opening,
a test bench was used, the excitation of which is carried out using a vibro machine
VID-12 fixed on a pendulum platform (Fig. 3). Due to the inertial force developed
by the vibrating machine, a frequency spectrum of effects on the test bench and a
certain level of the amplitude of the platform vibrations is provided. Based on the test
results, the maximum amplitude of the platform vibrations when using the VID-12
is 150 mm, the frequency range is up to 75 Hz.

Recording and measurement of signals were carried out using a specialized
measuring and computing complex MIC-036 (Fig. 4), designed for collecting,
converting, registering, processing, transmitting, andpresenting information received
from sensors.

This MIC-036 complex additionally includes a laptop with a specialized
package of application programs and peripherals necessary for the automated signal
processing process, as well as for documenting the processing results.
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Fig. 3 Vibration machine
VID-12

Fig. 4 Measuring and
computing complex
MIC-036

Tomeasure accelerations, vibration frequencies, and dynamic displacements, one-
component sensors-accelerometers AT 1105-10 m are used (Fig. 5). The locations
of the accelerometers are shown in Fig. 6.

At accelerations corresponding to 8 points and a compression level of 0.2 × Ndest

the destruction of the reference sample occurred (Fig. 7).
At dynamic impacts corresponding to 9 points, the reinforced fracture pattern is

of a minor nature: the rupture of the carbon fiber fabric and the appearance of cracks
in the horizontal joints of the masonry (Fig. 8).
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Fig. 5 Sensors-accelerometers AT 1105-10 m

Fig. 6 a The location of the accelerometers. b Conditional calculation scheme
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Fig. 7 General view of
non-reinforced prototype
wall after testing

Fig. 8 General view of
carbon-reinforced prototype
wall after testing

4 Conclusions

1. Walls made of YTONGgas-silicate blocks based on “YTONG-economy” brand
adhesive solution meet the requirements of Seismic Building Design Code [1]
formasonry of the 1-th category, and can be recommended for use in earthquake-
prone regions with appropriate design and design justification.

2. Increasing the strength and rigidity of the walls made of YTONG gas-silicate
blocks due to the use of external reinforcement made of MBrace carbon fiber
fabric (BASF) can be recommended both in the design of new structures and in
the process of strengthening them.

3. The analysis of the results of numerous studies of the seismic resistance of
walls made of gas-silicate blocks [2–20], as well as the results of these studies,
allows us to recommend for use in earthquake-prone regions of the Russian
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Federation walls made of gas-silicate blocks produced by Xella-Aeroblock-
Center CJSC, made using YTONG technology on “YTONG-economy” brand
adhesive solution, reinforced with carbon fiber.
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Migrating Corrosion Inhibitor (MCI)
for Concrete Rebar and Its Inhibitory
Efficiency

Sergei N. Leonovich , L. S. Karpushenkava , and S. A. Karpushenkov

1 Introduction

In the repair and construction industry, the use of reinforcement corrosion inhibitors
is becoming significantly important to increase the service life of existing reinforced
concrete structures [1–4]. To date,many studies have shown [1, 5] that the destruction
of reinforced concrete structures occurs due to a change in the composition of the pore
liquid in the structure of old concrete due to the washing out of calcium hydroxide by
water and aqueous solutions containing chlorides and other activators of corrosion
of reinforcement. These processes lead to the intensification of corrosion of steel
reinforcement inside reinforced concrete structures, corrosion products. Corrosion
products of reinforcing steel have a larger volume than non-corrodedmetal. Therefore
due to corrosion in places where metal and concrete come into contact, internal
stresses arise, which lead to cracks and destruction of the concrete structure.

In the modern construction industry, steel reinforcement corrosion inhibitors are
added to the mixing water during the construction phase during the manufacture of
the concrete mix [1, 6–8]. This allows to significantly reduce the rate of corrosion
processes of the metal rebar during the long-term operation of reinforced concrete
structures for various purposes. For concrete structures that have been made of
concrete without the addition of corrosion inhibitors, when repairing them, it is
proposed to use compositions ofmigratory corrosion inhibitors (MCIs) [9–15].When
such solutions are applied to the surface of a cleaned concrete structure, their active
components migrate through the pore space of concrete and are adsorbed on the
reinforcement surface, preventing corrosion processes. Recently, in European coun-
tries, including the Republic of Belarus, there is a tendency to abandon the use of
such traditional compounds like calcium and sodium nitrites as corrosion inhibitors.
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This is primarily due to their toxicity to humans and the environment, as in Germany
and Sweden, such compounds are already banned in the manufacture and repair of
reinforced concrete structures [1, 10, 11].

Amino compounds based on amino alcohols, amines, and amine salts are
substances that can slow down the corrosion of steel reinforcement and migrate
through the pore space of concrete [2, 6, 9, 10]. The treatment of reinforced concrete
with compositions based on such components, according to the studies carried out to
date, can increase the service life of concrete structures by an average of 30–40 years
[2, 9]. Increasing the service life of reinforced concrete products is very beneficial
economically, therefore, the search for new and optimization of existing composi-
tions of migrating corrosion inhibitors of steel reinforcement is an important and
urgent task.

This paper summarizes the results of many years of research on the creation
and optimization of compositions of migrating corrosion inhibitors (MCIs) of rein-
forcement in concrete and the application of accelerated electrochemical methods
for assessing the effectiveness of such compositions, carried out at the Faculty of
Chemistry of BSU and at the Faculty of Civil Engineering of BNTU.

2 Experimental

2.1 Preparation of Inhibitor Solutions and Components

Corrosion inhibitor compositions were prepared by sequentially dissolving
amino compounds, salts, and surfactants in water. When preparing solutions
of inhibitors, the total concentration of all components in water was 30 wt%.
For the produce of inhibitor compositions, we used the following compo-
nents: monoethanolamine (MEA, Sigma-Aldrich, NH2CH2CH2OH, ≥98.0%),
diethanolamine (DEA, Sigma-Aldrich, HN(CH2CH2OH)2, ≥98.0%), dimethy-
laminoethanol (DMAE, Sigma-Aldrich, (CH3)2NCH2CH2OH, ≥99.5%), cyclo-
hexylamine (Sigma-Aldrich, C6H11NH2, 99.0%), sodium benzoate, potassium dihy-
drogen phosphate, a commercial wetting agent “Euroxide CDM” (YDS Chemicals,
Cocamine Oxide, Activity ~30%), and distilled water.

2.2 Samples Production

Smooth and corrugated rods with a diameter of 6 and 10 mm made of carbon steel
St3 (analog steel Q235 with a composition in mass%: 0.14–0.22 C, 0.15–0.3 Si,
0.4–0.65 Mn, up to 0.3 Ni, up to 0.3 Cr, up to 0.3 Cu, up to 0.05 S, up to 0.04 P,
up to 0.08 As, up to 0.008 N and Fe balance) were used to study corrosion. The
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metal samples were ground silicon carbide abrasive paper, rinsed in distilled water
and ethanol, and dried in warm air.

All mortars used for casting samples were manufactured with ordinary Portland
cement with water/cement/standard sand (STB 1168-99—Republic of Belarus) at a
mass proportion of 0.5/1/3. The fresh mortar specimens were cured at 95% relative
humidity (RH) for 28 days at 20 ± 2 °C.

2.3 Corrosion and Migration Research

Visual observation. For visual observation and determination ofmigrating composi-
tions action efficiency for corrosion of reinforcing steel, 3% sodium chloride solution
was used with the addition of 2% inhibitor composition.

Gravimetric research corrosionmethod. The quantitative assessment of the protec-
tive ability (Z) was determined by the gravimetric method in 3% sodium chloride
solution without and with the addition of 2% inhibitor composition, according to
GOST 9.506-87 for 10 days.

Electrochemical corrosion research method. The inhibitory effect of the devel-
oped compositions was assessed by analyzing the electrochemical data obtained by
stationary anodic polarization measurements on reinforcing steel rods. Polarization
curves were recorded using PI-50-1.1 potentiostat (Russia) in sodium chloride solu-
tions at 20 ± 2 °C. The potential sweep rate was 30 mV/min in the range from −
1.5 to +1.5 V. In the study of the inhibiting effect of the inhibitor composition, the
electrochemical method was used in two versions: in a 3% sodium chloride solution
with the addition of an inhibitor composition and immersion of reinforcing steel into
it, and when soaking concrete specimens containing rebar rod (after surface applied
inhibitor composition of samples and aged for 14 days) in a 3% sodium chloride
solution.

Migration research. An artificial (simulated) concrete pore solution (concrete
extract solution) with the addition of 0.2% sodium chloride was used as a medium
in the study of the migratory ability of the inhibitor composition. The solution itself
is an aqueous extract isolated from the mass of a sand-cement mixture with water
(sand/cement ratio = 3/1, water/cement = 0.5, pH = 12.5), prepared in accordance
with the method [16].
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3 Results and Discussion

3.1 Preparation Corrosion Inhibitor Compositions

Studies [6, 10, 17–19] carried out by us earlier showed that monoethanolamine
(MEA), diethanolamine (DEA), dimethylaminoethanol (DMAE), and cyclohexy-
lamine (CHA) can be used as the main inhibiting components for concrete impreg-
nation. These compounds do not react with the components of the cement stone,
but at the same time, they dissolve in concrete pore solution, which promotes their
migration to the steel reinforcement and adsorption on its surface with the formation
of a passive layer. It was also found that the effectiveness of the inhibitor composition
and its consumer properties can be improved by using additives of various natures
to solutions of amino compounds. Thus, the use of sodium benzoate, which also
exhibits inhibitory properties with respect to rebar, allows minimizing the pungent
unpleasant odor characteristic of all amino compounds. The addition of a surfac-
tant makes it possible to achieve better wettability of the surface of the concrete
structure and its internal pores, which contributes to faster penetration of inhibitors
through the concrete pore space. The addition of potassium dihydrogen phosphate
to the solution of the amino compound leads to a chemical reaction of this additive
with calcium hydroxide present in the concrete pore solution. During the reaction,
insoluble calcium phosphate is formed and clogs the pores, creating an additional
barrier for the migration of corrosion activators through the concrete pore space.

Traditionally [20], inhibitor aqueous solutions contain about 30%of active compo-
nents. During the development and optimization of the corrosion inhibitor composi-
tions, as well as in the study of the action of both individual inhibiting components
and complex mixtures, the total concentration of all components was 30 mass %. It
allows the most optimal comparison of the inhibitory effect of the formulations with
each other, as well as with the already known formulations produced by Sika AG
(Switzerland) or Cortec (USA).

3.2 Optimization Corrosion Inhibitor Composition MCI

At the first stage of the work, the analysis of the inhibitory action of the components
and their mixtures on the corrosion of reinforcing steel was assessed visually and
electrochemically [18] in a 3% sodium chloride solution. Based on the data of our
earlier studies [6, 10, 17–19], from a variety of amino compounds, we have iden-
tified the most promising ones in terms of inhibitory action and availability: MEA,
DEA, DMAE, and CHA. In the same way, additional components of the composi-
tions were selected: sodium benzoate and potassium dihydrogen phosphate. When
interpreting the experimental results, not only the effect of additives on the inhibi-
tion of reinforcement corrosion was taken into account, but also the stability of the



Migrating Corrosion Inhibitor (MCI) for Concrete Rebar … 199

final composition (during their storage, the formation of turbid solutions or precipi-
tation was not observed, which leads to an undesirable change in the concentration
of solutions) was considered.

The effectiveness of a wetting additive (surfactant) was assessed by the rate of
absorption of two drops into the volume of a concrete sample (one drop of a compo-
sition without a wetting agent, and the second drop—a composition containing a
wetting agent). Some surfactants, despite good wettability indicators, turned out to
be unsuitable, since they violate the stability of the inhibitor composition itself (the
appearance of turbidity, foaming, etc.). The most optimal wetting additive was the
Euroxide CDM surfactant, the addition of which to the inhibitor composition in an
amount of 0.5% increased the rate of droplet absorption (wetting) by 9–10 times
compared to ordinary water [17].

The accelerated tests carried out by us [17, 20] of preliminary compositions
with various ratios and combinations of components made it possible to determine
the optimal inhibiting composition (MCI), containing (wt%): DEA—13, CHA—2,
sodium benzoate—7.5, potassium dihydrogen phosphate—7.5, surfactant Euroxide
CDM—0.5 and water balance. The protective ability (Z) of the optimal inhibitor
composition, determined in accordance with GOST 9.506-87 (Russia) in 3% sodium
chloride solution for 10 days, was 97%. The appearance of a rebar with an inhibitor
did not change (Fig. 1).

Fig. 1 Photo of rebar samples in a 3% sodium chloride solution without (a) and with the addition
of 2% MCI composition (b). Time of testing 10 days
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3.3 Migration Research

The migrating ability of the components of the inhibitor composition through the
pore structure of concrete was determined using a three-section electrochemical cell
(Fig. 2), manufactured in accordance with the procedure presented in [21]. The
medium in the electrochemical cell was an artificial concrete pore solution (concrete
extract solution) with the addition of 0.2% sodium chloride.

An inhibiting composition was added to the left (Fig. 2a, section 1) part of the cell
in an amount of 4%of the solution volume (120ml), and electrodes (Fig. 2a, section 3)
for electrochemical measurements were immersed in the right section (working-Fe
(rebar), platinum—Pt, and reference electrode-saturated silver chloride Ag/KCl).
Electrodes connected to the potentiostat to registered the change in the value of the
flowing current depending on the applied voltage. The area of the working electrode
(rebar) was 3 cm2, and the area of the concrete plate (Fig. 2a, section 2), which was
in contact with the solution on both sides, was 20 cm2 (from each side). In the course
of the experiment, the components of the inhibitor composition diffused through the
concrete plate (the thickness of the plate varied from 1 to 3 cm) and inhibited the
corrosion of the rebar (working electrode) in the right vessel of the cell. The holding
time for diffusion of the components of the inhibitor composition was 5 days [18].

The anode curves (Fig. 2b) show that the anode current has decreased by 1.5–2
times. This is due to the significant anodic inhibitory effect of the MCI composition.
Therefore, the inhibiting components of the MCI composition can indeed migrate
through the concrete plate and thereby reach the rebar surface inside the reinforced
concrete construction. For comparison, a similar study was carried out for a commer-
cial analog inhibitor composition “Sika FerroGard 903” (Sika AG, Switzerland). As
seen from Fig. 2b, the anode curves for the compositions MCI and «Sika FerroGard

Fig. 2 The schematic presentation of the three-section cell for migratory research of corrosion
inhibitor compositions (a) and the view of anodic polarization curves (thickness of a concrete plate
1 cm) (b)
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903» practically overlap each other. It confirms the equivalence of the properties
MCI and «Sika Ferrogard 903» in this experiment.

3.4 Electrochemical Corrosion Research

In this experiment, the effectiveness of the MCI composition was determined on
model samples with rebar rods inside the concrete. According to STB 1168-99
(Belarus), cylindrical specimens (with a diameter of 7 cm and a height of 12 cm)
with a rebar rod 1 cm in diameter inside concrete were made (Fig. 3a). The ends
of the rebar rod were insulated with chemically resistant varnish. The area of the
uncoated rebar surface inside the concrete sample was 30 cm2. After drying and
hardening for 28 days, the surface of the concrete samples was cleaned before the
appearance of the concrete pores. After cleaning the surface, certain samples were
treated with inhibitor compositions (MCI and «Sika FerroGard 903»). Then samples
were kept for 14 days so that the components of the inhibitor compositions reached
the rebar surface inside the concrete sample. On the second day after treatment, the
concrete samples were moistened with water. After the end of the saturation period,
untreated concrete samples and treated with inhibitor compositions concrete samples
were placed in 3% sodium chloride solution for 24 h for saturation, and then anodic
polarization curves were registered (Fig. 3b) [18].

Figure 3b shows that after treatment of the samples with inhibitor compositions
(MCI and “Sika FerroGard 903”), reinforcement corrosion slows down (shift of
the anodic current curves towards the region of positive potentials). The anodic
current density much decreases, both for the MCI composition and for the analog
composition “Sika FerroGard 903”. From the experimental data, it can be concluded

Fig. 3 The schematic presentation of the electrochemical cell (a) for study the inhibiting ability of
inhibitor compositions (a) and the view of anodic polarization curves (b)
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that the inhibitor’s compositions within 14 days migrated through a dense concrete
layer about 3 cm thick and passivated the rebar surface.

4 Conclusions

Overall, the authors considered the possibility to obtain and optimize the composition
containing migratory corrosion inhibitors for the treatment of reinforced concrete
products and structures. The effectiveness of the composition was evaluated using
accelerated electrochemical methods for studying the corrosion of reinforcement and
the migration of inhibiting components through the structure of hardened concrete.
It is shown that after the treatment of concrete structures with the developed MCI
composition, the corrosion of reinforcing steel is suppressed even in the corrosive
environment of sodium chloride. The effectiveness of the developed composition is
additionally confirmed by comparative tests with the already known composition-
analog of «Sika FerroGard 903».
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Energy Efficiency and Sustainability
of High-Rise Buildings and Structures

Lydia Ivanovna Malyanova and Maria Alekseevna Sergeeva

1 Introduction

The relevance of this topic lies in the fact that construction is one of the main areas
of human production activity. As a result of construction production, a completed
construction product is created—a building or construction of a specific functional
purpose, which is necessary for the functioning of society.

The interest in the construction of high-rise buildings stems primarily from
economic considerations. From the investor’s point of view, increasing the number of
square meters on the foundation is beneficial, and therefore, the construction of high-
rise buildings is advantageous. But it should be noted that the higher the building,
the more expensive it is to operate.

2 Ways of Reducing

The construction of energy-efficient high-rise buildings is a way to reduce operating
costs. Energy-efficient buildings are those that have been designed with a set of
architectural and engineering measures that significantly reduce heating costs for
these buildings compared to model buildings with the simultaneous improvement of
the comfort of the microclimate in the premises [1].
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Each high-rise building is unique and cannot be built at the usual pace. The existing
buildings have been under construction for a long period of time, and a large number
of highly qualified specialists of different profiles have participated in their design.
High-rise buildings are all themore in need of careful design. For example, the design
and construction of the tallest building in Europe Commerzbank Tower, Frankfurt
am Main, Germany, lasted eight years [2].

In the design of high-rise buildings, there is also the problem of material selection
of the building structures. In the USA, steel is usually used as the main structural
material, while in Europe, reinforced concrete is used. According to academicianV. I.
Travusz, Deputy Director of CRDIRPB named after Mezentsev, reinforced concrete
constructions have three important advantages over the others: greater stability due to
their high weight, oscillations shall be more rapidly attenuated in reinforced concrete
constructions, reinforced concrete constructions of more fire-resistant [3].

The strength, stability, and spatial rigidity of high-rise buildings are ensured by
the combined operation of horizontal (floor) and vertical (wall and frame) structures.
Vertical and horizontal loads on the building are transferred through the floors to the
vertical supporting structures and from them to the ground. The intensity, direction,
and nature of the transfer of loads depend on the geometry of the vertical elements
and their position in the plan.

Since horizontal loads, such as wind and seismic loads, are crucial in the design
of high-rise buildings, vertical load-bearing structures must be sufficiently rigid to
avoid undesirable deformations of the building. In order to increase rigidity in the
longitudinal and transverse directions of the building, a system of horizontal commu-
nication is arranged. Horizontal loads through the overlaps are transmitted to vertical
coupling structures. Horizontal loads are transmitted bymeans of joints, which move
the forces perceptibly and are arranged between the vertical load-bearing structures
and the overlaps.

The choice of vertical load-bearing structures, their combinations, and braces is
the selection of the structural system of a building, the rigidity of which is determined
by stiffness analysis and depends on many factors. The most important factor for the
stability of a high-rise building is its resistance to wind loads that increase with
height.

As an example, consider three unique high-rise buildings: Pearl River, Torre
Major, and Taipei 101.

The Pearl River Tower is far from remarkable in terms of height. The original
goal of the engineering team was to create a building with excess power generation
that would supply itself with power and even sell this excess power to the local grid.
The building was built with super-strong bolts and nuts. They are much better able
to withstand seismic loads.

Wave-shaped facade is not just original design but also constructive necessity [4].
At technical levels, giant wind turbines have been installed vertically in special

channels. This arrangement of windmills is more efficient. The engineers calculated
that autonomous windmills would provide 15 times less energy than those installed
in the building.
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The strongest winds are blowing at a hundred meters high. Wind speeds will
increase 2.5 times due to the structural features of the building. The facade of the
skyscraper in the shape of a giant vertical wave is smoothly rounded in front of each
canal with windmills. The air flows in the resulting giant slit will be directed with
greater force, increasing the rotation of the huge turbine blades and potentiating the
generation of megawatts of energy. Another positive feature of skyscraper holes is
the reduction of the wind pressure on the building that all skyscrapers inevitably
experience. The location of the building was also chosen by accident, and the facade
of the house is oriented toward the winds blowing from the south of China.

The TorreMayor (literally «Major Tower») is the tallest tower in 2003–2010 Latin
American building. The TorreMayor is of particular interest because the project uses
a new approach to seismic absorption not previously used in high-rise construction
[5]. The base of the tower is a square with an area of 80 m at the underground levels,
and at the height of the 4th to 10th floors, it passes into a rectangle of 80 × 65 m.
Above this level, the size of the building is reduced up to 48 × 36 m. Interfloor
ceilings are a conjugation of a rectangle and a segment, which forms the convexity
of the southern facade.

The main supporting structures of the building are mostly steel. The columns of
the tower (up to the 35th floor in the core and up to the 30th of the perimeter) are
taken into the reinforced concrete clip to give the frame more rigidity and bearing
capacity, and also for the purpose of steel saving.

The foundation is a combined system of separate caissons and a solid slab. The
constructors have built up a strength reserve to withstand the impact of the most
powerful earthquake.

The shifting stability system of this project has been developed on the basis of
a number of studies of alternative concepts of structural support. The effect, in this
case, is achieved by the use of an ordinary «double» (sensitive to deviations) stability
system under horizontal action in combination with an additional damping system
(sensitive to the speed of oscillations) [6]. The result is a «triple» system, able to
receive seismic energy of earthquake without damage to the structure. Such a system
consists of the main superfarms along the perimeter of the tower, connected to the
perimeter structure, which perceives moments, and connected with the «pipe» in
the core of the building. The bonds and composite columns of the nucleus attached
by them form the main «spin ridge» of the building. The perimeter farms and the
powerful superdiagonal system create a highly efficient tubular structure connected
to the «spin ridge» and together with it counteracting seismic loads. The system is
reinforced by a number of auxiliary viscous dampers which are oriented along north–
south and east–west lines. This structural system includes auxiliary damping devices
which, with high efficiency, eliminate seismic loads on both carrier and non-load
elements (i.e., architectural and engineering). Additional damping of oscillations
reduces the overall and local (interstorey) rocking of the tower.

The Torre Mayor was successfully tested of strength during the 7.6 magnitude
earthquake in January 2003 without even having to evacuate the building.

The Taipei 101 is one of the most famous skyscrapers in the world, impressive
not only for its grandeur, but also original, unlike any other architectural solution
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[7]. This magnificent high-rise building is located in the unrecognized capital of the
Republic of China, Taipei, and is named for its location and number of floors. The
skyscraper is built in the heart of the typhoons and hurricanes that originate in the
South China Sea, and the Taiwan region itself is located in an area where an active
tectonic fracture is taking place. Earthquakes often occur here. Even the very fact of
large-scale construction at this site has become a real challenge to nature.

The engineers’ task was to design a skyscraper that was not very rigid at the
same time to withstand strong winds and at the same time strong enough to prevent
sideways displacement (lateral displacement). Low rigidity prevents damage to the
structure at strong bending moments, while maintaining the high level of comfort of
the tower’s staff and visitors, as well as impermissible deformations, causing extra
load on the glazing panel and non-load-bearing internal partition. To balance these
opposing properties, the designers used 101 masses of technological innovations in
the Taipei 101, ranging from an outer frame to a giant hanging ball called a damper,
which does not allow the building to swing too much under hurricane winds [6]. The
heart of the building is called a huge 700-ton ball, which corresponds to the weight
of about two «Boeings». The huge pendulum is suspended on 16 steel cables. Under
normal conditions, the oscillation amplitude of the ball is about 10 cm [8].

Stability was tested in 2002 when a 6.8 magnitude earthquake struck Taipei 101
on March 31. The survey showed that no damage was caused to the tower by the
earthquake and construction resumed.

3 Conclusion

In conclusion, the population of the Earth is growing steadily, and so will the need
for high-rise, high-performance, and sustainable buildings. The quality of the design
of high-rise buildings is constantly increasing. Not only are building materials being
improved, but also structural, technical, and engineering solutions are being devel-
oped. In the future, high-rise buildings will be even more striking and extraordinary
on the outside and inside. All thanks to new architectural ideas and technological
advances.
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Energy Survey of the Cogeneration Plant

A. S. Mozgova and T. V. Shchennikova

1 Introduction

The designed installed electrical capacity of the power plant (power unit) is 8MW, the
thermal capacity is at least 8MW. The electric power is generatedwith eight gas-fired
generating sets (GPUs). The main technical characteristics of the gas reciprocating
engines are shown in Table 1.

The fuel used is natural gas.
Thermal power is generated by four power generating units through recuperation

of heat coming from the high-temperature cooling circuit of the hot-gas reciprocating
engine and the exhaust heat, for which each GPU is equipped with plate-type heat-
exchangers and a waste-heat boiler [1–12].

The main technical characteristics of the heat recovery system equipment are
shown in Table 2.

Thewaste-heat recovery system of the power generating unit includes two circuits
from each of the four GPUs and grid water pipelines.

The first circuit of the waste-heat recovery system is the high-temperature cooling
loop for the generator gas reciprocating engine. In the first circuit, heat extraction
from the engine cooling jacket takes place. The second circuit of the GPU heat
recovery system is formedwith the engine exhaust gas recoveryboiler, heat exchanger
(heated side), grid plate-type heat-exchangers, piping system, and shut-off valves.

A. S. Mozgova (B) · T. V. Shchennikova
Chuvash State University, 15, Moskovskiy pr., Cheboksary, Chuvash Republic 428015, Russia

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022
N. I. Vatin et al. (eds)., Advances in Construction and Development, Lecture Notes
in Civil Engineering 197, https://doi.org/10.1007/978-981-16-6593-6_23

211

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-6593-6_23&domain=pdf
http://orcid.org/0000-0001-9761-4655
http://orcid.org/0000-0003-2771-310X
https://doi.org/10.1007/978-981-16-6593-6_23


212 A. S. Mozgova and T. V. Shchennikova

Table 1 Main technical characteristics of gas reciprocating engines

Name Nominal power (kW) Motor Frequency
revolutions
(RPM)

Generator
voltage

Gas-fired
generating set
(GPU)

1750 Cummins
QSV91G

1500 6.3 kV, 50 Hz

Table 2 Main technical characteristics of the heat recovery system equipment

Name Specifications Number (pcs) Note

Shell-and-tube heat
recovery boiler

Nominal power
1054 kW

4

GPU plate-type heat
exchanger “Ridan”

696 kW, 109 plates 4 Heat transfer from the first
to the second circuit

Plate-type heat
exchanger in the heat
supply unit “Ridan”

7000 kW, 217 plates 3 Heat transfer from the
second circuit to the grid
water

Pump in the heat
supply unit
GRUNDFOS NB
100-200/192

Q = 301.7 m3/h, N =
40.2 mH2O
N = 45 kW, n =
2970 rpm

2

2 Methods

Thermal power generation in each circuit is defined using a formula, kcal/h [13–22]:

Q = G · ρ · c · (t1 − t2), (1)

whereG—heatingmedium rate,m3/h;ρ—density of the heatingmedium, kg/m3, c—
heat capacity of the heating medium, kcal/(kg °S); t1—heating medium temperature
at the inlet to the heat exchanger or the recovery boiler, °S; t2—heating medium
temperature at the output from the heat exchanger or the recovery boiler, °S.

Thermal power losses at the non-insulated pipeline section behind the recovery
boiler to the heat-exchangers of the heat supply unit are defined according to Formula
(1), where t1—temperature of the heating medium at the beginning of the pipeline
section, t2—temperature of the heating medium at the end of the pipeline section,
°S.

Thermal power generated with one GPU is defined using a formula, kcal/h:

QGPU = QI I + Qr−b − Qn,
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where QI I—thermal power generated with a GPU for the second circuit, kcal/h;
Qr−b—thermal power generated with a recovery boiler, kcal/h; Qn—thermal power
losses at the non-insulated pipeline section, kcal/h.

3 Results

Two power units were surveyed at 25% load mode: GPU No. 1 and No. 2. The
measurements were taken at the outside temperature of −7 °S. The indicators
obtained through the instrumental survey of the GPU 1–2 recovery system are shown
in Table 3.

Thermal power generated with the heat exchanger of GPU No. 2 for the second
circuit:

QI I = 71 · 1066 · 0.69 · (56.9− 51.7) = 271, 559 kcal/h

Thermal power generated with the recovery boiler:

Qr−b = 71 · 1061 · 0.69 · (66.4− 56.9) = 493, 723 kcal/h

Losses of thermal power at the non-insulated pipeline section:

Qn = 71 · 1058 · 0.69 · (66.4− 64.5) = 94, 335 kcal/h

Thermal power generated with GPU 2:

QGPUNo.2 = 271, 559+ 493, 723− 94, 335 = 670, 946 kcal/h, or 7, 802 kWh

At the time of the survey, thermal power was generated with GPU No.1, No.2,
No.3 and No.4. The thermal power production at all the GPUs is about the same and
equals in aggregate:

∑
Q = (QGPUNo.1 + QGPUNo.2) · 2 = (648, 546+ 670, 946) · 2

= 2, 638, 984 kcal/h, or 30, 686 kWh

The thermal power consumption to cover in-house needs of the power plant is:

Qc = 23 · 1068 · 0.69 · (51.8− 51.0) = 13, 560 kcal/h

The delivery of thermal energy for heating the consumers is:

Q =
∑

Q − Qc = 2, 638, 984− 13, 560 = 2, 625, 424 kcal/h
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Table 3 The indicators obtained through the instrumental survey of the GPU 1–2 recovery system

Name Indicators
GPU No. 1

Indicators
GPU No. 2

Gas consumption (STCm3/h) 201.2 205.9

Electric power generation (kW h) 518.2 536.4

First circuit

Coolant flow through the power generating unit (m3/h) 39.4 39.4

Coolant temperature at the inlet to the power generator heat
exchanger (°C)

65.6 65.4

Coolant temperature at the outlet from the power generator heat
exchanger (°C)

57.3 57.4

Second circuit

Coolant flow through the power generator heat exchanger (m3/h) 68.0 71.0

Coolant temperature at the inlet to the power generator heat
exchanger (°C)

51.7 51.7

Coolant temperature at the outlet from the power generator heat
exchanger (°C)

57.3 56.9

Recovery boiler

Coolant temperature at the inlet to the recovery boiler (°C) 57.3 56.9

Coolant temperature at the outlet from the recovery boiler (°C) 66.7 66.4

Coolant temperature at the end of the non-insulated section (°C) 64.7 64.5

Temperature and composition of the exhaust gases behind the
power generator

– exhaust gas temperature (°C) 544 546

– carbon dioxide SO2 (%) 6.5 7.1

– oxygen O2 (%) 9.2 8.6

– carbon monoxide SO (ppm) 847 843

– nitrogen oxide NOx (ppm) 163 1134

– excess air ratio α 1.70 1.61

Temperature of exhaust gases behind the recovery boiler (°C) 84 86

Heat supply unit

(continued)

The thermal power generation and delivery for heating the consumers in the heat
supply unit fromHeat exchangers No. 2 andNo. 3 is determined through the formula:

Q = QNo.2 + QNo.3 kcal/h

Q = 271, 000 · 1 · (49.1− 44.4) + 263, 000 · 1 · (49.4− 44.4)

= 2, 588, 700 kcal/h, or 2.59Gcal/h.

Imbalance of the heat delivery for heating the consumers is:



Energy Survey of the Cogeneration Plant 215

Table 3 (continued)

Name Indicators
GPU No. 1

Indicators
GPU No. 2

Total flow of the cooling liquid (tosol) into the common secondary
manifold at all the GPUs (m3/h)

300 300

Temperature of the cooling liquid (tosol) at the inlet to the common
secondary manifold (°C)

64.6 64.6

Temperature of the cooling liquid (tosol) at the outlet from the
common secondary manifold (°C)

51.9 51.9

Total flow of the coolant (water) into the common manifold of the
consumers’ network loop (m3/h)

534 534

Coolant (water) flow through Heat exchanger No. 2 (m3/h) 271 271

Coolant (water) temperature at the inlet to Heat exchanger No. 2
(°C)

44.4 44.4

Coolant (water) temperature at the outlet from Heat exchanger No.
2 (°C)

49.1 49.1

Temperature of the cooling liquid (tosol) at the inlet to Heat
exchanger No. 2 (°C)

64.6 64.6

Temperature of the cooling liquid (tosol) at the outlet from Heat
exchanger No. 2 (°C)

51.9 51.9

Coolant (water) flow through Heat exchanger No. 3 (m3/h) 263 263

Coolant (water) temperature at the inlet to Heat exchanger No. 3
(°C)

44.4 44.4

Coolant (water) temperature at the outlet from Heat exchanger No.
3 (°C)

49.4 49.4

Temperature of the cooling liquid (tosol) at the inlet to Heat
exchanger No. 3 (°C)

64.6 64.6

Temperature of the cooling liquid (tosol) at the outlet from Heat
exchanger No. 3 (°C)

51.9 51.9

Consumption of the cooling liquid (tosol) to cover in-house needs
(m3/h)

23 23

Temperature of the cooling liquid (tosol) to heat the utilities (°C) 51.8 51.8

Temperature of the cooling liquid (tosol) from heating the utilities
(°C)

51.0 51.0

2, 625, 424− 2, 588, 700 = 36, 724 kcal/h, or 1.4%

The delivery of thermal energy for heating the consumers according to static
instruments is 2.36 Gcal/h, the resulting value of the instrumental survey is
2.59 Gcal/h.
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4 Discussion

The specific fuel consumption for electric power generation byGPUNo. 1 (excluding
thermal power generation) is:

bs = B

QGPUNo.1
= 201.2

518.2
= 0.388 STCm3/kW

where B—natural gas flow, STCm3/h; QGPUNo.1—electric power generation, kW h.
With the power plant running in a combined mode (both electric and thermal

power generation), the specific fuel consumption for the electric and thermal power
in GPU 1 is equal to:

bs = B∑
QGPUNo.1

= 201.2

518.2+ 754.1
= 0.158 STCm3/kW

where
∑

QGPUNo.1—generation of electric and thermal power, kW h,

• 518.2 kW h—electric power generated with GPU No. 1,
• 518.2 kW h—thermal power generated with GPU No. 1.

The aggregate electric and thermal power generated with GPU No. 1 amounts
to 518.2 + 754.1 = 1272.3 kW h. In percentage correlation, the generated electric
power made up 40.7%; the generated thermal power—59.3%.

The specific fuel consumption for electric power generation by GPU No. 2
(excluding thermal power generation) is:

bs = B

QGPUNo.2
= 205.9

536.4
= 0.384 STCm3/kW

where QGPUNo.2—generation of electric power, kW h,
With the power plant running in a combined mode (both electric and thermal

power generation), the specific fuel consumption for the electric and thermal power
in GPU 2 is equal to:

bs = B∑
QGPUNo.2

= 205.9

536.4+ 780.2
= 0.156 STCm3/kW

where
∑

QGPUNo.2—generation of electric and thermal power, kW h,

• 536.4 kW h—electric power generated with GPU No. 2,
• 780.2 kW h—thermal power generated with GPU No. 2.
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5 Conclusions

With the power plants running in combined mode (both electric and thermal
power generation), the specific fuel consumption for the electric and thermal power
generation in GPU 1, 2, 3 and 4 is equal to:

bs =
∑

B∑
QGPU

= 814.2

(538.1+ 536.4+ 518.2+ 536.4) + 3068.6
= 0.157 STCm3/kW

where
∑

B—natural gas consumed with GPU 1, 2, 3 and 4, STCm3/h (predicted
(201.2 + 205.9) × 2 = 814.2);

∑
QGPU—electric and thermal power generation in

GPU 1, 2, 3 and 4, kW h,

• 538.1; 536.4; 518.2; 536.4 kWh—electric power yield,
• 306.6 kW h—thermal power yield.
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Analysis of Correlation of Monitoring
Parameters of a Multi-storey Building
for Determining Its Deformed State

Alexey N. Plotnikov , Sergey Andreevich Levin,
Irina Sergeevna Gorbunova, Anastasia Georgievna Nikolaeva ,
and Nadezhda Nikolaevna Arinina

1 Introduction

The technical condition of multi-storey buildings, especially high-rise buildings, is
largely determined by its deformations caused by the acting load of vertical and
horizontal, uneven basement settlements and other factors. To ensure safety and
reliability, it is necessary to carry out a continuous assessment of the state of structures
throughout the entire service life [1–3].

The parameters of structural systems of reinforced concrete high-rise buildings,
such as the ratio of the stiffness of interfloor floors and vertical elements, cores
of stiffness and columns, the rigidity of the joints between these elements, differ
from the design ones due to technological imperfections, the level of stresses in the
elements, the development of shrinkage and force cracks [4].

The automaticmonitoring systemmakes it possible at any time to receive informa-
tion about the technical condition of structures and the building as awhole. As a result
of scientific support of the object, a passport for monitoring the state of supporting
structures is being developed, which includes a computer model of the object that is
adequate to the current state of supporting structures, matrices of boundary values of
integral characteristics corresponding to a violation of normal operation and a pre-
emergency change in the state of supporting structures [5]. The data of themonitoring
passport are used to form a matrix of settings for the SMIK software package.

The main information during monitoring can be obtained from the readings of the
angles of rotation of the critical points recorded with the help of inclinometers. It is
necessary to determine the location and number of critical monitoring points based
on the analysis of the design model of the building.
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As a result of the ratio of the measured angles of rotation, it is necessary to
draw a conclusion about the causes of excess deviations, which can be caused both
by damage to the junction points of vertical structures with floors, and by loss of
stability (bending during eccentric compression of reinforced concrete elements), as
well as by turning the foundation.

2 Material and Research Methods

One of the challenges in designing a monitoring system is to reduce the number of
sensors. It is impractical to supply each element of the building’s structural frame
with the entire list of sensors not only because of the increase in the cost of the
system, but also because of the information redundancy of the received data stream.
The readings of most of the sensors will either duplicate each other, or have a strong
cross-correlation due to the spatial connectivity of the elements of the structural
frame of the building, in which a change in the geometry or spatial position of one
element will inevitably affect the state of others.

Strong correlation connectivity of the elements of a reinforced concrete building
in a working condition within each floor and, accordingly, the mutual dependence of
the deformation of the elements, allows you to minimize the number of controlled
elements. To detect the accumulating deformations of the supporting frame, only the
tilt angles of several key frame structures,measuredbyhighly sensitive inclinometers,
can be used as information parameters.

As an additional guideline for assessing the pre-emergency state of a building, we
can consider the tendency in the development of deformation of the frame elements:
the rate (and acceleration) of deformation changes and, accordingly, the predicted
time for deformation to reach boundary values.

Supporting systems, especially multi-storey ones, have the property of genetic
nonlinearity, including in the operation stage. As noted by Kabantsev [6], it is neces-
sary to take into account the history of the closure of structures into the system. A
real building is always different from its idealized design model. The stage of the
initial operation of the building is important for setting monitoring parameters in a
standard state.

Korgina [7] proposes to use a sample survey, spatial-coordinate measure-
ments, finite element analysis of the stress-strain state of structures based on the
measurement results.

An example of a static monitoring system is the system described in the work
of Lazebnik [8]. When monitoring load-bearing structures of high-rise buildings,
measurements of soil pressure, concrete deformation and forces in reinforcement
bars are performed. The need to use this system was caused by the discrepancy
between the calculated and actual values of settlements and rolls.

The concept of correlation is used to control the state of buildings and territo-
ries both in terms of deformation parameters and vibration frequencies, which is
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described, in particular, in the works of Mordret et al. [9], Nakata et al. [10], Xiong
H.-B., Cao J.-X., Zhang F.-L. [2244].

According to Snezhkova and Leonovich [11] structurally, in the automated moni-
toring system, two levels can be distinguished: technical, which includes the actual
data collection systemwith sensor elements (sensors) and the decision-making level,
the core of which is an algorithm for recognizing the approach of an emergency situ-
ation based on the aggregate of actual values of parameters obtained from sensors
deformation of controlled elements. The inclinometer installation system should
provide maximum information content, allowing the most probable changes in the
geometry of the structural frame of the building to be recorded. From this point
of view, the most effective installation sites for inclinometers are bearing columns
in axes along the perimeter of the monolithic frame floor disks. For rectangular
buildings, it is advisable to install inclinometers on corner columns. The paper intro-
duces the need to establish correlations between deformations along the characteristic
points of the building. The fact of deformation of the frame can be registered by the
change in the inclination angles of the controlled columns, and a specific type of
deformation—by the indicators of the correlation links of the inclination angles.

By analyzing correlations, the rigidity of both vertical and horizontal elements of
the system, as well as their connections, can be estimated.

In the presented work, modeling of two types of buildings is carried out: frame
and large-panel. The calculation was carried out in 2 modes of operation of the
structure: the mode of the main operating period, the mode of special conditions of
the operating period (according to 2 options).

The mode of the main operational period is a fully closed system of supporting
structures, the geometric and stiffness parameters of which correspond to the design
solution, i.e., the last stage of the erection mode. The exposure model is determined
by the current regulations.

Themodes of special conditions of the operational period, withinwhich the stress-
strain state (SSS) of the system of supporting structures under the action of special
(emergency) loads is analyzed, correspond to the situation of deviation from the
“normal” operating conditions of the building. In the first case, the values of wind
effects in the design model were significantly increased, in the second case, the
stiffness characteristics of individual structures in the body of the building on the
first floor were changed. Structures for changing the stiffness characteristics were
selected taking into account their maximum load (maximum emerging forces after
calculation in the mode of the main operating period). As a rule, a special case of the
operational period occurs after a certain period of normal operation of the building,
within which the VAT of structures is formed, corresponding to the main operational
period.

To clarify the question of whether there is a relationship between two values X
and Y, it is necessary to determine whether there is a correspondence between large
and small values ofX with the corresponding values of Y, or such a relationship is not
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found. The value of each element Xi and Yi is determined by the magnitude and sign
of the deviation from the arithmetic mean. If two quantities are related, then there
is a correlation between them. The resulting measure of the relationship between X
and Y was estimated by the Pearson correlation coefficient.

rxy =
∑(

dx · dy
)

√(∑
d2
x · d2

y

) (1)

Strong positive correlation is defined by the value r = 1. The term “strict” means
that the values of one variable are uniquely determined by the values of another
variable, and the term “positive” means that as the values of one variable increase,
the values of the other variable also increase. An example of a strong correlation
in the monitoring process is the correspondence between deformations and stresses
with a constant stiffness of amember, or deformation of one element and deformation
of another element (for example, two columns) with a constant stiffness of the entire
supporting system.

Positive correlation corresponds to values of 0 < r < 1. Positive correlation should
be interpreted as follows: if the values of one variable increase, then the values of
the other tend to increase. The closer the correlation coefficient is to 1, the stronger
this tendency, and, conversely, as the correlation coefficient approaches zero, the
tendency weakens.

The absence of correlation is determined by the value r = 0. A zero-correlation
coefficient indicates that the values of the variables are not related to each other in
any way.

Negative correlation corresponds to values of –1 < r < 0. If the values of one vari-
able increase, then the values of the other tend to decrease. The closer the correlation
coefficient is to –1, the stronger this tendency, and, conversely, as the correlation
coefficient approaches zero, the tendency weakens. Strong negative, the correlation
is determined by the value r = –1.

For building type 1—16-storey frame (Fig. 1a), the correlation between the angles
of rotation of the corner columns within the tier was considered. For a building of the
2nd type—a 12-storey large-panel building (Fig. 1b), the deformations of its corner
zones were compared. For frame (Fig. 2) and panel (Fig. 3) buildings, the placement
of sensors was generally taken to be the same: in the center of stiffness and in the
corner zones.

In the presented work, the correlation is determined by the adjacent columns of
the frame building and the corners of the section of the panel building. The increment
of the monitoring parameters simulated by the calculation is set by the difference
between the stage of normal operation of buildings and scenarios of non-standard
operation: a sharp increase inwind load and a decrease in rigidity as a result of damage
to the lower tiers of load-bearing structures. The design models are implemented in
a nonlinear setting for concrete.
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a) b)

Fig. 1 16-storey frame building

3 Results and Problems

Toobtain information on themost significant values—the angles of rotation of critical
monitoring points when using inclinometers, deformation lines of the vertical axes
of buildings were obtained. For a frame building, the data are presented in Figs. 4, 5
and 6. For panel—in Figs. 7, 8 and 9.

For all design situations, the increment of efforts and deformations is analyzed by
stages: 1—normal operation, 2—increased wind load, by 1,7 times, 3—decrease in
the rigidity of the lower tiers (by deflections by 1,4 times). Between these values, the
average is determined, deviations from the average are determined for each scenario
situation. As a result, the Pearson correlation coefficient is determined. An example
of the analysis of ratios by correlation coefficients based on the obtained numerical
data for a frame building is shown in Figs. 10 and 11.

Different situations are observed with the same influences. There is a positive
correlation when the values of both compared variables increase (the deformations
of adjacent columns are directed in the same direction). There is a negative corre-
lation when the values of one variable increase, while the values of the other tend
to decrease. The complex of these local situations as a whole gives a picture of the
deformations of the building as a whole. In the case of the direction of the deforma-
tions of the columns in one direction, there is a general tilt of a part of the building,
in the case of the direction of the deformations of the columns toward each other
(negative correlation), there is an expectation of low stiffness of the floors in this
zone. It is important to obtain such ratios for the height of the building, which will
characterize the curvature of the vertical axis of the columns, its stress state. For a
panel building, an example of analyzing the ratios by correlation coefficients based
on the obtained numerical data is shown in Figs. 12 and 13.
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Fig. 4 Horizontal displacements of the corner columns of the building from wind load along Y and
X (condition of normal operation)

Fig. 5 Horizontal displacements of corner columns of the building from wind load along Y and X
(condition of increased wind load)

A similar method based on the idea of correlating deformation parameters or
displacement amplitudes measured by accelerometers is considered in [12]. In it, the
translational amplitude-frequency modes “north–south”, “east–west” and torsional
were graphically analyzed. Data were acquired in both the time domain and the
frequency domain for each floor with the source at ground level. The wave impulse
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Fig. 6 Horizontal displacements of the corner columns of the building from wind load along Y and
X (the condition for changing the stiffness of the structures of the 1st floor)

Fig. 7 Horizontal displacements of the corner zones of a panel building from wind load along Y
and X (condition of normal operation)
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Fig.8 Horizontal displacements of the corner zones of a panel building from wind load along Y
and X (condition of increased wind load)

Fig. 9 Horizontal displacements of the corner zones of a panel building from wind load along Y
and X (the condition for changing the stiffness of the structures of the 1st floor)
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Fig. 10 Scheme of the ratio of the correlation coefficients of the column tilt angles along the X and
Y coordinate axes on the 8th floor of the frame building under the action of wind load along the Y
axis (a), along the X axis (b)

Fig. 11 Scheme for analyzing the ratio of the correlation coefficients of the column tilt angles
along the X and Y coordinate axes on the 8th floor of a frame building under the action of a wind
load along the Y axis (a), along the X axis (b) using the example of the X coordinate direction

Fig. 12 Scheme of the ratio of the correlation coefficients of the tilt angles of the intersection zones
of the panels along the X and Y coordinate axes on the 9th floor of the panel building under the
action of the wind load along the Y axis (a), along the X axis (b)
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Fig. 13 Scheme for analyzing the ratio of the correlation coefficients for the slope of the corner
zones along the X and Y coordinate axes on the 9th floor of a panel building under the action of a
wind load along the Y axis (a), along the X axis (b) using the example of the X coordinate direction

is clearly observed moving up and down the building at different speeds, depending
on the type of vibration. The analysis uses the relative pulse velocities in different
areas of the building. In this case, a drift of the fundamental mode frequency in one
direction is observed, which indicates a change in the stiffness of the building.

The magnitude of the correlation coefficients, their sign depend on the stiffness
ratio for the sections of the building. Overlapping discs have pliability of seams, this
significantly reduces their rigidity in comparison with a solid monolithic overlap.
This decrease can occur in individual areas [12–19]. A change in the pliability of the
floor disks, which may also be due to cracks in monolithic floors, leads to a change in
their effect on the redistribution of forces between vertical elements. The stiffer the
disk and its interface with vertical elements, the smaller the difference in horizontal
displacements it allows, the less negative correlation between the points of the floor
supports, with absolutely hard disks, all points of vertical structures in the floor level
would have the same horizontal displacements and the correlation would be close
and positive.

4 Conclusion

For various types of buildings, it is necessary to develop schemes for the behavior of
the building in case of violations of normal operation modes, abnormal effects and
the state of the building. Building behavior diagrams should be linked to formalized
deformation correlations, primarily of vertical structures. They are most informative
about the behavior of the building as a whole. For buildings with a frame frame and
panel multi-storey buildings, under extreme impacts, a decrease in the stiffness of
the floors is characteristic, which is expressed by a negative correlation in the angles
of rotation of the column points in the joints with the floors. This data is necessary
for analyzing the situation in the automatic monitoring of buildings.
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Rigidity of Supporting Sections of High
Building Bars and the Possibility of Its
Monitoring by Inclinometers

Alexey N. Plotnikov and Mikhail Yurievich Ivanov

1 Introduction

Every year there is an expansion of construction production, the design solutions of
high-rise buildings are being improved, which ensure safe life. It should be noted
that the overall stability and spatial rigidity of a building depend not only on the
mutual combination and location of structural elements, but also on the strength of
the joints.

Modern high-rise buildings have a large mass, concentrated on a small part of the
base surface,which significantly affects the deformations that occur during operation.

Various structural systems of high-rise buildings have commonmathematical laws
that affect various deformations.

Modern high-rise buildings are complex spatial systems consisting of various
elements and joints, the parameters (stiffness, etc.) of which change during loading.

The ratio of the stiffness parameters of the vertical and horizontal bearing elements
also affects the operation of the building as a whole [1]. In the process of operation,
the state of buildings changes: the operability is limited and reliability decreases.
In this regard, it becomes necessary to monitor the joints of vertical and horizontal
load-bearing structural elements [2–11].

One such controlled parameter is the cross-sectional stiffness. In practice, the
stiffness of the cross-sections of a multi-storey building can be monitored using
inclinometers.
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2 Material and Research Methods

In many experimental studies, it was found that with an increase in the load and
the development of nonlinear processes of the relationship “stress—deformation”,
a redistribution of efforts occurs, which fully corresponds to the general theory of
reinforced concrete [12, 13].

To calculate reinforced concrete structures under the action of any load and
different stages of the stress-strain state (SSS) of the girder of different direc-
tions, continuous functions are required. At present, for the calculation of reinforced
concrete structures, discontinuous functions are used, separately for each stage of
SSS. The set of rules for the calculation of reinforced concrete structures SP 63.13330
proposes for stage II to define the shape of the compressive stress diagram as trian-
gular, for stage III—as rectangular, and the element can be calculated at the same
load using these two options. Diagrams of normal stresses by stages of loading are
shown in Fig. 1.

Calculation of reinforced concrete girders with the formation and development of
cracks (stage II) of stretched zones is reduced to determining the geometric param-
eters of the sections: the height of the compressed zone, the shoulder of a pair of
forces in the section, as well as the proportion of plastic deformations in concrete.
The deformation diagram is shown in Fig. 2.

Many works of authors like A. A. Gvozdev, V. I. Murashev, A. F. Loleit,
S. M. Krylov, V. M. Bondarenko, N. I. Karpenko, A. G. Tamrazyan, E. N. Kodysh
contributed to the development of the theory of calculation of reinforced concrete
by limiting states. Thanks to computer calculation methods, it contributed to the
consideration of nonlinear loads of structures by continuous functions [14].

Traditionally, the shoulder of a pair of forces z is found as the ratio of the static
moment of the reduced area of the compressed zone of concrete relative to the
tensioned reinforcement to the specified reduced area.

Fig. 1 Diagrams of normal stresses in a section of an element by stages of loading
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Fig. 2 Deformation diagram
of concrete

According to the analysis of A. S. Zalesov, E. N. Kodysh L. L. Lemysh, I. K.
Nikitin [15], a change in the relative height of the compressed zone ξ within 10–20%
has an insignificant effect on the curvature of 1/r, since at the same time, the shoulder
of a pair of forces z in the section, deformation of concrete εbm and reinforcement
εsm also changes, while the sum of deformations and curvature change little.

1

r
= εbm + εsm

r
. (1)

Later, when returning to the hypothesis of flat sections in determining the width of
crack opening and curvature of a bent element, based on the calculations of Kodysh
et al. [15] and the normative document SP 63.13330.2018, the shoulder of a pair of
forces began to be expressed as

z = h0 − 1

3
xm . (2)

In the works of P. F. Drozdova,M. I. Dodonov notes that the change in the stiffness
of the floor is usually considered [16, 17]:

s = hl3

12γ Bub
(3)

The amount of change in stiffness Bu at the first stage of the stress-strain state of
the girder structure is considered under the condition Mi < Mcrc, as well as at the
second stage when a crack is formed Mcrc < Mi < Mu.

After the formation of cracks and their growth and an increase in the proportion of
plastic deformations in the concrete of the compressed zone (decrease in themodulus
of deformation), the flexural stiffness of the element is determined by the expression

D = Es,redAsz(h0 − xm) (4)
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Fig. 3 The relationship
between the stress level in
concrete in the compressed
zone and the coefficient of
stress unevenness in tensile
reinforcement (according to
V. I. Murashev)

Es,red = Es/ψs (5)

To implement the joining of solving problems for different stages of stress-strain
state, we take a single center of rotation of the compressed zone of concrete relative
to the center of gravity of the stretched reinforcement. The solution to the problem,
basically, consists in finding the value of the displacement of the center of gravity
of the diagram of the compressed zone when passing between stages of stress-strain
state.

It is assumed that after the formation of cracks, at stage II, in addition to the forces
in the section, the material parameter ψs changes from 0.4 to 1.0—the coefficient of
non-uniformity of stresses along the length of the reinforcing bar between the cracks.

Inelastic deformations of concrete in the compressed zone are taken into account
by the standard values of relative deformations during short-term and long-term
loading of the structure according to SP 63.13330. After the formation of cracks in
accordance with the three-line diagram of the work of compressed concrete, shown
in Fig. 3.

Eb1,red = 0.6Rbn/εb1 (6)

At stage II, on average:

Eb0,red = Rbn/εb0 (7)

At stage III:

Eb2,red = Rbn/εb2 (8)

During the operation of high-rise buildings, various deformations occur, including
a decrease in the bending moment in the supporting sections (decrease in rigidity)
of reinforced concrete girders. Taking into account the formation of cracks and the
development of a plastic hinge, the bending moment in the cross-section of the girder
decreases to 30%.
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3 Results and Problems

In work [18], a bending element was modeled with a reinforcement percentage of
1%, corresponding to structures of mass use at 3 stages of work.

At stage I, the height of the compressed zone and the shoulder of a pair of forces
were determined using the SP 63.13330 method with a section height h = 350 mm
and a width b= 150 mm, the shoulder of a pair of forces at stage I was z= 25.35 cm.

At stage II, after the formation of cracks, the height of the compressed zone
of concrete, depending on the magnitude of deformation according to the concrete
diagram, and, accordingly, the level of load, the magnitude of stress unevenness
along the length of the reinforcing bar (Fig. 1), which also depends on the level of
the load, the shoulder of a pair of forces is determined equal to z = 25.77 cm.

At stage III—destruction of a bent element, for the considered numerical example,
z = 28.6 cm.

The recently proposed method for calculating the ultimate deformations of
concrete and reinforcement involves the use of a piecewise linear stress diagram
of a compressed zone, which approximately describes a real nonlinear diagram.

In this case, taking into account the coefficient of completeness of the stress
diagram

x = RsnAsn

ωRbnb
(9)

The value of the arm of the pair of forces determined at the stage of elastic work
of concrete according to the given geometric characteristics can be corrected with
an increase in the load on the coefficient.

β = 1− 1.13—with a short-term load,
β = 1− 1.17—with prolonged action of the load.
The amount of change in hardness Bu at stage I will be:

Bu = 2.5Es Asz(h0 − xmI ) = 763.67Es As (10)

The amount of change in the hardness Bu at stage III will be:

Bu = 2.5Es Asz(h0 − xmI I I ) = 665.1Es As (11)

The rigidity of the girder structure at stage I will be:

D = E J = 16078125000H/CM2 (12)

The moment of inertia of the cross-section of the girder will be:

J = bh3

12
= 53593.8CM4 (13)
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The rigidity of the girder structure at stage III will be:

D = 63649600000H/CM2 (14)

Taking into account the formation of cracks and the development of a plastic
hinge, there is a decrease in the bending moment in the supporting section of the
girder, which reduces the rigidity of the supporting moment by up to 2.5 times.

The change in the stiffness of the girder connection can be traced using computer
programs such as Lira-CAD, SCAD OFFICE.

Modeling of the work of reinforced concrete with cracks in them has not yet been
implemented. To trace the change in stiffness, it is necessary to enter intermediate
values of the elastic modulus in the support sections of the girder, which corresponds
to a decrease in the reference moment to 30%.

In practice, the rigidity of the cross-sections of the cross-sections of a high-rise
building can be tracked using inclinometers. Inclinometers are installed on columns
through 1/4 of the building height [19, 20], measurements are made at the crossbar-
column intersection. The deflection of the column from the vertical gives an increase
in the deflection angle with a crack, which corresponds to a decrease in the rigidity
of the cross-section of the girder. The total angle of rotation will be the sum of the
parameters:

ϕ = ϕ1 + ϕ2 + 	ϕ (15)

where ϕ1—is the angle of rotation of the extreme column, ϕ2—is the angle of rotation
of the middle column, 	ϕ—is an additional angle of rotation that depends on the
width of the crack opening in the structures.

For modeling the design model, the frame and frame-braced frames of a high-rise
building were adopted. Changes in the support moment and the girder rotation angle
were taken at the crossbar-column intersection nodes, at 6 points located through 1/4
of the building height. Deformations of systems during nonlinear concrete operation
after cracking are shown in Fig. 4. The calculation results are summarized in Tables 1,
2 and 3, diagrams of comparison of the results are presented in Figs. 5, 6, 7 and 8.

In the sections where cracks are formed, a supporting finite element for reducing
the stiffness is introduced, equal to the length of the crossbar bearing on a column
200 mm long. For these design solutions, the value of the elastic modulus in the
support sections of the girder was taken, a value reduced by 1.25 and 2.5 times,
which gives a decrease in the support rigidity during operation.

When the stiffness of the supporting finite element changes by 1.25 times:

• in the nodes of the crossbar connection to the column in the frame frame, the
crossbar rotation angle will increase up to 1.02 times;

• in the nodes of the crossbar connection to the column in the frame-braced frame,
the angle of the crossbar rotation will practically not change, it remains constant.

When changing the supporting finite element by 2.5 times:
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Fig. 4 Frame and frame-tie frames of the building

• in the nodes of the crossbar junction to the extreme column in the frame frame,
the angle of the crossbar rotation will increase up to 1.12 times, at the junctions
of the crossbar to the middle column—it will increase to 1.22 times;

• in the nodes of the crossbar connection to the column in the frame-braced frame,
the angle of the crossbar rotation will practically not change, it remains constant.

Based on the results of the analysis of the results obtained, the angles of rotation
were determined with a decrease in the supporting rigidity of the crossbar.

With a decrease in the supporting finite element by 2.5 times, the difference
in the angle of rotation for the extreme columns was 46 angular sec, for middle
columns—28 angular sec.

For the extreme columns, with a decrease in the supporting finite element by
1.25 times, the difference in the angle of rotation was 8 angular sec, for middle
columns—5 angular sec.
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Table 1 Angles of rotation in the supporting sections of the frame girder

x/H Mark Angle of rotation uY in the cross-section of the girder, rad * 1000

1 2 3 4 5 6

Crossbar support stiffness unchanged

0 0 1.31183 0.310037 0.542432 0.340296 0.558201 0.066282

1/4 24.5 1.67247 0.752719 0.887259 0.11482 0.261187 −0.22968

1/2 52.5 1.81636 0.930448 1.00799 −0.11044 −0.014228 −0.59155

3/4 80.5 1.77686 0.947455 1.44988 −0.29346 −0.224767 −0.88502

1 105 2.52102 1.01407 1.10021 −0.61264 −0.510591 −1.92701

Crossbar support stiffness reduced by 1.25 times

0 0 1.32852 0.283823 0.570767 0.312175 0.581687 0.043111

1/4 24.5 1.70545 0.742742 0.909091 0.091791 0.272822 −0.26462

1/2 52.5 1.85953 0.930889 1.0266 −0.13131 −0.012456 −0.63534

3/4 80.5 1.82563 0.953153 1.01618 −0.31320 −0.228513 −0.93340

1 105 2.56013 1.01646 1.12179 −0.63638 −0.510591 −1.96498

Crossbar support stiffness reduced by 2.5 times

0 0 1.40864 0.161553 0.702691 0.179643 0.691752 −0.06809

1/4 24.5 1.86288 0.696669 1.0122 −0.01722 0.326696 0.114948

1/2 52.5 2.066 0.934783 1.11473 −0.23034 −0.005912 −0.84477

3/4 80.5 2.05937 0.982635 1.09878 −0.40698 −0.248613 −1.16521

1 105 2.74894 1.03211 1.22137 −0.74647 −0.517177 −2.1482

For the extreme columns, with a decrease in the supporting finite element by
2.5 times, the difference in the angle of rotation was 46 angular sec, for middle
columns—28 angular sec.

Changes in the severity of the connection between the girder and the column in
the support part can be traced using inclinometers, determining the displacements of
vertical elements, and also taking into account the width of the crack opening, which
give additional angles of rotation of horizontal structural elements. It is necessary to
take into account the constructive solution of high-rise buildings, which determine
the maximum angles of rotation of the structure, depending on the redistribution of
forces depending on the deformations arising during operation.

4 Conclusion

The change in the stiffness of the cross-sections of the girder can be monitored using
inclinometers located after 1/4 of the building height. Measurements are made at the
crossbar-column intersections at both ends of the crossbar to control the integrity of
the connection and their connection with each other.
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Table 2 Consolidated angle of rotation in the cross-section of the crossbar for the frame-braced
frame

x/H Mark Angle of rotation uY in the cross-section of the girder, rad * 1000

1 2 3 4 5 6

Crossbar support stiffness unchanged

0 0 2.78553 −3.18363 0.105694 0.180775 3.04603 −2.92314

1/4 24.5 1.60516 −4.364 0.85779 0.886496 3.49498 −2.47418

1/2 52.5 0.715219 −5.25395 1.29528 1.32435 3.94529 −2.02388

3/4 80.5 0.241612 −5.72755 1.44988 1.47932 4.26215 −1.70701

1 105 0.113241 −5.85592 1.45224 1.51256 4.37061 −1.59855

Crossbar support stiffness reduced by 1.25 times

0 0 2.78554 −3.18363 0.105722 0.180762 3.04602 −2.92314

1/4 24.5 1.60517 −4.36399 0.857837 0.886474 3.49496 −2.4742

1/2 52.5 0.71524 −5.25392 1.29534 1.32434 3.94525 −2.02392

3/4 80.5 0.24164 5.76109 1.45664 1.48606 4.28869 −1.68048

1 105 0.113271 −5.85589 1.4523 1.51256 4.37056 −1.59861

Crossbar support stiffness reduced by 2.5 times

0 0 2.78555 −3.18361 0.105864 0.180689 3.046 −2.92316

1/4 24.5 1.60523 −4.36394 0.858064 0.886366 3.49485 −2.47432

1/2 52.5 0.71534 −5.25382 1.2956 1.32427 3.94505 −2.02411

3/4 80.5 0.241765 −5.7274 1.45021 1.47925 4.26186 −1.7073

1 105 0.113403 −5.85576 1.45257 1.51255 4.37031 −1.59886

By determining the displacements of vertical elements, as well as measuring the
width of the crack opening, it is possible to trace the change in the support stiffness
of horizontal elements (girders).

Depending on the design solution of a high-rise building, the boundary angles
of rotation of the girder structure are determined, a further increase in the angles of
rotation indicates a decrease in the support rigidity of the girder.

With the help of inclinometers, it becomes possible to trace the development of a
plastic hinge, which reduces the rigidity of the structure in the bearing cross-section
of the girder.

Using inclinometers located 1/4 of the height of the building, it is possible to track
the state of not only vertical elements, but also horizontal ones, which gives a more
“accurate picture” of the state of the building as a whole.
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Table 3 Consolidated angle of rotation in the cross-section of the girder to the frame and frame-
braced frame at elev. 105 m

Frame frame

x/H Mark Angle of rotation uY in the cross-section of the girder, angle sec

1 2 3 4 5 6

Crossbar support stiffness unchanged

1 105 528 209 226 126 105 397

Crossbar support stiffness reduced by 1.25 times

1 105 529 210 231 131 106 405

Crossbar support stiffness reduced by 2.5 times

1 105 567 212 252 154 107 443

Frame-braced frame

x/H Mark Ugol povorota uY v opornom seqenii rigel�, ug. sek

1 2 3 4 5 6

Crossbar support stiffness unchanged

1 105 23 1207 299 312 901 330

Crossbar support stiffness reduced by 1.25 times

1 105 23 1207 299 312 901 330

Crossbar support stiffness reduced by 2.5 times

1 105 23 1207 299 312 901 330

0

0,5

1

1,5

2

2,5

3

Stiffness unchanged Rigidity reduced by 1,25
times

Rigidity reduced by 2,5
times

Rotation angle uY, rad * 1000

1 2 3 4 5 6

Fig. 5 Diagram of the turning angles of the cross-section of the girder frame structure at elev.
105 m
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Fig. 6 Diagram of the turning angles of the cross-section of the girder frame-braced structure at
elev. 105 m

0

100

200

300

400

500

600

1 2 3 4 5 6

Rotation angle uY, angle sec

S ffness unchanged

Rigidity reduced by 1,25
mes

Rigidity reduced by 2,5
mes

Fig. 7 The summary diagram of the turning angles of the cross-section of the girder frame structure
at elev. 105 m
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Fig. 8 The summary diagram of the turning angles of the cross-section of the girder frame-braced
structure at elev.105 m
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The Issues of Reliability of Microclimate
Creation Systems

N. G. Rusinova and N. A. Fedorov

One of the main systems for creating microclimate parameters is the ventilation
system. The air-handling plant delivers air of a certain quality and quantity [1]. The
quality of ventilation systems can be estimated by various groups of criteria [2].With
regard to engineering practice, a list of quality indicators is used, which forms three
main groups of parameters. The first group comprises technical parameters, including
system performance, efficiency of performance, and system resistance. The second
group includes economic indicators and the level of energy efficiency. The third
group is composed of functional parameters, namely the reliability of operation and
characteristics of electrical, explosion, fire safety. The main functional parameter for
an evaluation of the quality of the complex technical systems is their reliability. The
reliability index permits an assessment of the system operation at any time after the
start of its exploitation. The reliability of ventilation systems is a complex property,
which in turn is characterized by such important indicators as the probability of
failure-free operation, durability, maintainability, and persistence.

To calculate the reliability of systems in operation, the main reliability param-
eters are determined: the probability of failure-free operation, the failure rate, the
probability of failure.

Two options are compared in the work. In the first version, a system with air-
conditioning is considered, while in the second version, a ventilation system without
cooling the supply air is.

To determine the reliability of ventilation systems, it is adopted that the system
consists of series-connected elements (subsystems). The probability of failure-free
operation is calculated as the product of the probabilities of individual elements
(subsystems) by the formula (1):

P1−n = P1 × P2 × P2 × P3 . . . Pn (1)
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where

R1−n the probability of failure-free system of n elements;
P1, P2 … Pn the probability of failure-free operation of i-th element.

The probability of failure-free operation of one element is calculated by the
formula (2)

P = exp(−λt) (2)

where

λ the failure rate of i-th element;
t the period of operation, for preliminary calculations 10,000 h are adopted.

The failure rateλ is taken from the reference literature [3]. In the systems, elements
were taken into account according to the interrogatories, which are given by the
customer.

The probability of failure (Q) of individual elements and the system as a whole
is calculated by the formula (3):

Q(i) = 1− P(i) (3)

The working draft (Version 1) for removing generated heat by the equipment of
transformer substation at their load, taking into account the overload capability and
the maximum design ambient temperature, establishes:

• supply and exhaust ventilation system (P1) for Switchgear and control gear room
No. 2 with low-voltage switchgear (cooler block is not provided in the description
of the project document), with a total air flow rate on inflows of 15,270 m3/h, for
the exhaust air of 6100 m3/h (with 100% load redundancy);

• supply and exhaust ventilation system (P2) for room No. 3 of the FC zone, with
a total air flow rate on inflows of 11,880 m3/h, for the exhaust air of 5940 m3/h
(with 100% load redundancy).

• an autonomous precision air conditioner with the remote condenser for room
No. 3, in the amount of 3 units, with the air power of 21,000 m3/h, an apparent
refrigerating capacity of 83.2 kW of each air conditioner.

The supply and exhaust systems (rooms No. 2, No. 3) provide for an excess of
inflow over the exhaust, to create a slight overpressure in the premises, taking into
account the assimilation of excess heat from operating equipment and solar radiation,
to ensure the temperature in the service area of electrical equipment (up to 2 m from
the level floor), not exceeding a temperature of plus 35 °S. An autonomous precision
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air conditioner with the remote condenser for room No. 3 is designed to maintain
the temperature of the air not higher than the maximum permissible temperature
according to the technical specifications for electrical equipment while operating in
heat-stressed electrical rooms.

Version 1. The calculation of the reliability of the ventilation and air-conditioning
system (Tables 1 and 2).

Version 2. The calculation of the reliability of the ventilation system (Tables 3 and
4).

Table 1 The probability of failure-free operation for low-voltage switchgear and control gear room

No. Element name Failure rate λ, 1/h Probability of failure, Q Probability of
failure-free operation, R

Low-voltage switchgear and control gear room

1 Inlet valve 0.0000034 0.03343 0.96657

2 Mechanical filter 0.0000003 0.003 0.997

3 Heater 0.0000007 0.00698 0.99302

4 Ventilator 0.0000024 0.02371 0.97629

5 Electric motor 0.00000524 0.05105 0.94895

6 Compressor 0.00001 0.09516 0.90484

7 Condenser 0.0000001 0.001 0.999

8 Evaporator 0.000015 0.13929 0.86071

9 Flow controller 0.00000355 0.03488 0.96512

110 Ventilator 0.0000024 0.02371 0.97629
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Table 2 The probability of failure-free operation of the system elements for the rooms with FC

No. Element name Failure rate λ, 1/h Probability of failure, Q Probability of
failure-free operation, R

The zone of FC

1 Air valve 0.0000034 0.033428 0.966572

2 Air valve 0.0000034 0.033428 0.966572

3 Air valve 0.0000034 0.033428 0.966572

4 Mechanical filter 0.0000003 0.002996 0.997004

5 Heater 0.0000007 0.006976 0.993024

6 Ventilator 0.0000024 0.023714 0.976286

7 Electric motor 0.00000524 0.051051 0.948949

8 Ventilator 0.0000024 0.023714 0.976286

9 Electric motor 0.00000524 0.051051 0.948949

10 Air valve 0.0000034 0.033428 0.966572

11 Mechanical filter 0.0000003 0.002996 0.997004

12 Condenser 0.0000001 0.001 0.999

13 Compressor 0.00001 0.095163 0.904837

14 Evaporator 0.000015 0.139292 0.860708

15 Flow controller 0.00000355 0.034877 0.965123

16 Ventilator 0.0000024 0.023714 0.976286

Table 3 The probability of failure-free operation of the system elements for low-voltage switchgear
and control gear room

Low-voltage switchgear and control gear room

No. Element name Failure rate λ, 1/q Probability of failure,
Q

Probability of
failure-free operation,
R

495-U-201A

1 Inlet valve 0.0000034 0.03343 0.96657

2 Mechanical filter 0.0000003 0.003 0.997

3 Heater 0.0000007 0.00698 0.99302

4 Ventilator 0.0000024 0.02371 0.97629

5 Electric motor 0.00000524 0.05105 0.94895

495-KX-211A

6 Inlet valve 0.0000034 0.03343 0.96657

7 Ventilator 0.0000024 0.02371 0.97629

8 Electric motor 0.00000524 0.05105 0.94895
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Table 4 The probability of failure-free operation of the system elements for the rooms with a FC

The zone of FC

No. Element name Failure rate λ, 1/q Probability of failure,
Q

Probability of
failure-free operation,
R

495-U-203A, 495-U-204

1 Air valve 0.0000034 0.03343 0.96657

2 Mechanical filter 0.0000003 0.003 0.997

3 Heater 0.0000007 0.00698 0.99302

4 Ventilator 0.0000024 0.02371 0.97629

5 Electric motor 0.00000524 0.05105 0.94895

6 Air valve 0.0000034 0.03343 0.96657

7 Mechanical filter 0.0000003 0.003 0.997

8 Heater 0.0000007 0.00698 0.99302

9 Ventilator 0.0000024 0.02371 0.97629

10 Electric motor 0.00000524 0.05105 0.94895

495-KX-212A

11 Air valve 0.0000034 0.03343 0.96657

12 Ventilator 0.0000024 0.02371 0.97629

13 Electric motor 0.00000524 0.05105 0.94895

Table 5 Indicators of reliability of the systems of versions No. 1 and No. 2

Name of the
attended room

Version 1 Version 2

Probability of
failure-free
operation R1

Probability of
failure Q1

Probability of
failure-free
operation R2

Probability of
failure Q2

Low-voltage
switchgear and
control gear room

0.65 0.35 0.79 0.21

The zone of FC 0.54 0.46 0.70 0.3

The results of calculating the probability of failure-free operation and the prob-
ability of failure for two versions with a series connection of system elements are
summarized in Table 5.
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Conclusion

1. Ventilation of the transformer rooms provides the dissipation of heat they emit
in such quantities that under their load, taking into account the overload capac-
itance and the maximum design ambient temperature, the heating of the trans-
formers does not exceed the permissible maximum. Ventilation of the trans-
former rooms is made in a way that the temperature difference between the air
leaving the room and entering it does not exceed 15 °S.

The PES rules regulate the arrangement of the ventilation system, which
corresponds to the design solution [2, p. 4.2.104].

2. The distribution of the air flow for the assimilation of excess apparent heat
is carried out by the general ventilation system. In this case, air removal is
performed with the upper zone, and the inflow is carried out into the lower
zone, which meets the requirements [4].

3. According to TU [5], the air exchange for equipment is designed for the
maximum allowable temperature plus 40 °C. According to the instructions, the
temperature in the equipment zone is not more than plus 35 °C, the draft stipu-
lated a temperature of 40 °C, which corresponds to the technical specifications
for the operation of equipment [6].

4. The calculation of the excess heat gains for the assimilation in Low-voltage
switchgear and control gear room of 50 kW, in a room with a FC of 120 kW
[5], is made on the basis of not exceeding the permissible temperature inside
the room at the maximum outside temperature plus 30 °C. The calculated air
exchange, presented on sheet 2 of the graphic part of the Project, corresponds
to the calculation method.

5. The designed ventilation system (hereinafter version No. 2) has a lower proba-
bility of failures in comparison with other possible combined systems providing
heat removal from the substation equipment. The reliability of the systems func-
tioning according to the indicator “Probability of failure-free operation” (P) is
higher for the systems of version No. 2. The reliability of the systems func-
tioning in terms of the “Probability of failure” (Q) is lower for the systems of
version No. 2.

At the same time, the design of combined ventilation systems (with an air-
conditioning system) with 100% redundancy requires large areas of support spaces.
A preliminary assessment of the size of the cooling installations for removing heat
from equipment at a given heat release for roomsNo. 2 andNo. 3 (hereinafter version
No. 1, of combined ventilation system), showed insufficient areas of support spaces
No. 1 and No. 4.



The Issues of Reliability of Microclimate Creation Systems 253

References

1. Afanas’eva, D.: Optimizatsiya raboty ventilyatsionnoi ustanovki na baze kinoteatra Sinema 5
[Optimization of ventilation unit through cinema ‘’Sinema 5”]. In: Afanas’eva, D., Markova, E.,
Rusinova, N.G., Shchennikova, T.V. (eds.) Nauchnye tendentsii: voprosy tochnykh i tekhnich-
eskikh nauk [Scientific trends: issues of science and technology]: sbornik nauchnykh trudov po
materialam XIV mezhdunarodnoi nauchnoi konferentsii [Proceedings of the 14th International
Scientific Conference], pp. 27–32. Saint Petersburg, February 12 (2018)

2. Ushakov, I.A.: Kurs teorii nadezhnosti system [The Course on the System Reliability Theory].
Drofa Publ., Moscow, 239 p (2008)

3. Polushkin, V.I., Anisimov, S.M., Vasil’ev, V.F., Deryugin, V.V.: Ventilyatsiya: ucheb. posobie
dlya stud. vyssh. ucheb. zavedenii [Ventilation: A Reference Book for University Students], 416
p. Izdatel’skii tsentr “AkademiYA” Publ., Moscow (2008)

4. Kolpachkov, V.I., Yashchura, A.I.: Proizvodstvennaya ehkspluatatsiya, tekhnicheskoe
obsluzhivanie i remont ehnergeticheskogo oborudovaniya [Operation, Maintenance and Repair
of Electrical Equipment], 440 p. Rybinskiy Dom pechati Publ., Rybinsk (1999)

5. Shilyaev, M.I.: Tipovye primery rascheta sistem otopleniya, ventilyatsii i konditsionirovaniya
vozdukha [Typical Examples ofHeating,Ventilation andAir-Conditioning SystemsCalculation]
Shilyaev,M.I., Khromova, E.M.,Doroshenko,Y.N. (eds.), 288 p. Tomsk, Tom. gos. arkhit.-stroit.
un-ta Publ. (2012). ISBN 978-5-93057-478-4

6. Strakhova, N.A., Zhuravlev, V.P.: Nadezhnost’ kak kriterii vybora sistem zashchity vozdushnogo
basseina [Reliability as a criterion for selecting air protection systems]. Izv. akad. prom.
Ehkologii [News of the Academy of Industrial Ecology], pp. 64–67. APEH Publ., Moscow,
no.1 (1998)



Geotechnics, Foundations, Construction
Technology, Innovations in Construction

Education



Tamped Slotted Foundations

Alexey Glushkov , Vyacheslav Glushkov , and Ilya Glushkov

Inmodern conditions, there is a tendency to increase the loads on the soil foundations
of buildings and structures [1–3]. In this case, one of the ways to increase the bearing
capacity and reduce deformation of the base is to use tamped sleeper foundations.
The joint deformation of the “tamped sleeper foundation—soil basis” system, taking
into account the redistribution of efforts during the application of the load, has not
been studied [4]. The absence of normative documents on the calculation of tamped
sleeper foundations taking into account the formation of an “arch effect” in the soil
foundation is noted [5– 7].

Experimental studies of joint intermittent-sleeper foundations with a base were
carried out by V. N. Golubkov and Yu. F. Tugaenko. As a result of the studies carried
out, it was found that deformation zones are formed under the sole of the sleeper
foundations [8, 9]. The volume Va and depth Ha of the active deformation zone
of the base under the sole of the sleeper foundations are less than under equivalent
foundations with a solid base (Fig. 1) [10, 11].

To exclude the mutual adjacent sleepers foundations, optimal distances between
individual sleepers have been established, a separate deformation zone is formed
under each foundation (Fig. 1a). With an increase in the load, independent
deformation zones are combined into a common deformation zone (Fig. 1b).

Improving the design of the sleeper foundation—giving it the shape of a tamped
wedge, made it possible to significantly improve the conditions for joint operation
of the tamped sleeper foundation with the base. A tamped pit is made in natural soil
using a metal inventory punch, immersed in a percussion way using a diesel hammer.
The tamped pits are located across the axis of the building with a step between the
axes of adjacent sleeper foundations (Fig. 2).
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Fig. 1 Experimental data on the development of deformation zones of the base with sleeper and
solid foundations: a no mutual influence; b in the presence of mutual influence; c solid foundation

Fig. 2 Strip tamped sleeper foundation: 1—tamped foundation, 2—soil basis, 3—compacted zone,
4—monolithic reinforced concrete grillage (rand-beam), 5—distributed load

In the designposition, the tamped sleeper foundationswork in the spacer according
to the wedge principle [12].

When tamping the foundation pit, a compacted zone with increased strength and
deformation characteristics is created around the side edges and the edge of the
tamped foundation (Fig. 2).

The tamping process is accompanied by soil compaction with the formation of a
compacted zone around the side walls and below the plane of the metal punch tip,
associated with the creation of a new soil structure and a decrease in the value of the
porosity coefficient e.

When the pit is tamped, a compacted zone is formed, having the shape of an
ellipse, within which the density of the soil increases, the strength and deformation
properties improve.The control of soil density at the basewhenconstructing a shallow
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Fig. 3 Strip tamped sleeper foundation (top view)

foundation is determined by the calculated resistance of the soil to the penetration
of the micropenetrometer tip into it.

The thickness of the compacted layer under a separate foundation in a tamped
pit is (1.6–2.2)bm below the plane of the tip, the width of the compacted zone is
(2.2–2.6)bm, respectively, where bm is the diameter of the tamped pit on average in
depth section. The density of compacted soil at a depth of 20–30 cm from the bottom
of the tamped pit is ρd = 1.70–1.75 g/cm3 with a moisture degree of compacted soil
Sr = 0.6–0.7, and ρd > 1.75 g/cm3 at Sr < 0.6.

In the compacted massif, after tamping the pits at the base, the specific adhesion
of the soil c increases by 5–7 times, the deformation modulus E0 increases by 2–5
times [13]. The depth at which the density of dry soil reaches a value usually equal
to ρd = 1.60 g/cm3 is taken as the lower boundary of the compacted zone.

After concreting the tamped pits along the axis of the building, a monolithic rein-
forced concrete grillage (rand-beam) is made, to which the load from the overlying
structures of the building is transferred. Under the action of the load on the foun-
dation, the load is transferred through the monolithic reinforced concrete grillage to
the tamped sleeper foundation, first to the compacted area, and then to the soils of
natural constitution (Figs. 2 and 3).

The tamped sleeper foundation works as follows. At step a > 3bm, independent
deformation zones develop at the base of the tamped sleeper foundation. Precip-
itation is due to the operation of a separate tamped foundation (Fig. 8). To opti-
mize the value of a (the distance between the axes of tamped sleeper foundations),
finite element calculations were performed using the Plaxis geotechnical complex
(spatial elastoplastic problem) with simultaneous consideration of the strength and
deformation properties of the foundation. The condition of the limit equilibrium of
Mohr–Coulomb was taken as the condition of fluidity in solving the problem. The
design scheme of the foundation took into account the formation of a compaction
zone during tamping of the pit (Fig. 4).

The soil’s own weight was taken into account in the form of initial stresses, the
deformed state of the foundation was determined only from the external load on
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Fig. 4 Design scheme of the finite element method (spatial elastoplastic problem)

Fig. 5 The interaction of the strip tamped sleeper foundation with base

the foundation. The calculated area of the base was taken as 60.0 × 20.0 × 12.0 m
(Figs. 4 and 5) [14–16].

The results of theoretical studies of the bearing capacity of tamped sleeper
foundations are shown in Figs. 6, 7 and 8.

In the design position, tamped sleeper foundations work in a thrust manner
according to the principle of a wedge located at the base. In order to prevent deforma-
tion zones from affecting the settlement and bearing capacity of the foundation, an
optimal pitch between the axes of individual foundations is proposed. With a small
step a, mutually influencing deformation zones develop, leading to an increase in
settlement and a decrease in the bearing capacity of the tamped sleeper foundation.
With an increase in the step a > 3bm, the volume of the deformation zone is formed at
the base of each tamped foundation, themutual influence of the foundations decreases
and the settlements decrease (Figs. 7 and 8) [17–21].
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Fig. 6 Dependence of settlement on load s = f(P) of tamped sleeper foundation at step a = bm, a
= 2bm, a = 3bm, a = 4bm

Fig. 7 Dependence settlements from step s = f(a/bm) of tamped sleeper foundation
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Fig. 8 Isolines of vertical displacements uz at the base tamped sleeper foundation with a= bm and
a = 4bm

The use of tamped sleeper foundations makes it possible to reduce the material
consumption of the zero cycle by 1.5–2.0 times, and to reduce the volume of exca-
vation and formwork. The specific bearing capacity of foundations in tamped pits is
820–1100 kN/m3—significantly higher than traditional foundations.

The use of solutions of nonlinear soil mechanics makes it possible to assess the
stress-strain state of the bases of tamped foundations in a wide range of load changes
up to the limit. For practical application, an engineering method has been proposed
that makes it possible to determine the optimal step of a tamped sleeper foundation,
taking into account the strength and deformation properties of the soil.
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More About the Possibilities of the ERT
Injection Piles

N. S. Sokolov

The electro-discharge technology, having a number of technical and technological
advantages [1–16], is widely used in geotechnical practice for the construction of
EDT drilling piles in piling fields, piles for reinforcement of bases and foundations,
fixingof foundations, slopes,when constructingnagels, etc. The technological advan-
tage of this system is the explosive conversion of electrical energy into mechanical
energy. The invention makes it possible to convert electrical energy into mechan-
ical energy. The electro-hydraulic shock energy density reaches 150 J/m3 in a very
short time (fraction of microseconds). The electro-hydraulic impact on the ground
of the borehole wall filled with fine-grained concrete corresponds to a static load
of up to 200.0 kPa. As a result of these high pressures and temperatures, a cavity
is formed in the ground by gravitational forces, which are filled with fine-grained
concrete. In this way there is an increase on a specific section on the height of the
EDT-pile. This enlargement is further called «thrust bearing» [13–16]. In this way
an additional support is created, which statically works together with the EDT-pile
on the lower surface of the expansion and increases the load capacity of the EDT-pile
on the ground. The geometrical parameters of the shape of the expansion in the first
approximation can be taken as a sphere. The parameters of the sphere, such as diam-
eter and height h, depend on electro-hydraulic impact energy, porosity, humidity and
the type of soil to be treated. The diameter of the increase D can be determined by
the size of the maximum decrease of the level of fine-grained concrete in the well,
as geo-technics say, by «losses». It should be noted, of course, that the values of
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«the losses» during electro-hydraulic treatment (that is why the level of fine-grained
concrete should always be kept on the ground surface) and vary considerably over
time. «The losses» in time before the start of concrete hardening can be from several
cm to several meters. First of all, such large decreases are related to the specificity of
the soil as a porous material. These vertical movements of fine concrete are further
increased by electroosmotic absorption of cement milk into its soil structure.

It should be said that with themaximum intake of cementmilk to the soil pores, the
carrying capacity of the EDT-pilewould be increasedmany times over by the strength
of the soil mass, such as the specific adhesion and the angle of internal friction, to
work with a matchmaker. However, this process is hindered by the fact that, when
fine-grained concrete is mixed and electrohydraulically treated, it is magnetized,
which contributes to the formation of cement colloids. At the same time, they are
many times larger than soil pores. Unfortunately, there is no technology that prevents
the lumping of cement milk. This is only possible by demagnetizing water bipolars
in concrete.

Another aspect that needs to be addressed is the possible increase in carrying
capacity of the bases reinforced by drilling piles. There was a consensus among
designers that the larger the diameter of the drilling pile, the larger its carrying
capacity in the ground. Yes, it is. In our opinion, the criterion for assessing the load
capacity of the Fd on the ground should not be the diameter and length of the pile,
but the «load capacity on the ground», i.e. the load capacity of one cubic metre
of the drilling pile, as well as the «calculation unit load» i.e. the design load per
cubic metre of the drilling pile. In this approach, by analyzing the results of the
load-carrying capacity calculations for EDT welds and drilling piles of different
diameters, it can be concluded that as the diameter of the drilling piles increases, the
load-carrying capacity decreases, approaching some asymptote. At the same time,
the most optimal by specific characteristics are «micropiles», i.e., EDT-piles made
with electro-discharge technologies. This is illustrated by the calculations in Table 1
and Fig. 1.
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Table 1 The calculation of the best performance of piles

№ Pile type Position Effective
load
(kN)

Assumed
load

Note Pile
volume
(m3)

Specific
load
capacity
(kN/m3)

Specific
design
load
(kN/m3)

1 2 3 4 5 6 7 8 9

1 Bored
pile Ø600
A =
0.28 m2

1 2330.0 1665.0 Uncased-pedestal
pile

5.6 416.0 297.3

2 2300.0 1640.0 5.6 410.7 293.0

3 2465.0 1760.0 5.6 440.2 314.3

2 Bored
pile Ø800
A =
0.50 m2

1 3760.0 2685.0 10.0 376.0 268.5

2 3725.0 2660.0 10.0 372.5 266.0

3 3935.0 2810.0 10.0 393.5 281.0

3 Bored
pile
Ø1000
A =
0.79 m2

1 5540.0 3960.0 15.7 352.9 252.2

2 5500.0 3930.0 15.7 350.3 250.3

3 5770.0 4120.0 15.7 367.5 263.4

5 Bored
pile
Ø2000
A =
6.28 m2

1 19,400.0 13,860.0 125.6 154.4 110.3

2 19,850.0 14,180.0 125.6 158.0 112.9

3 19,860.0 14,200.0 125.6 158.2 113.0

6 Screw
injection
EDT-piles
Ø350
A = 0.10
m2

4 1515.0 1080.0 EDT drilling pile
without
enlargement

2.0 757.5 540.0

5 1680.0 1200.0 EDT drilling
with enlarged toe
base

2.0 840.0 600.0

6 1880.0 1340.0 EDT drilling
with enlarged toe
base and along
the pile shaft

2.0 940.0 670.0

7 1930.0 1380.0 EDT drilling pile
with enlarged toe
base and two
enlargement
along the pile
shaft

2.0 965.0 690.0
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Fig. 1 Dependency diagrams f (Ø, N ) and f (Ø, Fd ): Fd—specific load capacity (kN); N—specific
design load (kN); 1, 2—diagrams f (Ø, Fd ); 3, 4—diagrams f (Ø, N ).Note 350—EDT-pile diameter
(mm); 600, 800, 1000, 2000—diameter of drilling piles (mm)
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Optimum Type of Depth Constructions
in Insulated Soils

N. S. Sokolov

1 Introduction

The construction of structures on structurally unstable bases requires that designers,
geotechnicians and builders take a special approach to the assignment of the type of
deep construction. The most sought-after in modern geotechnical construction are
piles submerged in ready-made soil or drilling piles [1–6]. Studies [7–15] have shown
that they are best served by a specific load-bearing capacity of q , which characterizes
the load-bearing capacity of a pile per unit of volume:

q = Fd

V
(1)

or a specific design load q ′ describing the design load per unit volume:

q ′ = N

V
(2)

According to this indicator, EDT drilling piles lead the whole line of drilling piles.
This article examines the case of the construction of multi-storey housing on the

basis of first type slumping soil.
The engineering and geological structure of the construction site is characterized

by the spread of the quaternary cover of various genesis (tIV, dII-IV, prIII, pdI-III)
with a capacity up to 15.2 m on the Upper Permian sandstone-clay rocks of the Tatar
stage (P3t). A summary of the engineering and geological section to the depth of
25.0 m (abs. el. 116.9 m) is given in Table 1.
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Table.1 Summary geotechnical cross-section to a depth of 25.0 m

Stratigraphic index № IGE Description Manner of
occurrence

Thickness
(m)

tIV 1 Man-made soils: brown,
ground with soil and rare
inclusion of building
material (sand, rubble),
semi-solid and refractory

Local 0.5–1.2

dIII-IV 2 The loam is heavy, brown,
with an adhesion of
aleuritic dust on cracks,
with rare humus
separations, mainly
semi-solid, plots up to tight
consistency

Areal 0.6–2.0

rrIII 3 The loam is light, going
into soup, brown,
yellowish, macroscopic,
filthy blurred, hard
consistency

Areal 2.6–10.4

rrIII 4 The loam is light, brown,
yellowish brown, obscure
layered, locally scattered,
loosely scaled, preferably
thick-faced, with patches
up to soft-plastic

Local at the sites
1, 3

0.8–7.5

rdII –III 5 The loam is light, greyish,
grey, greenish, with nests
of humus and cuttings, in
the sole—often sandy, with
the inclusion of crushed
bedrock up to 5%, thick
plastic consistency

Areal, in the
soles of the forest
swallows

1.1–5.3

P3t 6 The sand is polymictic,
with a variety of grains:
from dusty to medium size,
green-grey, brown,
tobacco-brown, clay, with
thin layers of clay, aleurite,
sandstone with a capacity
of 5–20 cm, in degree of
humidity—low-humidity,
below GL—saturated with
water

Areal 5.1–14.4

P3t 7 The clay is light,
reddish-brown, red,
aleuristic, sandy, less often
gelatinous, permanganic on
the cracks, mostly solid

Lensoid and
sheetlike

Penetrated
thickness
0.2–3.0
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A detailed lithological description of the rocks is provided in the geological-
lithological columns, and the deposit conditions in the geotechnical cross-section.
Figure 1 shows a characteristic geotechnical cross-section.

The hydrogeological conditions of the area are characterized by the natural
favourable conditions for drainage, which are facilitated by sufficient slopes of the
surface for run-off and the adjacent sheep and beam network. This groundwater
level (GL) does not affect the conditions of construction and exploitation. For the
period of exploration (October 2017), the groundwater is located at a depth of
between 16.8 and 22.6 m, in the range of 121.1–122.7 m. The aquifer is shallow.
The GL is associated with the Upper Permian sandy formations of P2t. The steady
state level is consistent with what’s coming. The power of the horizon comes
from infiltration of precipitation, and in the future from leaks from water-carrying
communications. The unloading takes place generally to the north, towards the
Volga River and the Shupashkarka River, as well as in the nearest ravines and beams
adjacent to the site from the north-west and south, which are the right tributaries of

Fig. 1 Geotechnical cross-section with reference to screw injection piles
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Table.2 Specific resistance values (qz, MPa) averaged for the selected EGE

№ EGE Values q3 (MPa) Standard values for soil
characteristics from the SP
11-105-97 «Engineering
geological site
investigations for
construction»

Number of definitions From To Characteristic E0 (MPa) s (kPa) ϕ (°)

2 91 0.1 2.4 0.9 6 17 19

3 471 0.5 8.8 3.0 21 23 21

4 195 0.1 3.0 0.7 5 14 16

5 149 0.4 4.1 1.4 10 19 20

6 338 3.1 19.5 8.6 24 – 32

7 167 1.1 8.3 2.6 18 38 19

the Shupashkarka River. In the future, after the development of a neighbourhood,
the area is potentially flooded due to planned civil construction as well as the
widespread use of welded foundations (barrage effect). Technological flooding
will develop in the form of separate lenses and domes around emergency leaks
from water-carrying communications. According to the site’s geoengineering and
lithological features and laboratory test data, 7 engineering geological elements
(EGE) have been identified: EGE-1—man-made soil: semi-solid and refractory
clay (tIV); EGE-2—loam heavy semi-solid and refractory (dIII-IV); EGE-3—loam
light, converting to soup, forest-like, solid consistency (pr III); EGE-4—Loam light,
forest-like, thick plastic, to soft-plastic (pr III); EGE-5—loam lightweight, tight
(pdII-III); EGE-6—sand of mixed grain, medium density, mostly low density, in
the sole—to saturated water (P3t); EGE-7—clay of light, aleuristic, with frequent
interlayers and lenses (up to 0.1 m) of aleurite, mainly solid consistency (P3t). In
order to clarify the boundaries of the EGE, to assess their spatial homogeneity,
to obtain the initial data for the calculation of possible piling foundations, static
sounding was performed at 9 points to a depth of up to 19.5 m. Specific resistance
values (q3, MPa) averaged for the selected EGE are given in Table 2.

2 Methods and Materials

The soil characteristics obtained from static soundings correspond to the natural
condition at the time of exploration. In order to justify the optimum type of inbred
structures, rounded pilesC 15.30-10.1with a length of 15m (but their immersion tests
with a length of more than 15 m do not reach design points) and drilling piles EDT
CP-17-30, CP-18-30 andCP-20-30 are used. According to geotechnical calculations,
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Fig. 2 Pile field of submersible piles C 15.30-10.1

644 piles are designed to be loaded with a total linear length of 9660.0 m (see Fig. 2)
or 403 piles of EDT with a total linear length of 7120 m (see Fig. 3).

3 Results

According to techno-economic indicators, the cost of EDT piles was lower than the
cost of piles. This is primarily due to the fact that both options have drilling activities.
In the first variant, they are necessary for the installation of lead wells to facilitate
the filling of piles, while in the second variant, drilling is a mandatory part of the
production cycle. Therefore, the welding field fromEDT drilling piles of length 17.0,
18.0 and 20.0 m has been accepted as a technically sound option and economically
feasible option. At the facility the principle of interactive design «project—pilot
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Fig. 3 Welded field from EDT screw injection piles

site—real project» is used. Static tests have been carried out on two drilling pits
for vertical compression load. The preparation of the foundation for the studies was
carried out according to GOST 5686-2012 «Soils. Field test methods bu riles» on
the technology for the pre-soak soil around the test piles. It should be noted that in
order to minimize negative friction and to increase the load capacity of piles, EDT
pile № 101 is made with two extensions and pile № 25 with three extensions. In
the studies [17–19] it is proved that the increase of the load-bearing capacity of the
screw injection piles. Each contusion adds an increment of 20–30%.

The tests of two EDT piles№ 101, 25 statically compressing increasing load were
carried out according to GOST 5686-2012 «Soils. Field test methods bu riles».
The load stages were reported to the piles by the hydraulic jack CS 200 G160.
The loading values were recorded by means of an exemplary gauge of 1000 kg/cm2
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(105 kPa) at a cost of 20 kg/cm2 (2000 kPa). Vertical movements of EDT screw
injection piles were observed on two hourly-type indicators with an accuracy of
0.005 mm until the deformation was conditionally stabilized. The criterion for the
conditional stabilization of deformation is the rate of precipitation of the pile on a
given loading stage not exceeding 0.1 mm during the last observation hour. Based
on the test results, the sediment is plotted according to load S = f(P) (see Fig. 4a, b),
the sediment time curves for the individual load steps S = f(t), and the test results
tables.

The maximum resistance Fu from the vertical pressure load shall be taken as a
load equal to or less than the precipitation determined by the formula:

S = ζ · Su,mt (3)

Fig. 4 Dependence diagrams of EDT pill settlement S to load N: a pile № 101; b pile № 25
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Fig. 4 (continued)

where Su,mt—the limit value of the average sediment of the foundation of the planned
building or building, set according to SP 22.3330.2011 «Soil bases of buildings and
structures»; ζ—the conversion factor from the limit value of the average sludge of
the foundation of a building or structure Su,mt to the sludge of a pile obtained in static
tests with conditional stabilization (attenuation) of the draught equal to 0.2. In this
case the design load on the pile should be determined by the formula:

N = Fd

γk
(4)

where γ k—a safety factor of 1.2 in the static test of the piles on the vertical pressure
load. Table 3 are the results of the research.
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Table.3 Results of studies on vertical depressing loads

Test pile Name Test pile № 101 Test pile № 25

Soils cut by piles EGE-2 Loam Heavy
Semi-solid Refractory
EGE-3 Clay loaf is light
Forestry, semi-solid
consistency
EGE-5 Loam
lightweight, refractory
EGE-8 Dust medium
density sand
EGE-6 Clay light
aleuristic

EGE-2 Loam Heavy
Semi-solid Refractory
EGE-3 Clay loaf is light
Forestry, semi-solid
consistency
EGE-5 Loam
lightweight, refractory
EGE-8 Dust medium
density sand
EGE-6 Clay light
aleuristic

Soil under bottom end of pile EGE-7 Alevrit clay,
solid

EGE-7 Alevrit clay,
solid

Research results Maximum load (kN) 1044.0 1450.0

Maximum load draught
(mm)

9.640 10.16

Load capacity (kN) 1044.0 1276.0

Draught at load capacity
(mm)

9.640 7.29

Design load (kN) 870.0 1063.0

Design test load (kN) 900.0 900.0

Assumed load (kN) 600.0 600.0

% increase in load capacity Fd 45% 77%

Number of contusions along the pile shaft 2 3

4 Conclusion

In the difficult engineering geological conditions under consideration, in the presence
of first type slumping soil, based on the cost-effective comparison of the two types
of deep construction proved to be the most efficient EDT screw injection piles with
multi-site extensions.
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Optimum Type of Depth Reinforced
Concrete Structures When Strengthening
the Foundation of Industrial Buildings

Nikolay Sergeevich Sokolov , Svetlana Stanislavovna Viktorova ,
Galina Nikolaevna Alekseeva , Olga Pavlovna Terekhova ,
Lydia Ivanovna Malyanova , and Victor Vladimirovich Maguskin

1 Introduction

Ensuring conditions for accident-free buildings management is fundamental to all
phases of construction and operation. This is especially true for buildings under
renovation as well as for buildings expected to increase the load above the design
values.

Belowwewill consider the first example of strengthening the foundation base of a
single-storey production building for the manufacture of passenger cars. The recon-
structed building consists of a single-storey frame structure with reinforced concrete
monolithic post footing, prefabricated reinforced concrete columns, and prefabri-
cated building farms with spans of 24.0 m and 18.0 m. The production building has
dimensions in plan (see Fig. 1a) in the axles G/� and 3–23 of 66.0 × 120.0 m with
two bays of 24.0 m and one bay of 18.0 m. The bay between the columns along the
alphabetical axes is 12.0 m. Two bridge cranes are operated in each bay. There are
two cranes of 500 kN in bays G/D and D/E, and two cranes of 200 kN in bay E/�.

2 Material and Research Methods

The problemswith the buildingmaintenance began in 2000.Distortions of craneways
have been detected at themost unfavourable combinations of crane loads. The oscilla-
tions have cyclic pattern, i.e. the deformations are alternating in sign. High-precision
geodetic observations of the foundation settlements of reinforced concrete columns
confirmed high values of irregular deformations of up to 150 mm. The operation of
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Fig. 1 aEDT root piles plan;b basement section in theD/12 axeswith reference to the geotechnical
cross-section; c underpinning EDT root piles plan in axisesB/5; 1—ground fill; 2—semi-hard loam;
3—sandy loam; 4—hard clay; 5—water-saturated fine sand

the cranes has become difficult at the sites with the highest differential foundation
settlement.

This created a pre-emergency situation when the continued operation of the
building became dangerous.

The Technical Commission headed by the chief architect of the plant is charged
with urgently developing measures to prevent the pre-emergency situation on the
site. It asked to the authors of this article OOO HPF «FOPCT» (Research and
Production Company FORST, LLC) to identify the causes of deformation and to
work out measures to restore the operational reliability of the problematic production
building.
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It was decided to strengthen the foundation base with root piles, which are
made according to the electric discharge technologies (EDT root piles) [1–6] with
simultaneous geotechnical monitoring.

The geotechnical cross-section is represented from the surface by filled soil with
a capacity of up to 2.0 m which clayey sand consistency of up to 5.5 m thickness
is obtained below. A solid clay with a capacity of up to 2 m is then deposited. The
underlying layer is a water-saturated medium-density fine sand.

An analysis of the geotechnical conditions suggested that the main cause of the
foundation deformation was thixotropy of the carrier layer (the ability of the ground
to dilute by mechanical action and to increase the viscosity while at rest). The sands
are affected by this process. Mechanical effects are expressed as dynamic loads from
bridge cranes, they usually operate unevenly. For example, when cranes are applied
to the base on a specific axis, a dilution area emerges at that location, and on other
axles where no crane loads are involved, the base is operated without an emergency.

Thus the foundations for the columns «sink» in turn, increasing the crests of the
frame, which exacerbates the exploitation of the cranes. Once the dynamic action
has ceased, the deformations of the foundations cease.

According to the instruction of the commission OOOHPF «FOPCT» (Research
and Production Company FORST, LLC) has developed a project to strengthen the
foundation base with the help of EDT root piles. The piles of a diameter of 200 mm
and a length of 12.0 m penetrate the lower stage of the post footing. The carrier layer
of the pile bulb end is the water-saturated fine sand. The number of EDT root piles
under different foundations is various. So there are 6 pieces on the axle «�», 14
pieces on the axle «E», 18 pieces on the axle «D», and 10 pieces on the axle «G»
(Fig. 1a). Figure 1b shows a geotechnical cross-section with a vertical snap of the
foundations, and Fig. 1c shows a fragment of the underpinning EDT root piles plan.

The delivery of output to strengthen the foundations with the help of EDT root
piles has made it possible for the bridge crane and the entire reinforced concrete
frame of the press corps to function smoothly.

Geotechnical monitoring of the base deformation of the foundations confirmed
their absence after completion of the EDT root piles work.

A second example of the successful use of EDT root piles is the accident of the
emergency of the forge-stamping shop (FSS) in the Cheboksary Aggregate Plant.
Due to the effect of dynamic loads from 10 forge hammers the building was in
a state of emergency. Strain cracks appeared on all the brick walls of the fence
and tended to increase. The resulting irregular deformation of the framework led
to faulty operation of the bridge cranes. In addition, the bearing surface size of the
slabs as well as of the building farms and crane rail has been reduced to close to the
emergency in some cases. In order to prevent an emergency situation the emergency
commission under the capital construction management of the plant entrusted the
OOO HPF «FOPCT» (Research and Production Company FORST, LLC) with the
development of emergency measures including: (1) survey of the technical condition
of the emergency building; (2) development of measures to minimize the negative
impact of vibrations caused by the impact of forge hammers on theworkshop building
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Fig. 2 Underpinning EDT root piles plan strengthening the bases of the foundations of the frame
and the forge hammers 1, 3, 5, 7

and the adjacent buildings; (3) work to restore the operational safety of the FSS
building.

The most rational and acceptable structure for strengthening the base of the foun-
dations was adopted and used the EDT root pile, which is made according to the
electric discharge technology. EDT pile has a number of advantages over root piles
without compaction of well walls and auger piles including elevated load capacity
values of approximately 1.5 to 1.8 times both on the ground and on the foundation
bodywhich presupposes the compact placement of them in the body of the reinforced
foundation.

The emergency management plan includes strengthening the foundations of the
frame and the 1, 3 forge hammers with the mass of the impact parts Q = 30 kN
and 5, 7 with the mass of the impact parts Q = 50 kN. Figure 2 contains a plan to
strengthen the foundations of the frame of the forge-stamping shop building and the
hammers 1, 3, 5, 7.

The building of the forge-stamping shop in the Cheboksary Aggregate Plant with
a frame structure has dimensions in plan in axles (A/E)/(1/20)− 30.0× 114.0m. The
foundations of the building are monolithic reinforced concrete with a depth of 2.5 m.
Columns are reinforced concrete two-member columns. Ceiling slab is reinforced
concrete ribbed slabs on steel building farms. There are ten forge hammers in the
workshop.

The geotechnical conditions of the construction site are represented from the
surface by saturated soil with a capacity of up to 2.0 m, below there is a stiff loam
capacity of 3.0–3.5 m. There is a soft-plastic loam below under which the stiff silty
clay is found.

Table 1 shows the mechanical and physical properties of soils, and Fig. 3 shows
the geotechnical cross-section with vertical anchoring of the foundations of the
reinforced concrete frame of the building and the forge hammer 3.

The production of works on reinforcement of framework and hammers founda-
tions was carried out by OOOHPF «FOPCT» (Research and Production Company
FORST, LLC). Geotechnical monitoring was carried out during the period of the
reconstruction and after the year.
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Table 1 Mechanical and physical properties of the soils

Layer number Specific
gravity, γ
(kN/m3)

Liquidity
index, IL , fr.
unit

Angle of
internal
friction, ϕ (°)

Cohesion
intercept, C
(kPa)

Total strain
modulus, E0
(kPa)

1 Ro = 100 kPa

2 18.5 0.45 27 40 6500

3 19.01 0.58 20 15 5400

4 21.0 0.15 32 45 12,500

Fig. 3 The geotechnical cross-section: 1—frame building foundation; 2—forge hammer founda-
tion; 3—EDT root piles strengthening the bases of the foundations of the frame; 4—EDT root piles
strengthening the bases of the foundations of the forge hammers; The soil layer: 1—ground fill;
2—stiff loam; 3—soft-plastic loam; 4—stiff silty clay
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In addition, research on the dynamic effect of the forge hammers on the base was
organized [7].

The measurements were carried out in February 2002 in the hammer-room of the
Cheboksary Aggregate Plant. Oscillations were recorded at hammers 1, 3, 5, 7 and
6 in axes 12–13. In addition, in some cases, the hammers 2, 4, 10 worked, which
did not lead to significant changes at the measuring points. The choice of exposure
sources and measuring points was determined by their proximity to the installation
of a new hammer in the axes 16–17.

The research [7] confirmed that the EDT root piling field meets the requirements
of p. 1.21 SNiP 2.02.05-87 «DynamicMachinery». The static pressure under the sole
of the conditional columns foundation is 240 kPa, which is less than the calculated
resistance of the base ground of the 330 kPa. This indicates the permissibility of the
existing vibrations in terms of the formation of additional sediments in the columns
foundations.

Thus, the reinforcement of the foundations bases of the frame and forge hammers
with the EDT root piles made it possible to eliminate the emergency situation of the
forge-stamping shop building.

3 Conclusion

The article gives two successful examples of the use of EDM root piles to prevent
critical (pre-accident) conditions in the structure of buildings. The use of EDT root
piles strengthening the bases of the foundations has extended the lifespan of these
buildings to avoid accidental operational conditions.
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Deep Earth Anchor ERT

N. S. Sokolov and P. Yu. Fedorov

1 Introduction

A case in point is the geotechnical practice of constructing facilities on a landslide
slope. Administratively, the survey area is located in the central part of the town
Cheboksary on Gagarin Street, 35A. Geomorphologically, it is a gentle denudation-
accumulative slope of the Kaibulka River, complicated by buried beams and a
strongly fermented second- and higher-order riverbed with permanent streams. The
absolute markings of the ground surface within the area vary from 129.1 to 137.5 m
(by the estuaries of engineering and geological works). The relief is planned.

The geologo-lithological structure of the site is characterized by borehole columns
1–4, 9–11, 15, 17. (see Fig. 1).

The geologo-lithological structure of the site, based on the data of the Geological-
Engineering Survey Report before the depth studied, is divided into 7 engineering
geological elements (EGE) (see Fig. 2).

The hydrogeological conditions of the site to a depth of 23.0 m at the time of
the exploration are characterized by the presence of several groundwater aquifers
(GA). The first aquifer (GA) is free-flowing, associated with man-made formations,
opened by all wells. Absolute groundwater level (GL) of hole № 9 is 128.5 m, hole
№ 1–135.7 m. Power supply of GL comes from leaks from water-carrying commu-
nications. The water-carrying soil is man-made and loamy (EGE 1, 2). The local
water focus is the Upper Permian Clays (EGE 3); the Second Aquifer is associated
with the native Upper Permian formations (Table 1).
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Fig. 1 Extracted from the master plan of the facility

Fig. 2 Geotechnical cross-section of the construction site
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Table 1 Normative physico-mechanical characteristics of soils

EGE № Soil type h, m γ I ,
(kN/m3)

cI (kPs) ϕI , (°) ks,
(kN/m3)

λ E (MPa) ν

1 Soft loam 8.6 19.6 16.0 11.0 2000 0.60 13.0 0.36

2 Stiff loam 4.0 19.6 11.0 12.0 4000 0.57 15.0 0.36

3 Stiff clay 2.2 19.9 29.0 20.0 4000 0.40 18.0 0.25

4 Bass clay 1.3 20.1 25.0 23.0 6000 0.52 22.0 0.34

3 Tough clay 2.5 19.9 29.0 20.0 4000 0.40 18.0 0.25

5 Semi-hard
clay

20.0 21.3 26.0 24.0 6000 0.34 27.0 0.25

2 Methods and Materials

Engineered designs (see Fig. 3) are:

1. The special auxiliary restraint is a retaining wall consisting of fencing and
anchoring structures.

2. The structures of the excavation fence in the area in question consist of 350
electrical discharge drilling piles (EDT piles [14-21]) fixed from a horizontal

Fig. 3 Construction of pit fencing using ground anchors
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Fig. 4 Anchor frame diagram

deflection by ground EDT anchors of 18 and 17 m lengths, with an angle of
30°. The pitch of the ground anchors, as well as the distance from the bottom of
the pit to the corresponding layer of anchors, are taken according to the plans
specified in the draft.

3. Ground anchors (EDT anchors) are installed after the first stage of mining,
according to the geotechnical cross-section specified in the project, and are
pre-stressed elements with reinforced concrete roots obtained by electrically-
discharged treatment of the soil wall (Figs. 3 and 4).

The strength of the elements of the retaining walls is calculated in the GeoWall
software complex based on the Bloom-Lomeier method (the «elastic line» method).

3 Development Stages

The construction and operation of the structure of the ground anchors are carried
out according to the following algorithm (Fig. 3). During the construction of the
retaining wall, the following stage of ground development has been developed:

1. The first stage of the development of the soil involves the development of the
soil up to the points indicated on the respective cuts; after the installation of the
drop guard in the design position;

2. The ground anchors on the first level shall be carried out after the 1st stage of
the ground development at +132.350 m;

3. The second stage of development involves excavation up to the absolute point
(+130.850 m);

4. The third stage of development involves excavation up to the project bottom of
the pit +129.150 m;

5. The development of the soil should be initiated only if the structural strength of
the structure meets the requirements of the project;
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6. Geotechnical monitoring of deformations of surrounding buildings is carried
out prior to filling of the layers of the foundations during the construction of the
superstructure;

7. The operation of ground anchors shall not be subject to dynamic or vibrational
effects before the pits are filled;

8. Uniformly distributed loads per brow above those specified in the draft shall not
be allowed to be exceeded.

The device for EDT drilling piles is composed of the following sequence:

1. Drilling of boreholes:

1.1 The drilling of the screw is carried out according to the method statement
(MS), the rig for drilling UBG-SG «Berkut» or analog.

1.2 Boreholes shall be drilled from the working marks specified in the draft.
1.3 The width of the ground berm shall be at least 18 m for the turning of

drilling machines and for the mounting of anchor frames.
1.4 During the drilling process, the depth of the ground shall bemonitored: the

soil characteristics of the base shall be determined from the soil residues
on the elements of the drilling tool, and this fact shall be recorded in
the weld log book. The soil found in the well bottom is determined to
correspond to the design values at the level of the anchor root.

1.5 The lifting of the drilling tool shall be carried out only after it has been
established that no pressure is reduced relative to the natural pressure of
the ground in the well bottom.

2. Cementing of the underground well:

2.1 The well shall be filled to the mouth through a concrete column having
a diameter of at least 40 mm and lowered to the bottom by an upward
ascending pipe (UAP).After reaching the bottom, thewellmust bewashed
with cement solution. Washing with cement solution continues until soil
particles stop surfacing.

2.2 The cement solution is prepared on the construction site immediately
before it is injected into thewell. For preparing and supplying the solution,
pneumocressor PPN-500 (PPN-300) is used.

2.3 The quantity of cement solution injected into thewell is controlled against
the design value and the volume of ground drained, and the amount of
solution injected into the well must exceed the volume of ground drained.

3. Program for the electrical discharge treatment of a well filled with cement
solution:

3.1 The required energy storage capacity is not less than 50 kJ.
3.2 The coaxial cable from GIT to the electrode system shall not be longer

than 80m, including the anchor length (TYPE-2 high-voltage cable 50 m,
high-voltage low-induction (KVIM) high-voltage cable 30 m).
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3.3 High-voltage electrical discharges are treated according to the length of
the ground anchor root by a series of not less than 15 discharges at each
level. The step of the levels is from 1.0 m.

3.4 The calculated increase in the drilling diameter (150 mm) of the anchor
root shall be increased to 200 mm and the level of the cement solution in
the well shall be controlled before the start of the single-level treatment
and after the completion of the treatment. The «failure» is a reduction
in the level of the solution in the well for the last 5-bits not exceeding
10 mm. In order to establish the fact of «failure» the change of the level of
solution in the well after each discharge or series of 5-bits is controlled.

3.5 Control is exercised over the total amount of solution supplied to the well,
including fractions above the volume of the spent well (volume of soil
extracted from the well).

3.6 As a result of the monitoring of the drop in the level of the cement solu-
tion in the test well or the volume of the added solution and seismic
disturbances in the geotechnical element formation area, the program for
treating the anchor root with electric shocks is adjusted.

4. Fitting the anchor frame:

4.1 The anchor frame shall be lowered smoothly without jerks.
4.2 The position of the reinforcement frame is controlled after it has been

placed in the design position. The frame is secured against accidental
immersion and deflection in the plan.

4.3 The frame shall be cleared of inadvertent soil prior to installation.

5. The order of tension of the ground anchors consists of the following sequence:

5.1 Prior to the start of work, all anchoring elements shall be installed on the
intended tensile holder.

5.2 Oblique washers are welded by electric arc welding directly on the
construction site to the supporting plates (plates) of the steel distribution
belt.

5.3 The cubic strength of the cement stone of the anchor root shall be not less
than 20 MPa. In order to control the strength set, 9 cubes of 10 × 10 ×
10× 10 cm are selected during the manufacture of the questionnaire and
tested at the age of 3.7 (for internal use) and 10 days (for the report).

5.4 The test load is assigned according to [1] equal to Pu = 1.2 * Pw. Control
tests shall be carried out on each tenth anchor, starting with the load P0 =
0.2 * Pu. The anchor shall be loaded with stages. Order of loading: First
stage—P1; Second stage—P2; Third stage—P3; Fourth stage—P4; Fifth
stage—P5; Sixth stage—P6; Seventh stage—test load Pu.

Each stage shall last at least 15 min until deformation of the EDT
anchors has stabilized. Then the unloading is carried out to a value P0,
at which elastic and residual displacements are measured. The amount of
movement is fixed at each step every 3 min. The last load stage is held to
30 min before the anchors are stabilized, then reduced to a value of P0,
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the elastic and residual movements of the anchors are measured and the
load is brought to the Pb value (blocking load), and the anchor is then
fixed to the supporting structure.

5.5 If the test load is not reached during the control tests, the load of the last
stabilized step (load capacity of the ground anchor) shall be taken as the
test load followed by a calculation of the design load on the anchors, with
a safety factor of 1.2. The project author adjusts the blocking load and the
design solution accordingly.

5.6 In the case of low absolute movements of the ground anchor (less than
20 mm), after the deformation has been stabilized, the test tests shall
produce the anchor with steps equal to P0 = 0.2 * Pu, which shall be
conditionally stabilized at each new stage of deformation. At the same
time, the strength of the material and the anchor attachments for super
design loads must be ensured.

5.7 The acceptance tests shall be carried out on every working anchor, with
the exception of the anchors which have been bent over by the control
test. The acceptance tests start with a load P0, which records the initial
reports of the movement of the anchor and brings it to a value Pu, holding
it for 15 min, and measuring the movement of the anchor after 1, 3, 5, 7,
10 and 15 min, further reducing the load to a value P0, by measuring the
elastic movement of the anchors, the load to the blocking Pb is increased
and the anchor is fixed to the structure.

5.8 The load capacity and test loads of the intake anchors shall be defined as
the minimum value of the test results from at least two nearest reference
anchors.

6. Quality assurance for the manufacture of ground anchors includes:

6.1 The production of ground anchors shall be carried out by organizations
with at least 5 years’ experience in geotechnical work, where a quality
assurance system has been established [2], which shall be confirmed by
a certificate of conformity.

6.2 In doing so, the manufacture should be certified as follows: (a) EDT
drilling seams are to be planned-high; (b) Borehole diameter and depth
to project; (c) Type of ground at the base of the anchor and its conformity
with the project (in terms of residues on the elements of the drilling tool
in the base); (d) Compaction of the ground in the base of the drilling tool;
(e) Correspondence of the anchor frame to the project (length, diameter
and class of the fixtures of the working rods, joints of the rods) and
depth of the shell in the well; (f) the quality of the cement solution to
be prepared (material consumption); (g) the difficulty of immersing the
anchor frame under its own weight in the well (The free immersion of
the reinforcing frame to the design mark indicates that there are no soil
residues in the well and guarantees the integrity of the root stem); h)
the electrode immersion; the consumption of cement solution used in the
production of ERT anchors: (1) During filling of the well; (2) During
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processing of the root on each horizon; (3) The total consumption of
cement solution per well.

6.3 The strength of the cement solution shall be checked on the basis of [3] and
[4] by taking samples of the cement solution at the place of manufacture
and then by applying the normal conditions to meet the requirements of
paragraph 2.3.2 [4].

6.4 Covertwork inspection reports shall be issued in accordancewith the form
specified in the updated SNIP 12-01-2004 «Organization of construction»
[5], to be prepared for a completed process (questionnaire) performed by
an independent implementing unit (integrated team) during shift.

6.5 Further robots may not be performed in the absence of a formal certificate
for hidden robots on completed EDT questionnaire production processes
not certified by the technical supervision of the customer.

6.6 The works shall be carried out in accordance with [6–12] and the method
statement (MS).

6.7 The quality of basic materials is determined by the requirements of the
Town Planning Code and the Federal Law Technical Regulation, which
must be confirmed by certificates of conformity, the State standard of the
Russian Federation.

4 Conclusion

Complex engineering and geological conditions, combined with the rugged topog-
raphy, unstable slopes are problematic areas for their construction development.
For modern geotechnical construction of objects on them there is technical and
technological potential for design and erection of objects of any complexity [13–17].

One of the techniques considered in the article for ensuring the stability of the
mudslide slope is the confirmation that construction can be carried out under all
engineering and geological conditions.
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Fibre-Reinforced Bored Electric
Discharge Technology Pile as a Buried
Reinforced Concrete Structure

P. Yu. Fedorov

1 Introduction

Research in the field of construction, namely related to the construction of welded
foundations with the use of fibre as a reinforcement element in the construc-
tion of foundations on weak soils, has been carried out by various institutions, in
particular researchers from SPSUACE, OAO Fundamentproyekt, the Foundation
Research Institute and underground facilities for them. N. M. Gersevanova, OAO
TSNIIPromzdaniy, OOO NIIZhB, OAO SPbZNIiPI and others [1–19].

During the construction of welding foundations, studies were considered in
connection with the solution of the problems of immersion of slaughtered piles up
to the design marks. Problems with closures included premature breakage of heads,
resulting in approximately 30%of reinforced concrete piles being belowdesign levels
when loaded into the heavy and medium ground, and more than 80% of piles had to
cut their heads and barrels before the rostering device. In order to solve this problem,
the above institutions have carried out studies aimed at the use of slaughtered piles
made of a steel-fibreboard head and a reinforced concrete shaft, as well as piles made
entirely of steel-fibreboard. The results of the tests were successful as welds made
of steel-fibreboard were able to absorb significant impact energy and reduced dive
time by 50%, improved welding capacity and welding productivity. As a result of the
testing of the steel welds in the conditions of real construction, the researchers have
established that they have a high impact resistance, providing for an unexposed dive
up to the design marks and the possibility of eliminating the use of pile-doublers.

In a dense urban environment, the use of precast piles is not just unwelcome—in
some cases, it is simply unacceptable. The impact dynamic and vibrational effects
on the base of the construction may have the most unfortunate consequences for
existing buildings, which fall within the area of influence of the new construction, up
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to destruction. Therefore, when a newly built or refurbished building is built on low
ground in cramped conditions, especially near old buildings or cultural heritage sites,
the most relevant application of weld foundation technology with minimal negative
or harmless impact on the base of the existing adjacent structure, namely drilling pile
technology.

In view of the current relevance of drilling pile technology, as well as its extensive
and widespread use, improvements are equally relevant, in particular the use of fibre
as a reinforcement element.

The subject of the study is the development of technology for the manufacture of
fully fibre-reinforced drilling piles, as well as the study of the operation of such piles
in the ground.

The relevance of the fibre as a reinforcement element for drilling piles is that the
technology will increase their load-bearing capacity by reinforcing the entire body
of the foundation, increase the strength and crack resistance of the concrete. It will
also shorten the construction time by eliminating traditional reinforcement with steel
bars.

The scientific novelty of the research consists in the use of a fibre as a reinforcing
element in the manufacture of a drilling pile, which includes the drilling of a well
with a hollow screw with a drilling tool equipped with pipelines for supplying high-
pressure water-cement solution with fibre, and in the creation of a variable cross
section depending on the characteristics of the primer. The solution to the problem
is achieved by forming an increased cross section in the areas of reduced mechanical
properties of soils. As a consequence, positive results can be achieved.

2 Methods and Materials

The following tasks, divided into stages, were assigned to research and development
of fibre-reinforced drilling piles:

Stage I: collection and analysis of the current regulatory framework, fibre-concrete
research, dissertations on the subject, articles and projects; study of methods for
calculating fibrous concrete structures, in particular, drilling pits; Preparation of the
instrumentation and material base for research.

Stage II: study of varieties of fibre addition from different materials; determina-
tion of physical properties and parameters of certain fibres (steel, polypropylene,
basalt, etc.); production of experimental cubes samples of concrete with different
fibre additions for comparison and determination of their strength for compression,
tensile, shear and other stresses; comparison of test results of samples with respect
to strength, manufacturing process, cost-effectiveness; selection of the best fibre
material from the research conducted.

Stage III: The production of experimental samples of drilling piles of concrete
of a certain concrete grade and the most optimally selected fibre from all indicators,
as well as drilling piles of concrete of the same brand with the application of a
rod-reinforced frame; field testing of drill welds obtained; processing of test results;
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comparison of test results of sampleswith respect to strength,manufacturing process,
economy.

Following a comparison of the test results of the drilling seam samples, there are
two possible scenarios: the first is that the load-bearing characteristics of the drilling
piles reinforced with fibres and made of concrete of a specific concrete grade will
be equal to or higher than the load-bearing capacity of the drilling piles reinforced
by the traditional steel bar frame. In this case the research and development of
the technology of reinforcing the drilling piles with fibrous reinforcement can be
considered successful. The second variant of the event is that the carrying capacity
of fibre-reinforced drilling piles will be lower than the carrying capacity of the piles
reinforced by the traditionalmethod. In such a case, it is planned to select the optimum
concrete and fibre composition before achieving the load-capacity results at least as
low as for rod-reinforced piles, while respecting not only the strength, but also the
technological and economic performance of such piles.

The following is an example of an algorithm for selecting a fine-grained concrete
mixture (FGCM) composition for manufacturing EDT piles.

3 Results and Discussion

One of the stages of construction design of the structures of the reinforced concrete
shaft of the drilling EDT pile is the selection of the composition of the fine-
grained concrete mixture (FGCM) according to GOST 7423-2010 «Fresh concrete.
Specifications».

The FGCM selection algorithm is presented in the following sequence:

1. On the basis of the values of the design load capacity of the EDT pile Fd,
the ground is assigned a class (grade) of concrete in terms of its compression
strength. According to GOST 26633-91 «Heavy-weight and sand concretes.
Specifications» the average strength of concrete is laid down at the coefficient
of variation V = 13.5%, security is not less than 95% of the assigned value. For
example, at the design mark of fine concrete M400, the cubic strength should
be R = 38.5 MPa (392.5 kg/cm2).

2. By GOST 7473-2010 «Fresh concrete. Specifications» concrete workability are
selected according to the working capacity of the concrete mixture P and the
mobility index (cone draught). For example, the symbol P4 refers to a cone
draught of 20 cm.

3. The conditions of hardening are specified. On the base below the depth of
freezing, the hardening conditions are natural. In geotechnical work at negative
temperatures, either chemical hardening using sodium formation or electrical
heating by heating wires is used. It should be noted that electric heating from
work experience is not desirable. It is possible to create shrinkage cracks in the
body of concrete as a result of a rapid strength set and, as a result, to remove
the EDT pile part from the part of the concrete that is naturally hardened.
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4. Components are selected for fine concrete: cement, small filling, concrete
additives, water.

4.1 Portland cement is generally shipped from the nearest cement plant.
In Middle Volga region the cement production of OAO Mordovcement
is used. According to GOST 31108-2003 «General structural Portland
clinker cements. Specifications» controlled parameters are:
(a) compressive strength at 28 days R = 50 MPa;
(b) the normal thickness of the cement test is 27%;
(c) timing: 2 h 35 min; end: 4 h 25 min;
(d) the true density ρ = 2.63 g/cm3.

4.2 Natural river sand according to GOST 8736-2014 «Sand for construction
works. Specifications» with a model of size not exceeding Mk = 2.0.
Determine the percentage of fractions larger than Mk ≥ 2.0 mm and the
density of mineral particles ρs.

4.3 4.3. Additives are used to increase concrete strength and mobility. For
example, the additive EMBELIT 8-100—modifier of concrete on TU
5870-176-46854090-04, manufactured by OOO «Predpriyatiye Master
Beton» (Moscow), is simultaneously a plasticizer and modifier.

4.4 Water is also subject to special requirements according toGOST23732-79
«Water for concrete and mortars. Specifications».

5. In the construction laboratory for assigned strength, mobility, usability, condi-
tions of hardening according to GOST 27006-86 «Concrete. Rules of concrete
composition» are planned:

5.1 Cement water ratio, e.g. B/W = 0.51, where B is the mass of water;
5.2 Mass ratio of materials, e.g.C:P= 1:2.1, whereC is the mass of cement;

P is the mass of sand;
5.3 Additive content as % of cement mass, e.g. EMBELIT content 8–100 =

10;
5.4 Material consumption per 1 m3 of concrete mixture;

For example, cement—850 kg; sand—810 kg; EMBELIT 8-100—85 kg; water—
465 kg.

In addition to the characteristics of the nominal composition of fine-grained
concrete, the selection algorithm gives a section of the actual potential material
consumption per 1 m3 of concrete mixture.

6. The physico-mechanical properties of concrete required to validate composition
selection in the object are: the average density of concrete in a series of samples
measuring 10 × 10 × 10 cm, ρ [g/cm3] and the tensile strength at ages 7 and
28 d.
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4 Conclusion

The application of fibre-reinforced drilling piling technology is possible for practical
use after research.

The development of technology for the manufacture of fibre-reinforced drilling
piles for the construction and reconstruction of cramped buildings on low ground
in the immediate vicinity of existing buildings and structures is a pressing problem,
because the distinctive feature of such piles is the absence of impact and vibra-
tion loading during their arrangement. In a dense urban environment, this method
will minimize as much as possible the negative impact of a new construction or a
reconstructed facility on existing buildings or structures adjacent to them.

In my view, the use of fibre as a reinforcement element will significantly improve
the strength of drilling piles, giving themadditional positive qualities such as cracking
and water resistance. The fibre-reinforced drilling pile can become competitive due
to the cheapness of the rod fittings as well as the high technological efficiency due
to the shorter production time.
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Designing the Organization of Buildings
and Structures Construction in Special
Natural and Climatic Conditions

Vasily Filippovich Bogdanov , Alina Iosifovna Sokolova,
and Irina Vladimirovna Petrova

Project preparation is the development of a construction organization project (COP).
The COP is a part of the design documentation of a building, structure, a lot has been
written about the role of the COP, the requirements for its content and the tasks to
improve the scientific and technical level, including in works [1–7] and many others.
Unusual tasks are solved when designing a COP in special natural and climatic
conditions. The list of conditions is extensive:

• soils are permafrost, subsidence, with karst inclusions, saline, heaving, peat,
quicksand, technogenically polluted;

• northern regions, mountainous, high-mountainous, desert, semi-desert, with a
particularly hot climate, seismic, as well as undeveloped, remote, inaccessible,
sparsely populated;

• zones of water protection, resort, contaminated with radioactive elements;
• territories undermined, densely built-up.

There is no strict classification of complex conditions, however, they are divided
into extreme natural and climatic and special engineering and geological [8, 9].
And in this case, a significant separation does not occur, geotechnical conditions
are available in any natural and climatic conditions. In addition, construction on
technologically contaminated territories, when building up was compacted, was not
considered as construction in difficult conditions.

When building in special natural and climatic conditions, the COP takes into
account the possibility of influencing the preparation, organization and implementa-
tion of construction by physical, geographical, and economic factors characteristic of
these conditions. For example, for mountainous and high-mountainous regions “low
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barometric pressure, which requires adherence to special adaptation modes of the
work of builders; squally winds and increased lightning hazard; avalanche, mudflow,
landslide and landslide phenomena; inaccessibility of the territory due to large slopes
and elevation differences” [3].

It is more difficult, as the analysis of works [10–14, etc.] shows, to design and
build in the northern construction and climatic zone, despite the extensive experience
accumulated on the territory of the Russian Federation, covering the regions of the
Far North, characterized by a long duration of time with low air temperatures, strong
winds and snow drifts, low natural light; permafrost soils; remoteness of construction
projects from industrially developed centers and bases of centralized material and
technical supply; dependence of the delivery of material and technical resources
on seasonal regimes on inland waterways and sea coastal (coastal) lines; limited
local energy sources; the need to use special types of transport of northern design;
increased susceptibility of ecological systems (tundra, the Arctic Ocean, etc.) to the
impact of economic activities (hydrocarbon production, development of theNorthern
Sea Route) and their difficult recoverability, the need to eliminate waste that is not
utilized in production; the complexity of organizing a construction site in swampy
and flooded areas and organizing sanitary and domestic services for workers.

For most of the special conditions, TsNIIOMTP has developed guidelines, refer-
ence manuals to SNiP, guidelines, standards, and examples of COP [15–20], taking
into account scientific and practical methods of organizing construction, including
complete block, nodal and expeditionary rotational. That is, at the stage of devel-
opment of the construction industry in Russia in the pre-market period (until 1991),
through the efforts of research institutes, design institutes, and construction enter-
prises, many significant developments were carried out to improve the design
business and design planning.

Land plots were and are allotted for construction, as a rule, unsuitable for
other purposes (agricultural, environmental, recreational, etc.). Often they are built
on slopes, in ravines, and on other irregularities, as well as in existing build-
ings, they begin to develop technogenically contaminated territories, which obliges
construction industry specialists, especially designers, to solve complex design and
construction issues and additionally take these features into account in the PIC.

At present, there is a noticeable tendency toward the compaction of buildings,
especially in large cities and the development of underground space in the center
and areas close to it. When compacting a building, a number of problems arise that
must be taken into account when developing projects for organizing construction and
production of work. They are:

• the limited size of the construction site forces the developer to obtain the consent
of the owners of additional territories for their temporary use or to use the right of
easement [21], additional territories are required for partial or complete placement
of a household town, for closed warehouses and open storage of structures;

• the need to carry out a large amount of installation work “from wheels”;
• installation of tower cranes without crane runways, stationary with a large boom

reach with a number of restrictions on the zones of influence of the mounting
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mechanism, or place the crane inside the building, followed by dismantling in
sections and sealing openings in the ceilings after the end of the work, or build
without using a crane frommonolithic reinforced concretewith the use of concrete
pumps and small-scale mechanization, but the use of non-traditional non-standard
technologies, as a rule, increases the cost of construction;

• the need to maintain the operational properties of existing buildings, preventing
their deformations, which often requires the implementation of additional costly
measures to strengthen the bases and foundations to prevent their slipping: the
installation of sheet pile fences of the excavation, removedwhen necessary, fences
from drill injection piles, leaving them in the ground, or the use of a “wall in the
ground” structure, as well as temporary solutions such as the creation of artificial
and natural buttresses, reinforcement of foundations with clips, freezing of soils,
etc.;

• development of underground construction of infrastructure facilities and parking
facilities for vehicles, etc.

The peculiarity of these factors is that for many of them there is no regulatory
framework. Despite this, in the COP it is logical additionally to take into account
the complexity of the organization of the construction site and the complexity of the
organization of household supplies for workers, to give a list of measures to ensure
the safety of existing buildings and structures.

The current period of development of the national economy is characterized by the
presence of large technogenically contaminated territories. There are more of them
due to various landfills, dumps from industrial waste, discharge of polluted effluents,
and uncontrolled leaks from technological pipelines of industrial enterprises, but
most of all due to various accidents and disasters. The complexity and inconsistency
of the emerging situation with technogenic nature lie in the fact that many achieve-
ments of scientific and technological progress, providing means for solving material
and social problems, bring new difficulties and dangers. For example, the devel-
opment of chemical production gave rise to a toxic hazard, and a radiation hazard
to the nuclear industry. The use of gas and hydrogen in different areas increases
the threat of explosions. The increasing use of gas-liquid energy sources increases
the risk of large-scale fire explosions. In contrast to destructive explosions, radia-
tion and chemical damage have a long-term effect and the ability to spread in the
post-accident period. That is, the possibilities of technogenic pollution are expanding.
However, the territories under consideration in most cases have an established infras-
tructure and are attractive for construction due to the limited land resources and their
increasing cost. Construction on technologically contaminated soils is an environ-
mental protection, since, in the process of developing such territories, many issues
of environmental safety and environmental protection are simultaneously resolved.
To build on the ground they can be considered to replace or clean and sanitize or
preserved, spending a lot of time. For example, cleaning a soil massif with a volume
of 1500 m3 from chlorine-containing hydrocarbons takes 3.5–4 months. The soil
is cleaned to a level of 75–80% purity using microorganisms and ventilation in
5 months. All these actions increase the cost of construction, but at the same time
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the safety of buildings and structures during their life cycle must be ensured [22].
In the considered conditions in the COP, it is necessary to additionally take into
account the need to eliminate the technogenic contamination of the soil on the land
allocated for construction, and if the conservation method is used, then to provide
for the protection of the original natural soil, groundwater, and other areas with the
device of reliable protective screens, other devices solutions.

The COP should contain specific measures for environmental protection, for
example, for the northern regions, they should be developed for the conditions of
the tundra of subarctic bogs. When developing the COP, it is necessary to take
into account that in the territories where frozen soils are spread, the principles and
methods of construction are determined by permafrost conditions. The latter change
significantly as a result of the construction development of the territory. Permafrost
conditions, favorable for the time of exploration, turn into unfavorable ones during
the construction and operation of structures, which is accompanied by deformations
of structures and a sharp complication and rise in the cost of their operation, and
sometimes their complete destruction. Frozen rocks form where there were none
before, and, conversely, thaw out where the permafrost conditions were sufficiently
stable. As a result of the violation of natural conditions, ice formation, frost cracking,
ice veins, thermokarst and thermal erosion, floods, landslides, collapses, landslides
occur. The design of construction and the operation of buildings and structures should
be carried out taking into account these conditions. These conditions must be taken
into account when determining the general scheme and optimal methods for the
widespread industrial development of large territories of the Far North. The COP of
an industrial facility erected in frozen soil conditions should contain an overview of
regional and specific forecasts of the possible transformation of the natural environ-
ment that may occur as a result of the project. In the conditions of the Arctic and
Subarctic tundra, it is necessary to provide for a clear routing of transport commu-
nications with maximum restriction in the warm season of the movement of tractors
and all-terrain vehicles, which causes serious damage to reindeer pastures. It should
be taken into account, that the tracks of these machines tear the sod of the tundra
cover, which leads to thawing of the frozen layer, the development of erosion and
thermokarst, the formation of ravines and sinkhole lakes. The problem of nature
conservation in these cases can be solved by fundamentally new types of vehicles,
with low specific pressure on the ground, high traffic and carrying capacity, which
do not violate the soil and vegetation cover. In the continental regions of the North,
even in areas of the territory where frozen soils have a low temperature, considerable
thickness and their thermal regime is sufficiently stable, the removal or compaction
of peat-moss and snow covers, partial drainage of areas of the territory, dustiness,
and gas contamination leads to the degradation of permafrost and cause permafrost
aggression.

Not all the problems considered here are solved with the help of the COP, but it
should contain [22] a list of requirements that should be taken into account in the
working documentation developed on the basis of design documentation in connec-
tion with the adopted methods of erection of building structures and installation of
equipment.
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Overcoming Problems with Waste Water
Treatment from Dense Emulsions
in the Oil Refining Industry

E. M. Mikryukova and E. V. Suvorova

1 Introduction

The petrochemical industry nowadays occupies one of the first places in the Russian
economy. Unfortunately, the extraction, processing, transportation, and storage of
oil and its derivatives often entail emissions of hydrocarbons into the environment
that pollute it. Due to their high toxicity, according to UNESCO, petrochemical
pollution is ranked among the ten most dangerous environmental pollutants [1].
At the moment, several million tons of oil sludge have already accumulated at the
petrochemical plants. Oil refining waste is generated during wastewater treatment,
in the water recycling system, drilling, oil preparation, and during tank cleaning. The
demand formore advancedwater purification technologies is growing and expanding
every year due to the impact of environmental degradation on the economy [2].

2 Material and Research Methods

The petrochemical industry is responsible not only, directly, for the processing of
substances produced from oil and natural gas, but also for the purification of techno-
logical effluents, which, during production, enter the sewage system, and also enter
the environment, subsequently being washed away by storm water [3]. Hence an
important task follows—to ensure the highest level of wastewater treatment through
the use of modern technologies and the latest scientific developments.

Wastes sent for treatment include various impurities:

• dissolved organic compounds, including hydrocarbons;
• traces of heavy metals;
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• dissolved mineral salts;
• chemical reagents used in production;
• oil particles in the form of an emulsion;
• sand.

Wastewater from petrochemical plants is highly toxic and can seriously damage
the environment. Refinery effluent treatment is a complex process that requires
appropriate step-by-step treatment, as by-products can be volatile, toxic, and even
explosive. In addition, oily wastewater requires a combined approach to wastewater
treatment to eliminate oils, oil films, organic substances, heavy metals, and salts [4].

The basic methods of wastewater treatment from oil and its derivatives are:

• mechanical;
• chemical;
• physical and chemical;
• biological.

2.1 Mechanical Wastewater Treatment Method

As an autonomous method, mechanical wastewater treatment is used in cases where
the water treated in this way is suitable for the needs of the technological process or
discharge into a natural reservoir without harming the environment [3, 5].

In other situations, this method is used as the first stage of wastewater treatment
from oil and its derivatives. This cleaning technique allows you to separate 60–65%
of suspended particles [6].

Themost popular methods of mechanical wastewater treatment from oil products:

• sedimentation;
• centrifugal removal of water pollutants;
• filtration.

2.2 Chemical Cleaning

The idea of this method is the introduction into the treated wastewater of knowingly
prepared chemical reagents that begin to interact with petrochemical pollution and
oil products. The result of this chemical reaction is the precipitation of impurities.
This is due to the oxidation of hydrocarbon components of oil and its derivatives [7].

2.3 Physical and Chemical Cleaning Methods

The main methods of physicochemical wastewater treatment include:
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• coagulation;
• flotation;
• sorption.

The basis of coagulation is the rapid transformation of finely dispersed (particle
size: 1–100 µm) and emulsified types of contaminants into larger particles, which
further precipitate. Usually, this process is stimulated by special chemicals—coagu-
lants [8].

Their action leads to the formation of flocs in the water, with a weak electrostatic
positive charge. These flakes begin to interact with oil impurities, which are in a
colloidal state, and also have a weak electrostatic charge. The coagulant electrostati-
cally attracts oil impurities and as a result, under the action of gravity, they precipitate
a loose structure to the bottom of the treatment tank. Then they are easily removed
[9].

The flotation process, on the contrary, leads to the formation of a stable foam
on the surface of the treated water, due to which harmful impurities of oil and its
derivatives are captured and retained for a long time. This foam layer can also be
easily separated from the treatedwaste water. The basis of the above-mentioned foam
is a stable composition of air or gas bubbles with oil particles [10, 11].

Nevertheless, a high degree of purification of oil effluents can be achieved only
after using the sorption method.

Physicochemical treatment methods define sorption as the absorption of harmful
impurities from the water being purified by the adsorbent, including oil products.

Various materials with a porous structure can be used as sorbents:

• peat;
• coke;
• ash;
• silicate gel;
• various types of activated clays.

Experts believe that the most effective adsorbent materials are various types of
activated carbon [12].

2.4 Biological Wastewater Treatment

At the moment, many experts agree that the biological method of wastewater
treatment is one of the most promising areas in this area.

The essence of this method is based on the use of the decomposing ability of
various microorganisms and the ability to absorb, break down and assimilate harmful
impurities to purify water from oil and its derivatives.

In other words, oil and oil products are used by microorganisms in the process of
their life as food sources. Thanks to biological methods of purification, oil product
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impurities are oxidized and converted into absolutely safe products: carbon dioxide,
ordinary water, nitrate and sulfate salts, and other harmless compounds [13].

The use of biological methods for purifying wastewater from impurities of oil and
its derivatives involves the use of special aeration tanks and biological filters.

3 Results and Issues

3.1 Using the Coalescence Process to Treat Refinery
Wastewater

The most common equipment for the recovery of oil and oil products from wastew-
ater are hydrocyclones, sedimentation tanks, oil traps, hydrophobic and hydrophilic
filters, flotation devices, electrolyzers, filters with granular loading, we will consider
in more detail the coalescence process (Fig. 1).

The basis of the processes of coalescence of emulsified oil products and fats on
the filtering material are the processes of adhesion and wetting, which to some extent
affect the processes of conventional filtration.

By coalescence, emulsions and dispersions are separated by means of interfacial
tension between the hydrocarbon and aqueous phases. In the process of coalescence,

Fig. 1 Coalescence process
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two drops of the same phase and identical composition come into contact with each
other, forming one large drop and, thereby, decreasing their specific surface area
(surface per unit volume) [14].

There aremany types of coalescingmedia, fromglass fiberswithmoderate charac-
teristics to special polymeric membranes, which can provide excellent performance
in the separation of dense emulsions, for example, with a certain content of surfactant
compounds [15].

According to the structure of thematerial used, coalescingmaterials can be divided
into the following main types:

• fibrous;
• knitted;
• porous;
• granular.

In the first case, fibrous materials are used mainly with a fleecy fiber surface.
In the second, weaving from polymer threads of a special porous structure, in

some cases, composite materials are used, for example, polymer and steel threads.
The role of porous materials can be rigid materials specially obtained by pressing or
gluing polymers, and elastic materials such as polyurethane foams.

In granular, respectively, granular polymer or hydrophobized materials are used
[16].

Let’s consider in more detail the polymer membranes.
Membrane coalescence is a more efficient method than traditional separation

methods. Themembrane is a barrier between the two phases that selectively separates
and restricts the transport of many chemicals.

Depending on the structure, membranes can be divided into four categories:

• homogeneous;
• heterogeneous;
• symmetrical;
• asymmetric.

Membranes can separate a solid or liquid, and can also carry a positive or negative
charge, be neutral or bipolar [17].

As an effective method, membrane technology is one of the most commonly used
methods for separating oil–water wastewater or emulsions. Compared to other types
of treatment, the membrane coalescence method has higher efficiency, more stable
waste water quality, and lower energy consumption. Depending on the separation
and pore type, membranes can be divided into microfiltration (MF, pore size from
0.1 to 5 µm), ultrafiltration (UF, pore size range 0.01 to 0.1 µm), nanofiltration (NF,
pore size range from 0.01 to 0.1µm) and reverse osmosis (RO, pore size from 0.0001
to 0.001 µm) [18–20].

Coalescing membranes are polymer fibers that vary in diameter and surface finish
depending on the application. The bonded structure of the fibers forms very small
pores, which allow collecting drops of 0.2–50 µ in size and transforming them into a
dispersion of larger drops with a diameter of 500–5000 µ. But due to the small pore
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size of the fiber structure, solid particles must be removed from the liquid before it
passes through the membrane [21].

The mechanism of membrane coalescence is determined by the following steps:

1. Removal of particulate matter from the pre-filter.
2. Adsorption of droplets on the membrane fibers.
3. The movement of droplets to the fibers of the membrane due to capture by the

process flow.
4. Fusion of two tiny droplets to form a larger one, when the second droplet reaches

the same intersection of the fibers.
5. Accumulation and release of larger droplets from fiber intersections and their

entrainment by the process flow.
6. Repetition of steps 2 through 5 with gradually increasing droplets and larger

pores in the fiber structure [17, 22, 23].

In accordance with the above mechanism, membrane coalescence is developed on
an industrial scale, as a rule, with the following technological scheme: pre-filtration,
coalescence and separation.

In most cases, pre-filtration takes place in a container with filter cartridges with
a mesh size depending on the number and size of particles previously measured or
estimated. Thepurpose of this step is to removeparticulatematter that can increase the
stability of the emulsion and thereby prevent clogging of the pores of the membrane
in order to maintain its functionality for a long time.

While the pre-filtration takes place in a separate vessel, the fusion and separation
takes place in the same equipment, but in separate compartments.

Regardless of the fact that separation is a formal step in the coalescence mecha-
nism, it is necessary to achieve the main goal of coalescence, namely, the separation
of two liquid phases.

A horizontal arrangement is most often used to separate hydrocarbons from
the continuous aqueous phase. In this case, after coalescence, phase separation is
achieved by settling the aqueous phase.

4 Conclusion

1. Membrane coalescence is a successful technology for the purificationofwastew-
ater from dense emulsions, contributing to the increase in the stability of the
operation of petrochemical enterprises.

2. The coalescencemethod enlarges the droplets ofwater-insoluble liquidswithout
unnecessary expensive elements and contributes to a significant increase in the
degree of wastewater treatment.

3. The use of the coalescence process in wastewater treatment will significantly
reduce the load on the main treatment facilities, increase their productivity and,
thereby, significantly reduce harmful emissions into the environment.
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4. Considering the polydispersity of oily effluents from industrial enterprises, it is
not possible to use only one treatment method to obtain water of the required
quality. In this regard, it is recommended to purify oily effluents in several
stages, first getting rid of coarse emulsified particles, and then proceed to work
with finely emulsified particles.
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