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SCIENTIFIC SCHOOL
«RELIABILITY OF BUILDING STRUCTURES»:
NEW RESULTS AND PRESPECTIVES

Pichugin Sergiy**

! Poltava National Technical Yuri Kondratyuk University https://orcid.org/0000-0001-8585-2130
*Corresponding author E-mail: pichugin.sf@gmail.com

The article presents the results obtained by scientific school «Reliability of building structures» for the spice of five years
2015 — 2019. Some aspects of the general approach to structural reliability assessment have been developed. Current nor-
mative calculations of structures were combined with the assessment of their reliability. Engineering methods were devel-
oped that allow to take into account an increase snow loading on coverage of building of variable height, to estimate the
processes of snow thawing on roofs of the heated buildings and snow laying on cold roofs. It were investigated the specific
wind load in the mountainous Carpathian region and loads of travelling cranes of different producers. Reliability of steel
structures of trunk pipelines and reinforced concrete beams with carbon-fiber reinforcement has been evaluated. Work fea-
tures of sheet steel structures were investigated. Construction accidents have been analyzed.

Keywords: construction, building, structure, reliability, probabilistic method, load.

HAYKOBA HIKOJIA
«HAAIMHICTD BYAIBEJIBHUX KOHCTPYKIIN»:
HOBI PE3YJIBTATHU I HEPCIIEKTUBU

Miuyrin C.®.*

Tlonrascbkuii HallioHaIbHUI TeXHIYHMI yHiBepcuTeT imMeni FOpis Konaparroka
E-mail: pichugin.sf@gmail.com

BucBiTieHO HayKOBi pe3yNbTaTH, OEpKaHi HAyKOBOIO IIKOJOK «HamiliHicTh OyaiBenbHIUX KOHCTpYKHii» 3a 2015 — 2019
pp. Po3BHHYTO mesiki acrieKTH 3arajibHOro MiIX0ay O OLiHIOBAHHS HaAiHHOCTI KOHCTpYKLil. Omy0OiikoBaHO MOHOTpadito,
OpiEHTOBaHY Ha MPAKTUYHI PO3paxyHKH HaiifHOCTI KOHCTpYKUiH. J{it04i HOpMaTHBHI pO3paxyHKH KOHCTPYKLIH MO€THAHO
3 OILHIOBAHHAM IXHBOI HaJiifHOCTI. PO3po0iieHO MeTo/ BH3HAUEHHS HMOBIPHOCTI TEIUIOBOI BiJMOBH OT'OPOJDKYBAJIBHUX
KOHCTPYKIIi{ 32 TphOMa OCHOBHUMH TEIUIOTEXHIYHUMH MoKa3HUKaMu. CHOpMOBAHO iHKEHEPHI METOH, SIKi JIO3BOJISIOTH
YpaxoBYBaTH IiIBUIIEHHS CHITOBOTO HABAaHTa)KEHHS Ha IOKPHUTTS OYyAiBeNb 3 MepernagaMi BUCOT, OI[IHIOBATH MPOIIECH Ta-
HEHHSI CHITY Ha IMOKPIiBJIAX OMAIIOBaHUX OY/iBeNb Ta BiKIIaAeHHs CHITY Ha XOJIOJHHUX HOKpiBisaX. JocmimkeHo crierudivne
BITPOBE HaBaHTAXXEHHS y TipcbkoMy KapraTcbkoMy perioHi Ta HaBaHTa)KEHHS BiJl MOCTOBUX KpaHIB Pi3HHX BUPOOHHKIB.
PO3ropHyTO OIS, NPHUCBSYCHUH BaXJIMBOMY NHUTAHHIO CIIOJIYYECHHS HAaBaHTaXeHb. PO3pOOJICHO MPAaKTHYHY METOIHUKY
HMOBIPHICHOTO PO3paxyHKy HaJiHHOCTI KOHCTPYKLil JiHIfHOT YacTWHM CTaJeBOr0 MAariCTPajbHOTO TPYOONPOBOMY.
Po3B’s13aH0 3aavy OLIHIOBAaHHS HAJIMHOCTI TPYOOIPOBOY Ha €Tamax MPOeKTYBaHHsI, CIIOPYKSHHsI, eKCILTyaTallil Ta Ka-
MTATFHOTO PEMOHTY — BPaXOBYBAJIUCS KIJIBLIEBI 1 MO3JIOBXHI HAPYKEHHs y TPYOOIIPOBO/Ii, Ha SIKi BILUIMBAIOTH Aedopmartii
BUI1aIKOBO-HEOAHOPIJHOT OCHOBH, BUIIAJIKOBI BHYTPIIIHIA pOOOYMIA THCK Ta TeMIlepaTypHi nepenaayu. BusnaueHo iMoBi-
PHICTH BiIMOBH TpyOOIPOBOIY AJIS pi3HOMAHITHHX yMOB IpokianaHas. OmiHeHeHO HamiHHICTh 3a1i300eTOHHMX Aok 3
BYIJICTUIACTHKOBHM MiZCHICHHIM. [IpoBeieHO MOpiBHAIBHU aHaTi3 KOHCTPYKTUBHUX PIllIeHb Ta JOCIIIKEHO 0COOIMBOCTI
poOOTH MHCTOBUX CTaneBUX KOHCTpyKIii. [IpoanamizoBano aBapii y OyniBHUITBI. [l0ka3aHO MOKJIHBI IEPCIIEKTHBH TOA-
JIBIIIOTO PO3BUTKY CKIAIOBUX MPoOIeMH HaIIHHOCTI OyAiBEIbHIX KOHCTPYKIIHA: IMOBIPHICHOTO ONHCY BHIAIKOBHX HaBa-
HTa)XCHb, BU3HAYCHHS HAIIWHOCTI KOHCTPYKTHBHHX €JIEMEHTIB, OLIHIOBAHHS O€3BIZIMOBHOCTI CKJIaHUX CTATHYHO HEBH-
3HAUEHUX CHUCTEM.

Kiwouosi cioBa: OyaiBHHITBO, Oy/IiBIIs, KOHCTPYKIIis, HAiiHICTh, IMOBIPHICHUI METO]l, HABAHTAXKECHHS.
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Introduction

Reliability is an important parameter of any tech-
nique. Its content is briefly formulated as «quality in
timex. Therefore, the problem of ensuring reliability in
technology is urgent in today's environment. This prob-
lem has some specifics about building objects. Build-
ings and structures have a long service life. This makes
it difficult to predict their reliable operation. Buildings
and structures are not numerous or even unique objects.
So, they are not suitable for conventional methods of
mathematical statistics of mass phenomena. In addi-
tion, building loads have a complex random nature.
Buildings themselves are complex systems of many el-
ements. Therefore, some issues of building reliability
assessment remain unresolved, and further research
into the reliability of construction sites is a pressing is-
sue.

Review of the research sources and publications

Since the 1970s, research into the reliability of build-
ings and structures has been actively conducted at the
National University «Yuri Kondratyuk Poltava Poly-
technic» (formerly PoltNTU). Subsequently, this scien-
tific area was organized as one of the scientific schools
of the University. In the years that have passed, this sci-
entific school has trained six doctors of science and
more than twenty PhDs. The school members wrote
dozens of scientific monographs and hundreds of sci-
entific articles, and received many patents for inven-
tions. The results of the research of the scientific school
have been reported at many national and international
scientific  conferences. The Scientific School
«Reliability of Building Structures» has high authority
in Ukraine and abroad.

The interim summaries of the scientific school's work
were published in a collective monograph published in
2010 [1]. Further achievements of the university on the
problem of reliability were covered in the thematic is-
sue of the scientific collection of PoItNTU, which was
published in 2015 [2]. A general method of the reliabil-
ity calculating of building structures by the criterion of
bearing capacity was developed. This method involves
solving the following problems: probabilistic descrip-
tion of loads, mechanical characteristics of materials
and joints and other random parameters; development
of issues of casual load combinations; assessment of the
reliability of structural elements, taking into account
the models of their failure; reliability calculation of
structural systems, in particular, complex units and
redundant systems (RS), taking into account the possi-
ble nature of their destruction; quantitative assessment
of the reliability of various buildings and structures.

Definition of unsolved aspects of the problem

The overall level of theoretical results of studies of
the building structures reliability is quite high to date.
However, the state of development of reliability issues
among practitioners remains insufficient. Meanwhile,
current codes require them to perform appropriate cal-
culations and estimates. Therefore, we need books and
guides with available examples of numerical reliability
calculations for different designs. Another drawback is

the gap between the reliability calculations and the cur-
rent method of calculating structures by limit states.
We need competent explanations regarding the com-
patibility of the basic principles of both methods and
the probabilistic nature of the parameters of the limit-
state technique. The presence and influence on the reli-
ability of the designs of individual high loads with low
probability of implementation remains beyond the
scope of research. The probabilistic description of at-
mospheric loads lacks statistics in recent years and cli-
matic characteristics of the mountainous regions of
Ukraine. The new capabilities of modern computa-
tional complexes for statistical modeling of random
loads, in particular, crane loads, are insufficiently ex-
ploited.

Problem statement is to highlight the scientific re-
sults obtained by the School of Structural Reliability for
the five-year period 2015 — 2019 in the above men-
tioned directions, together with possible prospects for
further development of research on the reliability of
structural structures.

Basic material and results

General reliability approach. A voluminous article is
published in the scientific journal, which is published
in the NDB SKOPUS [3]. The article describes the
probabilistic method of the structures reliability esti-
mating. It takes into account the random nature of the
loads and the strength of the steel, the compatible action
of the loads, the specific nature of the operation and
failure of the steel elements, units and steel structural
systems as a whole. Based on the developed method,
numerical reliability calculations were performed on a
wide range of structures such as crane beams, trusses,
truss beams, columns and frames. As a result, the coef-
ficients of design codes and the achieved economic ef-
fect were substantiated.

The monograph [4] describes the obtained scientific
results in more detail. The main difference between this
monograph is the orientation to practical calculations of
the structures reliability. The volume of such calcula-
tions is significantly increased. The text of the book
provides more than 40 numerical examples. Theoretical
calculations are subordinate in nature and are presented
in a reduced volume. They provide the necessary justi-
fication and explanation for the calculation examples.
In this monograph, the description of probabilistic
models used in reliability calculations is substantially
supplemented, the provisions of national and foreign
normative documents on construction objects reliabil-
ity are given, it is expanded the range of structural ele-
ments for which reliability estimates are obtained. Ori-
entation to practical reliability calculations is associ-
ated with a thorough and objective assessment of relia-
bility and the mandatory obtaining of numerical values
of reliability indicators, such as failure and uptime
probabilities, failure rates, and more. In addition, na-
tional codes on the construction sites reliability, intro-
duced in recent years, regulate the quantitative stand-
ards of reliability (failure probability, safety character-
istics) to be determined in the design. Meanwhile, there
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is a lack of practical guidance in the technical literature,
and the book [4] aims to remedy this deficiency to some
extent.

During the years mentioned in this article, coopera-
tion with our long-time friend and colleague,
DSc., prof. AV. Perelmuter, a leading employee of
SCAD Soft Ltd. (Kyiv), a recognized authority in the
field of reliability and computer design calculations.
One of the consistent results of our research was the
suggestion of a new temporal feature called
«mobilizationy. It shows how much the system is capa-
ble of responding to local time (impulse) unexpected
perturbation. As a measure of mobilization, it is pro-
posed to take the value obtained by multiplying the re-
liability index (the number of standards that separate
the load mean value from the calculated value) the ratio
of the time interval between the emissions of the load-
ing process for the level of the calculated value and the
estimated lifetime of the structure. The values of this
characteristic are significantly different for the most
common loads (snow, wind, crane and their combina-
tions), which are classified by design standards to one
class of temporary loads. The lack of mobilization of
the structure should lead to increased attention and the
use of protective measures, such as heightened control
or design decisions. These results have been published
in Ukraine [5] and abroad [6, 7].

Current normative calculations of structures were
combined with the assessment of their reliability in the
monograph [8]. It thoroughly substantiates the main
provisions of the method of building structures calcula-
tion by limit states. The history, advantages, disad-
vantages and components of the method, criteria of
limit states are covered. The loads acting on the struc-
ture and the physical and mechanical characteristics of
the structural materials are considered in detail. The na-
ture of work and possible destruction of structures un-
der load are analyzed. Probabilistic analysis of the
structures reliability is performed, the prospects for the
development of the limit-state method are outlined.
Data from domestic and foreign design documents are
presented and compared. The monograph is a textbook
for students of construction specialty and it is also rec-
ommended for graduate students, researchers and engi-
neering staff.

Most reliability calculations use a failure model based
on loss of bearing capacity or rigidity. In contrast, a
method for determining the probability of thermal fail-
ure of envelopes by three main thermo-technical indi-
cators was developed [9, 10]. Based on minimization of
economic losses, the method of normalization of re-
quired failure probability level of envelopes by the re-
duced thermal resistance criterion was proposed.

Research at the scientific school under consideration
has traditionally included the following components:
development of probabilistic description of loads, eval-
uation of the reliability of structures and their elements,
determination of the reliability of structural systems,
implementation of the obtained results. In all the above
areas, significant scientific results have been obtained
in recent years.

Probabilistic description of loads. The study of loads
has always been one of the priority areas of the scien-
tific school «Reliability of building structures». The re-
sults of a multi-year study of snow load are outlined in
a collective article published in Poland in 2017 [11].
The probabilistic model of the snow accumulation on
the roofs with height discontinuity was worked out, the
decreasing coefficient for the snow load weight was re-
ceived and the ways of their application in the design-
ing were elaborated. The proposed approach allows to
differentiate the coefficient of roof exploitation condi-
tions C. depending on the roof thermal resistance, and
in some cases — significantly to reduce the design snow
load values and to give substantial saving of steel. The
probabilistic model for impulse stochastic process of
snowfall sequence has been developed. According to
the data from 132 meteorological stations in Ukraine its
statistical characteristics have been found: average an-
nual snowfall amount and exponential distribution of
values of one snowfall. The law of intensity distribution
of snow melting has been determined experimentally.
The territorial zoning map of Ukraine by characteristic
values of the snow load on the roofs that emanate heat
was developed.

Friendly relations bring together scientists of the sci-
entific school with researchers of reliability and loads
from Lviv and Uzhgorod. One of the joint work with
them was the study of specific wind load in the moun-
tainous Carpathian region [12]. It was found that wind
parameters at the peaks of the Carpathians with abso-
lute marks above 1330 m (m/s Play) have not been in-
vestigated. The analysis of observations on climatic pa-
rameters in 1955-2005 at 9 meteorological stations was
carried out using 4 directions between the initial mete-
orological stations: Beregovo — 113 m, Uzhgorod —
114,6 m, V. Berezniy — 209 m and Hoverla Station —
2061 m. Formulas of altitude coefficients allowed to
calculate the values of summer and winter characteris-
tic wind pressures for the 9 peaks of the Carpathians.
On this basis a detailed wind zoning of the mountain
district of Transcarpathian region is proposed.

The study of crane loads is a «firmy direction of the
Poltava school of reliability, which received important
results included in the normative documents. Studies of
this problem continued.The comparative analysis of
travelling cranes of national and foreign producers was
performed [13]. The travelling cranes of concern
Demag were taken for consideration among the foreign
cranes. The operation conditions of cranes were ana-
lyzed according to different codes of practice. The ge-
ometrical parameters, load and weight characteristics
of overhead cranes were also compared. For the calcu-
lation the horizontal and vertical loads of cranes the
most unfavorable schemes of location of bridge cranes
on the structures of a production building were defined.
According to these schemes, the maximum loads on the
frame of the building were calculated and the maximum
efforts in the crane beams were determined. Using ob-
tained internal efforts the cross sections of crane girders
with a span of 6 and 12 m were calculated. The results
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of the comparison showed the advantages of the mod-
ern cranes in materials saving of steel structures of in-
dustrial buildings.

Due to the great difficulty of experimental investiga-
tions of the crane loads, which have the complicated
statistical nature, it is possible to consider analytically
such special features of these loads as a trolley approx-
imation, zero crane operation zones and crane impact
zones [14]. Nowadays statistical computer modeling
can take into account a greater number of variable pa-
rameters (position of the cranes in the span, position of
the crab on the bridge crane, crane position relative to
each other). Comparison of polygons of vertical load on
the crane wheel with the analytical results showed that
design value of load, calculated according codes DBN
realizes very rarely. The further numerical modeling of
loads arises an interest for obtaining a more precise def-
inition of the load factors and efforts in the structures
of industrial buildings.

An important issue of load combination is devoted to
a detailed review (44 pages, 140 bibliographic sources)
[15]. The history of formation and development of ap-
proaches to a choice of settlement combinations of
loadings for check of reliability of building designs is
considered. It is underlined parallelism of researches of
domestic and foreign scientists. Data about rationing of
this problem and about the works which formed the ba-
sis of design codes are cited. It is noted that the problem
of load combination is not fully solved and requires fur-
ther research, in particular, in the following areas:
development of correlated coupling of random loads;
taking into account combinations of actual random load
distributions; a detailed description of the specific fea-
tures of the loads, closely related to the technology of
production and features of structures operation - crane,
technological, useful, etc.; taking into account logical
relationships between download options; solution of
the problem of combination or the limit states of the
second group taking into account the operational values
of the loads.Reliability assessment of trunk pipeline de-
signs. Particular attention was paid to these structures
due to the fact that Ukraine is one of the main hydro-
carbon transiters to the countries of Eastern and West-
ern Europe. The significant volumes of transit of oil,
gas and their derivatives through the territory of
Ukraine determine its strategic position in the energy
security of Europe. For this purpose a powerful system
of gas and oil pipelines of Ukraine is used, which
should have high reliability. The conducted researches
were devoted to this problem, namely to development
of probabilistic methods of reliability estimation of lin-
ear parts of main pipelines. The choice of linear parts
as the object of study is due to their considerable length,
significant effects of climatic and soil conditions and
the high risk of accidents with severe environmental
consequences. The scientific results obtained on this
subject formed the basis of two theses [16, 17], a series
of articles [18] and two monographs [19, 20].

The developed methods of probabilistic estimation of
reliability indicators take into account: pipeline con-
struction; diameter and thickness of pipe walls; statisti-
cal characteristics of steel strength; load from internal

pressure; characteristics of soils in which the under-
ground pipeline is laid; temperature effects; real corro-
sion damage to pipe walls. The listed impact factors
were presented in the form of random variables and ran-
dom processes. This opened up the possibility of devel-
oping methods for estimating the probability of failure
of pipelines under different combinations of loads and
impacts, in different soil conditions and design situa-
tions. The performed calculations of the real pipelines
made it possible for the first time to estimate their level
of reliability and to analyze the influence of the calcu-
lation factors on the failure probability of the linear
parts. The effect of corrosion damage on the level of
reliability of the linear parts of pipelines is also taken
into account. The issues of planning of repair of pipe-
lines with corrosion damages are developed. As a
whole, the complex of problems related to the reliable
operation of the linear parts of the pipelines in real cli-
matic and geological conditions, taking into account the
initial imperfections and corrosion damages, has been
solved.

Reliability estimation of reinforced concrete beams
with carbon-plastic external strengthening. Strength-
ening of building structures is an important scientific
and technical problem, actuality of that grows pres-
ently. Feature of this building branch during the last
years is appearance, research and active introduction in
practice of structures strengthening of new modern ma-
terials being high strengthening and operating charac-
teristics. Ones of such materials are composite materi-
als on the basis of carbon fibre (FAP). Their application
in the system of external reinforcement can exemplify
by composite materials of row of trade marks, intended
for the increase of durability and of longevity rein-
forced concrete, concrete, brick and stone structures.
For the receipt of reliability estimations we used the
worked out reception with the substitution of probabil-
istic parameters in the deterministic decisions of dura-
bility of reinforced concrete beams. Taken into account
thus, that most random arguments of reserve of bearing
strength of reinforced concrete beams can be reasona-
bly described by a normal law (by distribution of
Gausse), in particular, durability of concrete, armature,
carbon-plastic, and also row of loadings (permanent,
technological, crane etc.). The reinforced concrete
beams of rectangular section were considered with the
single stretched armature with strengthening of carbon-
plastic. The reliability estimation of reinforced concrete
beams with carbon-plastic external strengthening was
worked out. It was shown, what strengthening pro-
motes reliability of beams considerably [3].

Investigation of features of work of sheet steel struc-
tures. In collaboration with National Aviation Univer-
sity staff, design and construction organizations, re-
search into the operation and reliability of these specific
structures has been initiated. The paper [21] deals with
summarizing research concerning analytical technique
of calculation of vertical cylindrical capacities for grain
storage under the influence of unsymmetrical wind in-
fluences. In particular, the analysis of vertical stiffen-
ers’ work was conducted and illustrated the body defor-
mation for high and low capacities, depending on the

8 Academic Journal. Series: Industrial Machine Building, Civil Engineering. — 2 (53)' 2019.




number of rigid elements. Considering the character of
the wind load’s influence, there were also made propo-
sitions considering defining normal and tangential
strains in cross-section, longitudinal directions and also
radial, circular and longitudinal displacements, accord-
ingly to the general theory, was made. In addition, ca-
pacities with different edges’ fortification are consid-
ered, for example, strengthened by absolutely rigid cir-
cle, free or fixed by elastic circle. General assessment
of the total deflected mode of the capacity’s construc-
tion was made, depending on the number of decompo-
sition coefficients, which were put in calculation. Con-
clusions are accompanied with graphic isometric un-
derstandings, which were obtained on the basis of prac-
tical calculation.

Next paper [22] deals with the using of high strength
steel for constructions of vertical silo capacities. It was
analyzed the most widespread trademarks of steel that
were used for manufacturing of vertical cylindrical si-
los for grain storage. It were experimentally tested me-
chanical and chemical features of series of examples of
high strength steel of European and American manu-
facturers, which were used for making of the body’s
sheet panels. The checking calculation of storage ca-
pacity with the diameter of 11 m from shaped corru-
gated sheet of different thickness was made. It was
shown critical factors of the body sheets, bolted joints
and vertical stiffeners of the silos. It was mentioned rea-
sonable conclusions according to the using of the con-
cerned material for getting economically rational pro-
ject decisions.

It was analyzed the structural solutions of steel silos
for bulk material [23]. The design elements of the silo
and the silo with cone and flat bottom were described.
The general characteristics of metal silos for bulk ma-
terials, their classification by the type of housing struc-
ture and the advantages and disadvantages were given.
The possibility of storage of bulk materials in cylindri-
cal shells was analyzed depending on the type of con-
struction. The history of occurrence of structures of spi-
ral-fold silos was considered. The set of equipment for
the construction of the housing of the spiral-fold silos
was given, the step-by-step process of formation of the
folding lock and features of the installation process
were presented. The analysis of the structure was made
and the advantages and disadvantages of spiral-fold si-
los were determined.

Structures such as tanks, silos, bins are very respon-
sible structures. Their failures lead to great economic
and environmental damage. Therefore, it is important
to analyze the accidents of such structures. The work
[24] presents the statistics of accidents of steel vertical
tanks with a detailed review of the established causes
and consequences of its occurrence. Information on ac-
cidents was collected on the basis of Internet sources,
literature on this issue, as well as scientific publications
of previous years. It also were investigated the reasons
for the emergence of the need to study this issue, devel-
oped statistics materials for past years. On the basis of
the collected and studied material, a chart of the per-
centage of the accident type at the high-security facility
from 2009 — 2019 has been created. As a result of the

work done, the most common types of accidents for
steel vertical tanks were identified and appropriate con-
clusions were made.

The reliability of redundant systems. One of the sig-
nificant achievements of the Poltava School of Relia-
bility is the solution of the problem of reliability of stat-
ically indeterminate (redundant) systems [1 — 4]. The
redundant structure failure estimation is a very compli-
cated problem as depends upon the system complexity.
Redundant structure failures occur after some member
failures in the form of transmission to different worka-
ble states. These states match different designing
schemes with various probabilistic parameters. The im-
portant thing is that determination of the elements sig-
nificance in the reliability of redundant frames [25]. For
this the probabilistic method of limit equilibrium is ap-
plied. All possible mechanisms of structural failure are
considered. The influence of each section on the work
of the frame as a whole is taken into account. Stochastic
strength and load characteristics are used in the calcu-
lations. The graphs of specific contributions of individ-
ual sections and the most probable mechanisms of de-
struction are presented. The task was to align the impact
of the frame sections without reducing the specified re-
liability, but it is possible to obtain a design with the
same specific contributions, which is most economi-
cally justified. Specific contributions are increased or
decreased as necessary to obtain a design with equal
probability of failure. The method provides an oppor-
tunity to obtain optimal designs and the use of modern
software systems for static calculation. Recommenda-
tions for the design of these structures have been devel-
oped. It is proposed to use the reliability coefficient of
redundant steel structures.

Analyze of accidents in construction.The problem of
buildings and structures crashes remains relevant in the
current environment. Cases of destruction of construc-
tion sites with significant economic losses and human
casualties make the issue more detailed. That is why the
School of Building Reliability has studied building ac-
cidents in recent years [26]. On the basis of collected
and processed information the accidents classification
in the building was presented, depending on the build-
ing erection stage. The article gives a detailed descrip-
tion and analysis of such cases in the construction. The
collection of information on accidents was carried out
using various information sources: Internet resources,
literary sources, scientific works and information from
world-wide journalistic services. The findings are pre-
sented over the last ten years and cover worldwide con-
struction incidents. The material is systematized and
presented in the table form. The study results are the
created accidents classification with the probability of
their occurrence, which can be used later in the design
of buildings and structures, in order to predict the vari-
ous types of accidents in the construction.

Next paper covers the consequences of accidents at
buildings and structures during the construction and ac-
ceptance in operation [27]. Attention is focused on the
frequency of repetition of this type of accidents, using
the graph of the structures’ operation stages. The work
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describes and analyzes such incidents related to con-
struction. The corresponding diagrams are constructed.
The result of the study is the relevant conclusions about
the typification of accidents during construction and
their regularities. The most common causes of acci-
dents are identified, which allow to obtain more de-
tailed study of the problem and further provide for cases
of such accidents at the construction site. Attention is
focused on the dependence of the construction’s quality
on the level of the country's welfare. In addition, the
conclusions contain the main tasks in the solution of
this problem and ways of their implementation.

Implementation in design standards. Research find-
ings of our University in the field of reliability have
been highly praised and implemented in a number of
state regulations. This is the highest level of implemen-
tation, as these standards are used by all designers
throughout Ukraine. One of the normative documents
developed in recent years is DSTU B B.2.6-210:2016
«Assessment of the technical condition of used steel
structures» [28]. Several of our proposals are included
in this national standard, including recommendations
for testing the load-bearing capacity of beams
with damage in the form of horizontal distortion, clas-
sification of technical conditions of structures and edi-
torial amendments. Over the last five years, standards
have slowed down: a few years ago, we have been
preparing with our participation new revisions to
the standards for load and reliability. I, together with.
DSc. A.V. Perelmuter even participated in a discussion
with DSc., prof. A.l. Lantuh-Lyashchenko (National
Transport University) [29]. He argued that the existing
DBN «General Principles for the Reliability of Build-
ing Structures» had serious drawbacks and had to be
radically corrected. We opposed this proposal, because
these rules are the only ones in the territory of the for-
mer USSR, they have stood the test of time for ten
years, regulate a complex system for ensuring the reli-
ability and safety of construction objects and require
only partial amendments and references to new regula-
tions.

Application of scientific principles in the humanitar-
ian sphere. The preparation of the publications, par-
tially mentioned in the list of literature, allowed to gain

some experience in writing scientific books. This expe-
rience was successfully applied when writing a mono-
graph of another humanitarian profile [30]. This book
is dedicated to the famous Poltava artist Viktor Baturin
(1937 — 1993). A prominent exposition artist, Honored
Artist of Ukraine, he was the head of unique exhibitions
creating of the Poltava Museums Ivan Kotlyarevsky,
Panas Mirny, Mykola Gogol, Anton Makarenko, the
Kiev Theater Museum, the Ochakov Military History
Museum. For some time he was also the chief artist of
Poltava, he developed the coat of arms of the city, cre-
ated a monument to the fallen Cossacks and designed
the Ukraine Pavilion at the World's Fair in Stuttgart
(Germany). The author of the article was the author of
the book. Working on the book required the combined
efforts of museum workers, artists, people who knew
Victor Baturin. By his 80th birthday, the book had been
published, presented in a museum I.P. Kotlyarevsky
and free distributed. Subsequently, the author of the ar-
ticle made presentations of the book in Poltava muse-
ums and libraries, spoke at the scientific conferences
PNPU, dedicated to the memory of the outstanding
teacher A.S. Makarenko, published an article in the sci-
entific professional collection of PNPU.

Conclusions

Summarizing the work of the School of Structural Re-
liability for the five years 2015 — 2019, it should be
noted that significant scientific results were obtained in
this short period of time. They contributed to the de-
fense of doctoral and PhD theses, the publication of five
scientific monographs and 56 scientific articles, the
publication of six textbooks, the participation in scien-
tific conferences in the United Kingdom (London), Fin-
land (Cottbus), Poland (Krakow, Green Gora), Azer-
baijan (Baku), Kazakhstan (Taraz), as well as in
Ukraine (Kiev, Odessa, Kharkiv, Dnipro, Rivne, Kro-
pyvnytskyi), have acted as an official opponent for two
doctoral and two PhD theses. At the same time, the
questions for further prospective research, mentioned
above in the article, remain unresolved.
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A brief description of vibration tables with spatial oscillations of a moving frame and comparison of their technological
possibilities depending on their constructive execution are given. The methodology for evaluating the technological and
structural parameters of the vibration tables is also presented based on the use of a dimensionless complex parameter that
enables to evaluate the consumer qualities of the vibrating tables, their technical level and competitiveness during the design
and operation stage. The vibrating machines constructive designs schemes, their characteristics and the description of the
scope of application are presented, which enables designers and manufacturers to orientate themselves in the variety of
currently used vibration machines with spatial oscillations of the moving frame for the formation of the same type of rein-
forced concrete products.
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TEXHOJIOTTYHICTD BIBPALIITHAX IJIOIIATOK
3 IPOCTOPOBUM PYXOM PYXOMOi PAMM
JUISI ®OPMYBAHHS 3AJII3OBETOHHUX BUPOBIB

Hecrepenxo M.IL'*, Hecrepenko M.M.2, Opucenko O.B.?, Ckusipenko T.0.*

1.2.3.4 TJonraBchkuii HallioHaNbHUN TexHiuHuMi yHiBepcuTeT iMeni FOpis Konapatioka
*Anpeca s nuctyBanns E-mail: E-mail: nesterenkonikola@gmail.com

HaBeneHo kopoTkuii omuc BiOpaumiiHMX IUIOIIANOK 3 MPOCTOPOBMMH KOJHMBAaHHSAMH PyXOMi paMH Ta TOPIBHSHHS I1X
TEXHOJIOTTYHMX MOKJIMBOCTEH 3aJIe)KHO BiJl IX KOHCTPYKTHBHOTO BUKOHAHHS. Ha BUpOOHHIITBI 30ipHOTO 3a11300€TOHY st
YIIiTbHEHHSI OETOHHUX CyMilleld BAKOPHCTOBYIOThH BiOPOIUTONIa KM Pi3HOMAHITHUX KOHCTPYKIIiH, Ki 3HAYHOIO MipOIO BH-
3HAYAI0Th TEXHOJOTIYHY €(EKTHBHICTh OOJIATHAHHS 1 MPOXYKTUBHICTH MignpreMcTBa. LIInpokoro po3moBcromkeHi HaOymi
po3pobueHi y pizHi poku Kb «Bibporexnika» [TontTHTY BibpariifHi miomaaky 3 MPOCTOPOBHM PYXOM pOOOYOTO OpraHa,
SIKI MArOTh MOJKJIMBICTD SIKICHOTO Ta MPOXYKTUBHOTO (POPMYBaHHS 3a1i300€TOHHUX BUPOOIB yciei HOMEHKIATypu. [cHyI0-
4yuii neiuT BiOpaLiifHIX MalIMH i HEBU3HAYEHICTh Y BUOOPI MPIOPUTETHUX HANPSIMIB X PO3BUTKY CTBOPIOIOTH HA BUPOO-
HULTBI 3HAUHI TPYJHOLII IIO/I0 MPOEKTYBaHHS UM TEXHIYHOTO MepeoCHaNeHHs: (GOpMyBalbHUX MOCTIB MiIIPHEMCTB 30ip-
HOTO 3ai300eToHy. [Ipu nmpoekTyBaHHI (HOpPMYBaIBHUX MOCTIB Ta BUOOPI TEXHOIOTIYHOTO OONATHAHHS IS YIIUTBHEHHS
OETOHHOT CyMillli PU BUTOTOBJICHHI 3aJ1i300€TOHHUX BUPOOIB HEOOXiTHA OLIHKA TEXHOJIOTIYHMX MOMIIHBOCTEH YCiX
PI3HOBHIIB BiOPOIUIOIIAIOK 3 TPOCTOPOBHMH KOJMBAaHHAMH pyxomoi pamu. Takok HaBeleHO iX KOPOTKHH OIHC Ta
MOPIBHSHHS TEXHOJIOT1IYHUX MOKIIMBOCTEH 3aJIS)KHO BiJl KOHCTPYKTUBHOTO BHKOHAHHS. HaBeZeHO METOANKY OIIHKH TeX-
HOJIOTIYHHX 1 KOHCTPYKTHBHUX MapaMeTpiB BIOPOILIONIAIOK, IO IPYHTYETHCS Ha BUKOPHCTaHHI 0€3p03MipHOTO KOMILIEK-
CHOTO TapaMeTpa. BoHa 103Bosie sIK Ha CTafii MPOEKTYBaHHS, TaK 1 B MPOIIECi eKCILTyaTallii OIiHUTH CHOXHBYI SKOCTI
BiOpomyomanoK, ixHiii TeXHIYHHH PiBEHb 1 KOHKYPEHTOCIHPOMOXKHICTh. AHaNi3 HaBEIEHUX CXEM KOHCTPYKTHBHHX
BUKOHaHb BiOPAI[IfHMX MaIIKH, IX XapaKTEPUCTHUK Ta OMHUC chepH 3aCTOCYBaHHS TO3BOJISTH MPOSKTYBAIbHUKAM Ta BUPOO-
HUYHUKaM OPi€HTYBATUCS B PI3HOMaHITTi BUKOPHCTOBYBaHUX CHOTO/IHI BIOPAI[IfHIX MAIIHH 1715 pOpMYBaHHS OTHOTHITHUX
3aJ1i300€TOHHUX BUPOOiB.

Karwuosi ciioBa: BiOpariitHa miomniaaka, BioOpo30OymKyBad, GopMyBaHHS 32113006 TOHHUX BHPOOIB.
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Introduction

The development of rural, including farms, involves
intensive construction of housing and farm buildings
that are cheap in price and have high quality. In
addition, natural disasters that have occurred in Ukraine
in recent years. have identified the need for the
development of technology of high quality and fast
construction in difficult conditions. Emergency
situations require prompt and immediate construction
in unsuitable conditions for its conduction. Therefore,
in modern construction, concrete products are still in
demand. At the production of prefabricated reinforced
concrete for consolidating concrete mixtures, vibration
tables of various structures are used. The researches de-
scribed in [1 — 7] the equipment technological effi-
ciency of equipment and enterprise productivity has
been determibed. The industry of Ukraine and CIS
countries vibroforming equipment is not serially
produced, and enterprises are forced to replenish it
independently in conditions of metal and component
parts scarcity. Existing deficit of vibration machines
and uncertainty in the choice of priority directions of
their development create significant difficulties in the
production of designing or technical re-equipment of
forming posts of prefabricated reinforced concrete
enterprises.

Review of research sources and publications

The variety of such equipment is used in the produc-
tion [1 — 7], which is explained by various scientific
concepts of vibration technology and concrete mixtures
consolidation, which have repeatedly changed, alt-
hough the requirements for the quality of prefabricated
reinforced concrete products practically remained un-
changed. Existing deficit of vibration machines and un-
certainty in their development priority directions choice
create considerable difficulties in the production of
technical re-equipment of prefabricated reinforced con-
crete enterprises forming posts technical re-equipment
production.

The design bureau «Vibrotechnics» of the Poltava
National Technical Yuri Kondratyuk University has de-
veloped a uniform series of low-frequency (24 Hz) vi-
brating tables with spatial oscillations of a moving
frame (Figure 1) [7] which contains nine sizes of load-
carrying capacity from 10 to 30 t for the production of
products in the plan of 1.5x6 to 3x12 m. Vibration ta-
bles are extremely simple construction with a minimum
of components, they are economical for power con-
sumption, reliable in operation and are used both in
closed production facilities and as in open landfills of
reinforced concrete. By joining on short edges of two
identical vibration tables, their maximum load-carrying
capacity can be increased to 60 t, and the dimensions of
the product - up to 3x24 m. Such vibration tables were
produced in small quantities for construction compa-
nies.

Definition of unsolved aspects of the problem

When designing forming posts and the choice of
technological equipment for consolidating the concrete
mixtures in the manufacture of reinforced concrete

products, the technological capabilities assessment of
all varieties of vibration tables with moving frame
spatial oscillations is required.

Problem statement

The purpose of this work is to evaluate the technolog-
ical capabilities of all varieties of vibration tables with
moving frame spatial oscillations for consolidating the
concrete mixture.

Basic material and results

Vibration tables with spatial oscillations of a moving
frame are vibratory machines where the unbalanced vi-
bration exciter of circular oscillations are driven by
electric motors installed on the basement, with the help
of a belt transmission (Fig. 1 and 2) [7]. In such
structures of vibration tables there are no gears.

Figure 1 — Scheme vibration table with the
end position of the vibration exciter:

1 — moving frame; 2 — elastic rubber-metal support;
3 — vertical shaft vibration exciter; 4 — electric motor;
5 — frame electric motor; 6 — stop wedge transverse;
7 — cover

Figure 2 — Scheme vibration table with two
inclined vibration exciters:
1 —moving frame; 2 — elastic rubber-metal support;
3 — vibration exciter; 4 — frame electric motor
5 — electric motor; 6 — cover; 7 — bolt basement;
8 — stop wedge transverse

Initial data when designing vibration tables for the
formation of reinforced concrete products is the type of
product, its mass and overall dimensions. The load-car-
rying capacity of the vibration table Q is determined,
which is defined as the total mass of the form, the vi-
bration equipment and technological equipment. The
frame overall dimensions of the vibration table Lx and
Ly are calculated considering the overall dimensions in
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the form of the plan, with the need to further consider-
ation the possibility of mounting the stop wedge trans-
Verses.

Spatial oscillations of moving frames provide suffi-
cient technological efficiency at accelerations in the
horizontal plane a range as an = (1,5...2,5)g, and at the
level of sound pressure do not exceed the sanitary-hy-
gienic norms and do not require additional measures.

When forming products of various sizes from mix-
tures with slump arange as 1 ... 4 cm, a form freely set
on vibration moving frame and restrict from slipping
through stop wedge transverses. When using concrete
mixtures with the stiffness a range as 11 ... 20 s requires
the jamming of forms on a moving frame, vibration ta-
bles two or three pairs of hard wedge stops. In addition
to the carrying capacity, the size of the moving frame
and the intensity of vibration, the technological capa-
bilities of these vibration tables largely depend on the
variants of the vibration exciters location on the moving
frame vibration table with vertical or inclined unbal-
anced shafts relative to the vertical axis passing through
the center of the oscillatory system masses. The ad-
vantage of using inclined vibration exciters is to in-
crease the technological efficiency of low-frequency
vibration tables by increasing the vertical component of
the amplitude vibrations of the moving frame, that is
important for the qualitative consolidating of stiff con-
crete mixtures.

Considered technological capabilities of vibration ta-
bles with spatial oscillations of the moving frame for
the formation of the same type of reinforced concrete
carried out according to the design schemes presented
in Figure 3.
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Figure 3 — Generalized technical scheme
vibration tables with variants of the location
of vibration exciters on the moving frame

When choosing vibration tables for the formation of
reinforced concrete products it is convenient to use
generalized technical characteristics of vibration tables
with spatial oscillations of the working organ, given in
Table 1.

Table 1 — Generalized technical characteristics of vibration tables

Constructive execution (Figure 2)
Parameter
a b c d e
Load-carrying capacity, t 0,2...25 10...25 0,4...20 12...100 2.....80
Dimensions in plan of
products to be formed, m:
— width 0,8...3 1...3 1...2 1,5...3- 2...12
— length 1,5...12 3...14 2...12 3...15 2...12
Power driven
electric motors, KW 0,55-22 11-22 0,75-22 (11...30)x2 (1,1...30)x2
Weight of vibration table, t 0,3-8 5-11 0,4-10 5,6-16 0,6-14
Concrete | slump, cm 5...10 1...4 1.4 - 1.4
mixture stiffnes, s _ _ — 11...20 -
Application for the manu- | On aggregate- | On aggregate-current lines and | On aggregate- | At outdoor
facture of reinforced con- current and at outdoor landfills current and landfills
crete products conveyor conveyor
lines lines
Types of formed products | Ribbed plates, | Ribbed plates, | Plates of Many hollow | Plates of
wall linear pails overlappings | Plates of overlappings,
and selective are linear and | overlappings, | spatial ele-
elements in spatial ele- electric sup- | ments, hydro-
cassette forms ments ports technical
blocks
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Analysis of constructive performances of vibration
tables with spatial oscillations of a working frame:

a) with an in-depth location of the vibration exciter in
the window of the moving frame, in other equal condi-
tions, has the simplest construction and minimal dimen-
sions in plans of the form relative size. The components
of the vibrational displacements amplitudes on three
coordinate axes are evenly distributed along the perim-
eter of the moving frame. The reduced values of the
vertical components of the vibro displacement in the
central part of the moving frame in the case of the in-
stallation of a vertical shaft vibration exciter may be
aligned due to the tilting of the rotation axis of the un-
balanced shaft a range as 5...15° from the vertical.

b) with the end face vibration exciter, like all the fol-
lowing, increases the dimensions of the vibration table
relative to the size of the forms and requires the instal-
lation of protective covers over the vibration drive. This
location of the vibration exciter is most convenient in
terms of maintenance and repair. In this constructive
version, along the length of the moving frame, two
zones of reduced intensity of vibration appear: in the
central part, due to the small vertical components of the
amplitudes of the vibrational displacements, and in the
zone distant from the vibrational platform at a distance
equal to 1/4 ... 1/3 of the moving frame length, where
the small transverse components of these amplitudes
exist. Inevitable flexible oscillations of the form pallet
elements and its sides, smoothes the display of the
amplitudes calculated lower values of vibro
displacement in these zones, and their presence has
little effect on the quality of concrete mixtures compac-
tion with slump arange as 3 ... 5 cm and more, however,
this technological feature should be foreseen in quality
control and commaodity type of long-range products in
the specified «risk areas». The application of the first
portions of the concrete mixture to these places of the
form for obtaining a long product promotes the
uniformity of sealing the mixture throughout its length.
In general, the good technological feasibility of this
constructive option was determined by its recognition
by manufacturers and relatively widespread at outdoor
landfills of the year-round operation;

c) with a vibration exciter, mounted on the long side
of the moving frame of the vibration table, provides
more even distribution of the transverse amplitudes of
vibrational displacements. Their calculated «lowered
zone» extends beyond the boundary of the moving
frame, but the vertical components in its central part re-
tain reduced values, which is a definite condition for its
application for the formation of spatial elements of dif-
ferent height with a central cavity (pressure elements of
pipes of any diameter, rings for wells, elements of ele-
vators, block rooms, etc.). The unbalanced shaft rota-
tion slope enables to eliminate the «lowered zone» of
the amplitudes vertical components of the vibrational
displacements complicating the arrangement of the vi-
bration drive;

d) with two independent vibration exciters installed
on the ends or in the windows of the moving frame.
When working with vibration exciters, there are forces
of circular action that cause spatial oscillations of the

moving frame and are transmitted through the form to
the concrete mixture. The oscillating system is de-
signed so that the vibrational displacement of the mov-
ing frame points has the character of the bits, which pe-
riod varies from 1 to 8 s for different types of sizes.
When intervals corresponding to the antiphase rotation
of unbalances, when vibration exciters for a short time
enter the self-synchronization mode, the moving frame
makes oscillations predominantly in transverse and ver-
tical planes. This mode of vibration enables to form
concrete mixtures efficiently that increases the techno-
logical efficiency of the vibration table. The disad-
vantage of this design option is the complexity of the
design and the increase in the number of component
parts by doubled;

e) with two independent vibration exciters installed
on the adjacent sides of the movable frame, considering
the self-synchronization mode. Such a constructive im-
plementation provides for an increase in mainly hori-
zontal oscillations along its diagonal and to a lesser ex-
tent causes other components of the amplitudes of vi-
brational displacements. Such a technical solution is ef-
fective for the formation of spatial elements of mass
and height with a square or rectangular cross-section.
Vertical formwork forms perceive simultaneously the
same dynamic pulses along the direction, and, accord-
ingly, all four vertical walls of a spatial product receive
the same degree of consolidation. Formation of rein-
forced concrete products with a mass of less than half
of the calculated load-carrying capacity can be carried
out by switching on one vibration exciter. The inclina-
tion of the vibration exciters increases the vertical com-
ponent of the vibrations in the formation of large-sized
products, with dimensions in the plan of 6x6, 9x9, or
12x12 m. On such a vibration tables installed on an
open landfill near the construction site, in the area of
the crane, the large-sized fragments of the assembly
monolithic constructions. It enables to implement pro-
gressive volumetric planning decisions and to shorten
the construction period.

It is convenient to create stationary vibration forms
for the production of large-sized and spatial reinforced
concrete products, to carry out modernization of cas-
sette and other installations on the basis of unified
nodes of vibration tables in accordance with the above
considered variants of constructive execution of vibra-
tion tables.

The unified vibration kits VK-1, VK-2, VK-3
(Table 2) enable to organize the production of large-
size reinforced concrete structures in improved
stationary vibration forms of different configuration
and mass, both in closed production facilities and in
oupan landfills in the short term and with minimal cost,.
The fastening nodes of vibration exciter and elastic
supports are modernized to a concrete form
individually.

It is also easy to create small vibration tables with a
load-carrying capacity from 0,2 to 2,5 t with the use of
one or two suspended universal vibration exciters for
the formation of common small-sized reinforced con-
crete products in single or cassette forms.
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For example, the vibration table PL-2,5 with two
hinged vibration exciters 1\VV-105 with a frequency of 24
Hz and a total power of 2.2 kW has a carrying capacity
of 2.5 t and enables to form products with dimensions
in the plan of 1.6x7.2 m. The feasibility of manufactur-
ing small vibration tables is confirmed by many foreign
firms in Italy, France, Japan. In the CIS countries, such
vibration tables are not manufactured.

Table 2 — Generalized technical characteristics
of unified vibration kits

Vibration kit
Parameter
VK-1 | VK-2 | VK-3

Load-carrying capacity | 5-12 15-25 | 30-55
(mass of form with
a concrete mixture), t
Frequency of oscilla- 24-30
tions of a moving
frame, Hz
Vibration drive 7 11 22
power, KW
Weight of units of 700- 870- 1590-
vibration kit 840 1190 2060
(depending on the num-
ber of supports), kg

Technological and operational parameters of vibration
tables [8 — 10] are also easy to evaluate according to the
calculation method proposed by us [10].
The method of calculation, based on the use of a dimen-
sionless complex parameter, enables both at the design
stage and during the process of exploitation to evaluate
the consumer quality of vibration tables, their technical
level and competitiveness by the following formula

IZ\/(kahfga))2+a3a)3. Q? 115-L 180

. (@)
N/Q MM, Lt

where k — coefficient considering the influence of the
tangent component of the amplitude of the oscillations

of the concrete mixture, is taken within the range as 0.2
... 0.4 depending on the stiffness of the concrete mix-
ture;

f — coefficient considering the friction of the concrete
mixture on the pallet of the form (f =0.10 ... 0.12);

g — acceleration of free fall;

an and ay, — amplitude of the horizontal and vertical vi-
brations of the moving frame respectively;

— angular frequency of oscillations, s*;

N — installed power of the vibration drive, kW;

Q — maximum load-carrying capacity of the vibration
table, t;

My — weight of the vibration table, t;

My — weight of basement vibration table, t;

L —actual equivalent noise level at the workplace, dBA;
t — the total duration of the vibration table inclusions
during the cycle of products formation of the same type,
S.

The complex parameter includes four factors, which
respectively reflect: the efficiency of energy
consumption, the material content of the vibration
table, considering the weight of the basement, relative
sanitary and hygienic conditions of work on the noise
level at the workplace, technological efficiency of the
vibrating machine. The higher the dimensionless
complex parameter I, the more perfect the vibration ta-
ble. In tab. 3 there are shown the results of the
comparison with the proposed dimensionless complex
parameter of the operational qualities of the most
common in the production of four vibration tables for
the formation of the same type of products with a size
of 3.0x6.0 m. In this case, the amplitude of the vibro
displacements indicated in Table 3 corresponds to the
regimes adopted on practice that ensures the
performance of these vibrating machines and the proper
quality of consolidating the concrete mixture. The
dimensionless complexity of the vibrating table VPG-
2M-07 is higher in comparison with vibrating table
areas: SMG-538A in 1,66 times; SMG-200G is 7.16
times, SMG-773 is 1.33 times.

Table 3 — Comparison of technological and operational qualities the most common vibration tables
with the help of dimensionless complex parameter

Parameter Values of parameters for vibration tables
SMG -538A | SMG -200G | SMG -773 |VPG-2M-07

Load-carrying capacity, t 18 15 20 16
Angular frequency of oscillations, s 152 300 152 188
Actual equivalent noise level, dBa 80 100 85 80
Amplitude of vibrations of the working body, m:

— horizontally - - - 0.60-10°

— vertically 0.75-10°% 0.35-10°% 1.0-10°® 0.28-10°%
Installed power of the vibration drive, kW 44 88 50 37
Basement mass, t 75 120 90 48
Total vibration drive activation time, s 180 90 180 180
Dimensionless complex parameter 0.206 0.048 0.259 0.34
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Conclusions

1. The main property of vibration tables with spatial
oscilations of a moving frame is the possibility of the
entire  nomenclature  products qualitative and
productive formation according to the planned volume
at a separate factory of reinforced concrete products,
which facilitates their manufacturing, maintenance and
ongoing repair of forming equipment.

2. The given schemes of constructive variants of
execution of vibration tables with spatial oscilations of
a moving frame enable designers and manufacturers to

be more easily guided in the variety of currently used
vibration machines for the formation of the same type
of reinforced concrete products.

3. The method for evaluating the performance of
vibration tables with the help of a dimensionless
complex parameter enabes both at the design stage and
during the process of exploitation to evaluate the
consumer qualities of vibration machines of different
design, to determine their technical level and
competitiveness on the set of basic technical
parameters.

References

1. Banfill, P.F.G., Teixeira M.A.O.M. & Craik, R.J.M.
(2011). Rheology and vibration of fresh concrete: Predicting
the radius of action of poker vibrators from wave propagation.
Cement and Concrete Research, 41(9), 932-941.

https://doi.org/10.1016/j.cemconres.2011.04.011

2. Juradian, S., Baloevic, G. & Harapin, A. (2014). Impact
of vibrations on the final characteristics of normal and self-
compacting concrete. Mat. Res. [online], 17(1), 178-185.

http://dx.doi.org/10.1590/S1516-14392013005000201.

3. Nazarenko, I., Ruchynskyi, M. & Delembovskyi, M.
(2018). The basic parameters of vibration settings for sealing
horizontal surfaces International Journal of Engineering &
Technology (UAE), 7(3.2), 255-259.

http://dx.doi.org/10.14419/ijet.v7i3.2.14415.

4. Nesterenko, M., Nazarenko, I. & Molchanov, P. (2018).
Cassette installation with active working body in the separat-
ing partition. International Journal of Engineering & Tech-
nology (UAE), 7(3.2), 265-268.

http://dx.doi.org/10.14419/ijet.v7i3.2.14417

5. Nesterenko, M., Maslov, A. & Salenko, J. (2018). Inves-
tigation of vibration machine interaction with compacted con-
crete mixture. International Journal of Engineering & Tech-
nology (UAE), 7(3.2), 260-264.

http://dx.doi.org/10.14419/ijet.v7i3.2.14416.

6. Shigeyuki, D., Goryozono, Y. & Hashimoto, S. (2012).
Study on consolidation of concrete with vibration. Physics
Procedia, 25, 325-332.

https://doi.org/10.1016/j.phpro.2012.03.091

7. Hecrepenko, M.IL. (2017). [IporpecuBHHl PO3BUTOK Bi-
OpaIiifHIX yCTAaHOBOK 3 NPOCTOPOBHMH KOJHBAaHHAMH JIJIS
(dopMyBaHHS 3aTi300€TOHHUX BHUPOOIB. 30ipHUK HAYKOGUX
npays. Cepia: [anysege mawunoOyoysanus, 0OyOieHUYmMao,
2(44), 16-23.

8. Ceinepcekuii, A.T., lenemboBcrkuii, M.M. (2010). Kpu-
Tepii OLIHKHU SKOCTI BiOporutomanok. 7exunixa 6ydisnuymea,
24, 24-27.

9. Cieko, B.I, Kyseminens, M.IL. (2012). Ouinka BIUIUBY
pobodoro cepemoBHIa HAa PEKUMH KOJMBAaHb BiOpariitHUX
MamuH. Teopis i npakmuka 0yoienuymea, 10, 3-5.

10. Hectepenko, M.IL., Binenpkwuii, B.C., Cemko, O.B.
(2017). OriHKa KOHCTPYKTHBHO-TEXHOJIOTIYHUX TapaMeTpiB
Ta eKCIUTyaTalliiHUX SIKOCTeH BiOpaliifHUX MaImuH s Gop-
MyBaHHs 3a]1i300€TOHHUX BUPOOIB. 36ipHuKx Haykosux npays.
Cepin: Tanysese mawunobyoyeanus, Oyoienuymeo, 1(43),
231-237.

11. Hasapemnko, LI., Hecreperko, MLIL. (2015). Meroauka
OCIIKEHb 3arajabHOl AMHAMIYHOI MOJENl «TEXHOJIOTIYHa
MalluHa A7 OyaiBenbHOT iHAycTpil — 00pobIIoBaHe cepeio-
Buine». Texuixa 6yoisnuymea, 34, 4-11.

1. Banfill, P.F.G., Teixeira M.A.O.M. & Craik, R.J.M.
(2011). Rheology and vibration of fresh concrete: Predicting
the radius of action of poker vibrators from wave propagation.
Cement and Concrete Research, 41(9), 932-941.

https://doi.org/10.1016/j.cemconres.2011.04.011

2. Juradian, S., Baloevic, G. & Harapin, A. (2014). Impact
of vibrations on the final characteristics of normal and self-
compacting concrete. Mat. Res. [online], 17(1), 178-185.

http://dx.doi.org/10.1590/S1516-14392013005000201.

3. Nazarenko, I., Ruchynskyi, M. & Delembovskyi, M.
(2018). The basic parameters of vibration settings for sealing
horizontal surfaces International Journal of Engineering &
Technology (UAE), 7(3.2), 255-259.

http://dx.doi.org/10.14419/ijet.v7i3.2.14415.

4. Nesterenko, M., Nazarenko, I. & Molchanov, P. (2018).
Cassette installation with active working body in the separat-
ing partition. International Journal of Engineering & Tech-
nology (UAE), 7(3.2), 265-268.

http://dx.doi.org/10.14419/ijet.v7i3.2.14417

5. Nesterenko, M., Maslov, A. & Salenko, J. (2018). Inves-
tigation of vibration machine interaction with compacted con-
crete mixture. International Journal of Engineering & Tech-
nology (UAE), 7(3.2), 260-264.

http://dx.doi.org/10.14419/ijet.v7i3.2.14416.

6. Shigeyuki, D., Goryozono, Y. & Hashimoto, S. (2012).
Study on consolidation of concrete with vibration. Physics
Procedia, 25, 325-332.

https://doi.org/10.1016/j.phpro.2012.03.091

7. Nesterenko, M.P. (2017). Progressive development of vi-
bration installations with spatial vibrations for the formation
of reinforced concrete products. Academic journal. Series: In-
dustrial Machine Building, Civil Engineering, 2 (44),
16-23.

8. Svidersky, A.T. & Delembovsky, M.M. (2010). Criteria
for assessing the quality of vibrating platforms. Construction
Engineering, 24, 24-27.

9. Sivko, V.Y. & Kuzminets, M.P. (2012). Assessment of
the influence of the working environment on vibration modes
of vibrating machines. Construction Theory and Practice, 10,
3-5.

10. Nesterenko, M.P., Biletsky, V.S. & Semko, O.V. (2017).
Assessment of structural and technological parameters and
performance of vibrating machines for the formation of rein-
forced concrete products. Academic journal. Series: Indus-
trial Machine Building, Civil Engineering, 1 (43), 231-237.

11. Nazarenko, I.I. & Nesterenko, M.P. (2015). Research
methodology of the general dynamic model «technological
machine for construction industry — processed environment.
Construction Engineering, 34, 4-11.

18

Academic Journal. Series: Industrial Machine Building, Civil Engineering. — 2 (53)' 2019.



https://doi.org/10.1016/j.cemconres.2011.04.011
http://dx.doi.org/10.1590/S1516-14392013005000201
http://dx.doi.org/10.14419/ijet.v7i3.2.14415
http://dx.doi.org/10.14419/ijet.v7i3.2.14417
http://dx.doi.org/10.14419/ijet.v7i3.2.14416
https://doi.org/10.1016/j.phpro.2012.03.091
https://doi.org/10.1016/j.cemconres.2011.04.011
http://dx.doi.org/10.1590/S1516-14392013005000201
http://dx.doi.org/10.14419/ijet.v7i3.2.14415
http://dx.doi.org/10.14419/ijet.v7i3.2.14417
http://dx.doi.org/10.14419/ijet.v7i3.2.14416
https://doi.org/10.1016/j.phpro.2012.03.091

36ipHuk HaykoBuX npanb. Cepis: I'anyzeBe MaminHOOYyyBaHHs1, OyAiBHUIITBO
Academic journal. Series: Industrial Machine Building, Civil Engineering

http://journals.pntu.edu.ua/znp
https://doi.org/10.26906/znp.2019.53.1882

UDC 621.331.1

DIFFERENT CHARACTERISTICS BRAKE AUTOMOTIVE
SYSTEM SALES RESEARCH MANUFACTURED
BY ADDITIVE TECHNOLOGIES

Nesterenko Mykola?, Virchenko Viktor?*, Shapoval Mykola®**, Shokalo Artem*

! Poltava National Technical Yuri Kondratuyk University https://orcid.org/0000-0002-8961-2147

2 Poltava National Technical Yuri Kondratuyk University https://orcid.org/0000-0002-5346-9545

3 Poltava National Technical Yuri Kondratuyk University https://orcid.org/0000-0002-6943-7687

4 Poltava National Technical Yuri Kondratuyk University https://orcid.org/0000-0002-7971-5724
*Corresponding author E-mail: virchenko.viktor@gmail.com

Problems in designing hydraulic brake systems of cars have been analyzed. The study of the braking process has conducted
considering the distribution of forces on the axles during braking. The general support model research and support geometric
characteristics are developed. The calculation of the car brake system has been conducted that enables to determine the load on
the caliper during the braking process and using graphic dependencies, and to determine the concentration of maximum stresses
in the mounting areas of the support. Based on analytical studies in the Autodesk Fusion 360 3D Modeling program, a design
has been implemented that features a smaller metal capacity at the expense of rational design and providing uniform strength
across the entire surface. Adaptive technologies also significantly accelerate the production of new parts due to the lack of need
for the production of auxiliary equipment, such as molds.

Keywords: brake system of the car, additive technologies, support.

JOCJIIIZKEHHSA MINHICHUX XAPAKTEPUCTUK CYIIOPTA
T'AJBMIBHOI CUCTEMHM ABTOMOBLIS, IO BUTOTOBJEHUM
HIJISIXOM AJJUTUBHUX TEXHOJIOT' T
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[IpoananizoBaHo mpooOIeMH, O BUHAKAIOTH ITPH MPOEKTYBaHHI TiIPaBIIYHIX TATEMIBHHX CHCTEM aBTOMOOILTIB. 3ampomno-
HOBAHO 3a JIONIOMOTOI0 aJATUBHUX TEXHOJIOTiil BUTOTOBUTH JIeTalli rajJbMiBHOI CHCTEMH CKJaJHOi KoH(irypauii, 4oro He-
MOXJIMBO JOCSATTH IHIIMMH CIIOCOOaMH, HANPHKJIaJ BUTOTOBISTH JETalli, II0 MAalOTh BHYTPILIHI KaHAIH, MOPOXKHHHHU,
OTBOPH CKJIAIHOT GOPMH 1 T. 1. Y JeIKHUX BUMAAKaX 3aBISKU I[bOMY MOJYKHA JOCSATTH 3MEHIICHHS KiJIbKOCTI CKJIaJadbHUX
BY3JIB, KPIIUICHb Ta BiAMOBIHO 3MEHIIUTH PO3MIpH 1 Macy By3JiB. BUKOHaHO aHAIITHYHI TOCHIIKEHHS MPOLECY TaIbMY-
BaHHS 3 ypaxyBaHHSAM PO3MOIITY CHJI IO OCSX aBTOMOOLIS IMiJ 9ac ranbMyBaHHs. OCKiIBKY IIMHA aBTOMOOLIS € €HHUM
CHOJYYHUM €JIEMEHTOM Mi’K aBTOMOOLIEM Ta TOPOKHBOIO TIOBEPXHEIO, Y PO3PAXyHKOBIH CXeMi pO3IOILTY CHJI, KpiM Hel,
MIPEZICTaBICHO CYIOPT 1 rajdbMiBHUIA MUCK. Ha mpukiani cynopra raabsMiBHOI CHCTEMH aBTOMOOLUIS PO3pPOOIICHO 3araibHy
MOJIENTb TOCTIKEHHSI MIIHICHUX Ta TEOMETPUYHHMX XapaKTepHCTHK AeTani. HaBeneHO po3paxyHOK TalbMiBHOI CHCTEMH
aBTOMOOLUIS, SIKUH J03BOJISIE BU3HAYMTH HAaBaHTA)KEHHS Ha CYNOPT y MpoLeci TalbMyBaHHs i 3a JOMOMOT0I0 TpadiyHHX
3aJIe)KHOCTEH BU3HAYMTH KOHIIEHTPALIF0 MAaKCHMAJIBHUX HAlpYyXXeHb y MICISIX KpiIUIeHHs cymnopTa. ba3ytouuck Ha aHai-
THYHUX JOCHIDKEHHAX, y mporpami s 3D-moxaentoBanus Autodesk Fusion 360 pearnizoBaHo MpOEKT KOHCTPYKIIT Cymo-
PTa, SIKUii BIAPI3HAETHCS THM, 1[0 Ma€ MEHIIY METAIOEMHICTh 32 PaXyHOK PalliOHAILHOTO IM3aliHy Ta 3a0e3neYeHHs O/IHa-
KOBOT'O KOe(illieHTa MIITHOCTI 10 BCiif IIOBEpXHi. 3alpPOIIOHOBAHO BUTOTOBIICHHS TAKOi JIETaMi 32 JOIOMOTOI0 aIUTHBHUAX
TEXHOJIOTIH, 110 T03BOJISE JOCATTH 3HAUYHOT EKOHOMIi Marepiany 3aBIsKH 0araroliapoBOMy HaHECEHHIO Marepiaiy it Bu-
KITFOUCHHIO DSy TEXHOJOTIYHHX omepamiid 3 00poOiTKy 3arOTOBKH. AJIMTHBHI TEXHOJOTIi TaKoX 3a0e3MeuyloTh BHCOKY
TEXHOJIOTIYHICTh BUPOOHHIITBA Ta 3HAYHO NMPUCKOPIOIOTH BUTOTOBJICHHS HOBUX JIeTallel uepes BiJCYTHICTb OTPEOH y BH-
POOHHIITBI TOTTOMIXXKHOTO 00JIaIHAHHS, HATIPUKIIA TIpec-hopM.

Kiio4oBi cjioBa: rajgpMiBHa cUCTeMa aBTOMOOLIS, aANTHBHI TEXHOJIOTIT, CYIIOpT.
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Introduction

This publication topicality is based on the fact that it
addresses the additive technologies use issue for the car
parts manufacture. These technologies make it possible
to produce parts with material rational distribution in
the product volume. It reduces the mass of individual
parts, and as a consequence, the mass of nodes and the
whole vehicle.

Adaptive technologies enable to fabricate details of a
complex configuration that cannot be achieved in other
ways. For example, it becomes real to produce parts
that have internal channels, cavities, holes of a complex
shape, etc. In some cases, it is possible to achieve re-
duction in the number of assembly units, fasteners, and,
accordingly, to reduce its dimensions and mass.

The research is aimed to improve the efficiency of the
car by reducing its mass and to ensure its management
safety. For detailed processing, the brake system of the
car is chosen as such one that during the operation takes
considerable load, and its serviceability and reliability
influence the driving safety.

Review of research sources and publications

In the modern world, the complexity of hydraulic sys-
tems is quite high and constantly increasing (Fig. 1) [7
— 8]. The problem is that the usual methods of manu-
facturing parts cannot provide the manufacturing of
those technical solutions that bring the given system to
a new level. Due to manufacturing problems, engineers
cannot implement innovative solutions for individual
systems and components.

Nowadays, the parts used in hydraulic systems have
a lot of weight. And there are concepts with innovative
solutions that enable to make a breakthrough in the in-
dustry. The problem with designing the braking sys-
tems is that the braking system details have a complex
structure of the internal channels where hydraulic
losses occur. Due to existing manufacturing methods,
the channels have a curvilinear shape, increasing the
fluid resistance.

Figure 1 — BMW mechatronics

The additive manufacturing technologies develop-
ment current level gives engineers freedom in design-
ing parts and systems. With the help of additive tech-
nologies, any form of part and its internal structure can
be made with high accuracy virtually (Fig. 2).

Figure 2 — An example of a component
made by additive technology

Thus, by applying additive technology, it can be sig-
nificantly reduced the weight of the brake system com-
ponent and hydraulic losses throughout the system.

Definition of unsolved aspects of the problem

In modern braking systems of cars parts are used that
have a significant metal content and an inflated strength
across the entire surface. It is due to the lack of preci-
sion in the calculation of loads on the part and the or-
ganization of the technological process of their produc-
tion, based on traditional foundry processes and metal
cutting operations. In order to reduce the metal content
of the car brake systems, today more precise calcula-
tions of loads on the part should be carried out and
when designing modern graphic 3D simulation pro-
grams should be applied. It is expedient to produce de-
tails of the braking system of a complex configuration
with the help of additive technologies that are difficult
to obtain in other ways, for example, to produce parts
having internal channels, cavities, holes of complex
shape and so on.

Problem statement

The purpose of this article is to analyze the problems
that arise during the design of cars hydraulic brake sys-
tems, the development of proposals for the calculation,
3D modeling and the application of modern additive
technology in the system parts manufacture.

Basic material and results

Investigation of the braking the car process in most
cases is an investigation of emergency braking and is
reduced to determining the car speed and the brake path
[1, 2, 3]. The tire is the only connecting element be-
tween the car and the road surface. Tire engagement is
a decisive factor in road safety. So, in the distribution
scheme, the support, the brake disk and the tire are de-
picted. In the process of braking the car instead of the
torque, the braking torque is applied to the vehicle driv-
ing wheels, and instead of the traction effort, the brak-
ing force directed towards the reverse movement is sub-
stituted (Fig. 3).

The equation of motion in braking has the form

—P.=Ps+ Py £ Pi—P;. 1)

The amount of braking force is determined from ex-
pression
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where 3, — coefficient of specific braking force equal to
the ratio of the braking forces sum occurring on all
brake wheels to the weight of the vehicle (. = 0.9) [1];
g — free fall acceleration.

Equation of Negative Acceleration Motion j
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] G V. T -

Pz:Q/szg,

5 ©

Deveie cive S

oaka Atk g Stead

Figure 3 — Diagram of the distribution
of forces during braking:
My — torque; Pq — braking force; M, — braking torque;
Gk — the mass of the car falling on the wheel.

In modern cars with brakes on all wheels during
emergency braking, the limiting value y equals the co-
efficient of tire adhesion with the cover ¢ when driving
on a road straight line and ¢1 — when moving along the
curve.

Since during braking the car speed is sharply reduced,
the air resistance can be neglected, then at 5= 1 (direct
transmission)

j=(pxi+f). (4)

Also, the value of the braking distance on which the
driver can stop a car that moves at the rated speed is
normalized. The path of complete braking can be found
in the formula of the equilibrium motion

v=.,2aS, , ()
where a — absolute negative acceleration, m/s?
a=g-j=gloxi+f). (6)

Thus, the braking distance at v in m / s is according
to the formula

B v2Ke
" 2g(pxi+f)

where K. — the braking efficiency coefficient, consider-
ing that brakes state operation is equal to 1.2 for cars
and 1.3 to 1.4 for trucks [1].

When braking a car on a horizontal road, an inertia
force is formed P;, applied to the center of gravity and
equal to the sum of braking forces [1]. In this case, there
is a redistribution of normal loads on the axes: the front
loaded, and the rear axle is unloaded. In the static state
of the vehicle, the load on the axle is determined by the

S (7)

distances a and b of the center of mass O from the front
and rear axles.

b a

G =G—, G,=G— . 8

1=GT 2=CGT ®)
The normal reaction of the road acting on the front

and rear wheels during braking is defined as
b+e¢,-h ‘h
Ry =G P ©
Normal reactions Rx and Ry, are perceived by the
wheels during braking, differ from the loads that fall on
the wheels in the static state. Redistribution of axial
weights is estimated by the coefficients of variation of
the responses my1, My, that are equal to the horizontal
road

RZZ =1-

-h -h
my =1+ m, =1- %a (10)
Then the normal road responses are of the form
Ry=mp -Gy, Rp=mp,-G,.. (11)

When braking, the limit values of the reaction change
coefficients are 1,5+2,0 front wheels and 0,5+0,7 — for
the rear. The highest inhibition of the vehicle is
achieved with the full use of clutch on all wheels, which
is possible only on the road with optimum clutch ratio
@opt =0.4...0.5 [5].

I 2T © Ta
AA
. 1 i ///
,

Figure 4 — Simplified support scheme

The carrier car accepts different types of loads, so it
is necessary to examine it tension and compression.
During the car parking on a sloping road, the caliper
perceives static loads, and in the case of emergency
braking — dynamic. The static load on the support is
considered. For calculations, a simplified model of the
support is suggested (Fig. 4).

When braking, the pads transmit the braking force
F from the brake disc to the servomotor at the point of
contact. An equilibrium braking force and the reaction
of the support in the force diagram are depicted (Fig. 5).

P & E::' & L"\I

Figure 5 — Scheme of forces acting
on the caliper and the axes A and B
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During normal stretching and compression in the
cross sections of the support, normal stresses are dis-
tributed uniformly in the section [4]. They are calcu-
lated by the formula

o=—,

A
where N — the longitudinal force;
A — cross-sectional area.

Obviously, for tension and compression, the shape of
the cross section does not affect the voltage value.

In the sections close to the places of forces applica-
tion, the law of stresses distribution is more compli-
cated, but using the boundary conditions mitigation
principle, these deviations are neglected and it is con-
sidered that all cross sections of the cable voltage are
evenly distributed and that in the section where along
the axis concentrated force is applied to the beam, the
values of the longitudinal force and stresses vary jump-
like.

Since, the concentrated force and forces of the sup-
port reaction do not act on one axis, it is necessary to
solve the equation of moments. Due to the fact that our
model has a window in the middle, the equation relative
to the two axes A and B is solved (Fig. 5).

Consequently, the equations of moments is:

> M, =0,

(12)

bl bZ b2 bZ
_F(2+2)+R1(b1+2j+R2(b1+2j_N. (13)
b, +b, o
>'M, =0,
FR Py g gD
F(2+2)+R12+R2 (14)

2 N,

b +b,
After calculations, we substitute the greatest moment
obtained into (12) and find the stress.
This figure should not exceed the permissible stresses
for the particular material from which the caliper is
made

o<[a]. (15)

The cutoff forces also appear in the caliper, because
the offsetting force transmitted from the brake disk is
applied at a distance from the mounting points of the
support.

It is believed that the tension stresses are distributed
over the support section evenly. Then their value is
equal, Pa,

Tp =7 (16)

where A,, — the cross-sectional area of the cut;
N — longitudinal force.

The resulting stresses should not exceed the permis-
sible stresses on the cut for the selected material

EPS[T] ’

For static loads, the permissible stresses on the cut are
assumed to be approximately 70% of the permissible

(17)

stresses on tension or compression for the same mate-
rial

[4=07[d]. (18)

For further calculations the prototype of the vehicle
with the average Indicators — Daewoo Lanos 1.6 16V
2000 year of production is accepted.

Required technical specifications for calculations:

— allowable load on the front axle — 890 kg (445 kg
per wheel);

— the size of tires — 175/50R13;

— the size of the brake disk — 236 mm.

It is suggested the following dimensions of the sim-
plified model of the support for checking the strength
characteristics (Figure 3-4).

M

T ¥ .

T |27 L i T
| F-3
' -4
III .l'/' o / 1 -
L
Figure 6 — Dimensions simplified model for calcu-

lating

Above-mentioned permissible load on the front wheel
and the value of the coefficient of grip, are
substituted in the formula (2) and the braking force
is found that occurs on the front wheel
P.=0.9-445-.9.81=3929 H

Braking force acting on the P.. caliper, by the ratio
shoulders (Fig. 7) is found. The size 175/50R13 has an
external diameter of 500 mm, so the braking force to
the tire is 250 mm. And the force acting on the support
is applied in the center of the pads and has a shoulder
to the center of the wheel 218 mm.

Thus, the effort on the support P.. is equal to

P..=3929 - 250 / 218 = 4505 H.

Depending on the dependencies (1), (2), (3), (8), (9),
(10), (11), longitudinal forces are found, and from the
equations of the moments (13) and (14) relative to the
two axes A and B, respectively, N;=901.13 H,
N2 =-901.13 H.

T freci

Figure 7 — Scheme of the ratio of the forces of the
application of the arms
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It is found the maximum stresses in the section by
substituting the maximum value of the force in the de-
pendence (12)

o %0113
2-0.025-0.035

The stresses found are 0.51 MPs, but do not exceed
the permissible stresses, which for aluminum are
30-80 MPa.

The distribution of the stresses along the X, Y, Z axes
is reduced to build a graph (Fig. 8).

According graphical dependencies stress distribution
in cross section, their concentration in the area of mount
is shown

=514931 Pa.

Figure 8 — Distribution of stresses along
theaxes X, Y, Z

To ensure regular geometric characteristics, it is nec-
essary to study the scheme displacement stress concen-
trators in their respective sections. The given data are
summarized reducing to build a graph (Figure 9).

|4
' \ 7\
\ N\ \
B, 1Y by
l‘ /— \ \
AT Y AY 7 U
e 4 -~/ 'I .' \o/ ' \‘_.-‘ \\ ll
\J/ X \
L= \/
. \ ’ \Y

Figure 9 — Moving relative to the axes

Next, the tensile stresses in the section Pa are found
and the cross section for the cut is calculated.
The maximum calculated longitudinal force into for-
mula IS substituted (16)

L 901.13
0.04-0.035

The result is converted into MPa, 0.18 MPa is got.

=180200 .

By formula (18) the permissible voltages for alumi-
num on the cut, MPa is found

[1=0,7-30 =21

Based on the results of analytical studies, the support
design is suggested, which is based on the above-calcu-
lated overall dimensions, but with a significantly re-
duced metal capacity, which reduces its mass.
This model of support is implemented in the program
for 3D modeling Autodesk Fusion 360 (Figure 10).

Figure 10 — The proposed design of the support

Conclusions

Execution of support proposed design strength re-
search, which was made by means of additive technol-
ogies, enables to achieve the following results:

— the calculated section has an excess factor of
strength, which adversely affects its mass; therefore, to
reduce metal strength and weight, a rational design of
the support is proposed;

— due to layered construction, considerable material
savings are achieved in the manufacture and further
processing of parts;

— adaptive technologies can significantly accelerate
the production of new parts due to the fact that there is
no need for the production of auxiliary equipment (e.g.,
molds etc.). Due to this, the speed of the entire produc-
tion cycle increases significantly;

— it is possible to make details of complex configura-
tions that cannot be made by other known methods.
Due to this, parts with less weight without losing their
durability can be made.
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It has been established that in the process of operation pressure ratings in the tires of many cars differs from those recom-
mended by the production plant. Is leads to performance degradation of tires traveling properties and their loss of life.
The pressure excursion from the normative value may be caused either by an error during tire inflation, or by the fact that
the difference between the operating temperature and the temperature of the inflating air has not considered. Using athe-
matical-statistical methods of data processing, there has been deduced the mathematical relationship between pressure in
the pneumatical tire at the operating temperature and the required pressure of inflating air into the tire, if the temperatures
of inflation and operation differ.

Keywords: pneumatical tire, inflation pressure, three-level plan, planning matrix, mathematical model.

MATEMATHYHA MO/JEJIb 3MIHU TUCKY
B ABTOMOBLJIbHIA MIHEBMATHUYHIHA [IUHI
3AJIEZKHO BIJI TEMIIEPATYPHU EKCILITY ATAIIIT

Opucenxo O.B.}, Hecrepenko M.I1.%, Bacuabes O.C.>", Porosin LA.*

1,23, 4 TlonraBchkuii HallioHATBLHUH TeXHIYHMI yHiBepcuTeT imMeni FOpis Konaparioka
*Anpeca st muctyBanns E-mail: a.s.vasiliev.76 @gmail.com

YcTaHOBJIEHO, IO B MPOIIECi eKCIUTyaTallii 3HaYeHHS THCKY B IIHHAX 0araTb0X aBTOMOOLUIIB BiIPI3HAETHCS Bil pEKOMEH/IO0-
BaHOTO 32BO/IOM-BHPOOHUKOM, 10 MPH3BOJIMUTH JIO TOTiPLICHHS eKCIUTyaTallifHAX XapaKTepPUCTHK ILIHH Ta CKOPOYCHHS iX-
HBOTO pecypcy. Bizomo, o BigXUIeHHS THCKY BiJf HOpDMATUBHOTO 3HAYEHHS MOXKe OYTH CIPHYMHEHNM SIK TOXHOKOIO MPU
HaKavYyBaHHI [IMHM, TaK i HEBPaXyBaHHAM Pi3HHULI MK TeMIIepaTypolo eKCIUTyaTalii Ta TeMIepaTyporo MOBITPsI, IO 3aKa-
qyeTbest. i1 IpOBeIeHHs JOCIIPKEHHsT BUIUICHO HalO1IbIl 3HAaUy Tl ()akTOPH, SIKi BIUIMBAIOTh HAa 3HAYEHHS TUCKY B ITHE-
BMaTHYHI{ IIHHI, 110 JO3BOJIMIIO CKIIACTH PIBHSHHS perpecii, KoTpe omucye sBuile. JoBeeHO aleKBaTHICTb MOJIEN Yepes
BH3HAUEHHS MOXUOKH Ta MEPEeBIpKy KpUTEpiiB. 3a TOMOMOTOI0 MaTeMaTHKO-CTaTHCTHYHIX METOMIB OOPOKH JaHUX BUBE-
JICHO MaTeMaTHYHY 3aJIeKHICTh MK THCKOM Y THEBMAaTHYHIN IIMHI PH TEMIIEpaTypi eKCIuTyararii Ta HeoOXiTHIM THCKOM
3aKadyBaHHS MOBITPS B IIUHY, SKIIO TEMIIEpAaTypy HaKadyyBaHHS Ta eKCILTyarTallil BiApi3HAoThesA. OTKe, OTpPUMAHO MaTe-
MaTHYHY 3aJISKHICTD, SKa JO3BOJISE IIPH BiJOMHUX TEMIIEpaTypi B IPUMIILICHHI, A€ 3IHCHIOEThCS HaKadyBaHHS, TEMITEpaTypi
HaBKOJIMIIIHBOTO CEPEIOBUIIA, 1 Oy/ie eKCILTyaTyBaTHCs IINHA, Ta PEKOMEHIOBAHOMY 3aBOJOM-BHPOOHHKOM THCKY B ILIHHI
aBTOMOOLIIST BU3HAYMTH HEOOXiJHMI TUCK 3aKauyBaHHs MOBITPs. [IpakKTHYHUM BUKOPHUCTAHHAM PE3yJIbTaTiB AOCIIKEHHS
€ 3HA4YEHHS HeOOXiJHOTO THCKY HaKauyyBaHHS 3aJISKHO BiJ| TEMIIEpaTyp.

Kio4oBi ci1oBa: mHeBMaTHYHA [IMHA, TUCK HAKauyBaHH:, TPUPIBHEBHUH TNIaH, MATPHIA IUTAHYBaHHS, MATeMaTHIHA MO-
JIETIb.
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Introduction

The durability of pneumatic tires depends on many
factors. Gas pressure in the tire is one of the most im-
portant ones. Tires of the same model are installed on
the cars of different vehicle brands. The car production
plant carries out research and establishes the optimum
tire pressure when it has the vehicle maximum loss of
life. In the case of pressure excursion from the norma-
tive value, the service life of the tire is significantly re-
duced [1, 2]. Also, the safety and comfort of the vehicle
movement, fuel consumption, durability of a car sus-
pender depend on the tire pressure [3-6].

However, it is known that the pressure does not meet
the norm in 60 — 90% of tires in operation. Due to the
fact, that the pressure does not conform to this norm,
there are lost from 6 — 15% of the tire life and from 1.5
to 3.0% of fuel [7, 8].

Thus, there is a problem of securing operation of tires
with standard pressure. The solution to this problem is
complicated by the fact that the pressure change is de-
termined by a large number of different factors. Some
factors influence has not been studied sufficiently. Con-
sequently, the crucial task is the study changing gas
pressure process in pneumatical tires and the develop-
ment of measures aimed at the reduction of its devia-
tions from the norm.

Review of research sources and publications

It the paper it has been established that environmental
temperature shift affects the number of technical and
operational parameters of a pneumatical tire [9, 10].
Pressure change is particularly notable.

In the car operation process, the temperature fall can
reach several dozens of degrees [7]. For example,
during car tire fitting at the premises of a service station
or a garage, the air, which temperature is equal to the
air temperature in the room, is inflated into the tire.
However, outdoors, especially when it is cold, the
atmospheric temperature can vary significantly. At the
same time, the pressure change takes place in the tire.

Definition of unsolved aspects of the problem

As it has been noted above, the air temperature inside
and outside the tire can vary significantly in different
periods of time. It affects the pressure amount, when
the air temperature inside the tire is equal with ambient
temperature. But the tire pressure is regulated by the
manufacturer [4, 11]. So, there is a need for further
study of this effect for the necessary adjustments and
description in the mathematical dependencies field [12
—14].

Therefore, the issue of forecasting the pressure
change in the tire during its operation at different
temperatures has not been solved fully.

Problem statement

The goal of the research is determination of
mathematical relationship between pressure in the
pneumatic tire at the operating temperature and the
required pressure of inflating air into the tire if the
inflating and operation temperatures differ.

Dasic material and results

To derive a mathematical expression that establishes
the functional relationship between the values of
standard pressure in the tire, the tire air pressure after
finished inflation, the inflating air temperature and the
operating temperature for the tire, mathematical-
statistical methods have been used [15].

In the investigation process the following
assumptions have been introcced:

— the tire volume does not change with the tire
pressure change;

— the composition of the inflating air corresponds to
the composition of an air at the sea level;

— the inflation is carried out at an atmospheric
pressure of 101.3 kPa.

—the main factors of the influence on the standard tire
pressure value during operation are: pressure and
temperature of the tire inflating air, ambient
temperature. Other factors are neglected.

When computations are conducting, the selected fac-
tors vary on three levels — middle (main), lower and up-
per, which are remote from the main level to the same
value. This value is called the variation interval (Table
1)

It simplifies the records and subsequent calculations,
when the upper level of factors is denoted by the sym-
bol «+», the middle one is «0», and the lower one is «-
», which is equivalent to the transfer of factors to the
new code scale.

X, = Xi =Xy
AX,

) (1)

where x — value of ith factor on the new code scale;
X, — value of ith factor on a natural scale;

X,, — main ith factor level;

AX, —ith factor variation interval.

In our case, it assigns the following notations to the
factors that consider this calculation:
— the tire air pressure after finished inflation is x,

X, —202.6
s Wbl 2
% 50.65 ' @
— the inflating air temperature is x,
X, =10
X, = —2 : 3
=" 1o 3
— the operating temperature for the tire is x,
X;-0
Xy = ——— . 4
=" (4)

The matrix of the second order for processing of the
computational results has been used, since the studied
dependence is unknown [15]. Calculations are made ac-
cording to the matrix plan, and they are reduced to
table 2.
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Table 1 — The limits of change and factors variation intervals

Factors

The limits of factors

Variation intervals

change
Tire air pressure after finished inflation P;, kPa (atm) 151.95 - 253.25 (1.5 - 2.5) 50.65
Inflating air temperature t;, °C (K) 0-20 (273 -293) 10
Ambient temperature when the tire is operated t,, °C (K) —30 —+30 (243 — 303) 30

Table 2 — Three-level plan of the second order with number of factors k=3 (N=N,+N_+n,)

Planning matrix Squared variables ) _ _
Calcula- (%) () Factor interaction (xx;) | Tire pressure, kPa
tion number
X X, X, X x5 x2 XX, X, X X, X, Y,
1 2 3 4 5 6 7 8 9 10 11
1 + + + + + + + + + 266
2 — + + + + + — _ + 160
3 + — + + + + - + _ 281
N 4 - - + + + + + — - 169
' 5 + + — + + + + - — 214
6 - + - + + + - + - 128
7 + - - + + + - — + 225
8 - - - + + + + + + 135
9 + 0 0 + 0 0 0 0 0 246
10 — 0 0 + 0 0 0 0 0 148
N 11 0 + 0 0 + 0 0 0 0 192
‘ 12 0 — 0 0 + 0 0 0 0 203
13 0 0 + 0 0 + 0 0 0 219
14 0 0 — 0 0 + 0 0 0 175
15 0 0 0 0 0 0 0 0 0 196
Ny 16 0 0 0 0 0 0 0 0 0 197
17 0 0 0 0 0 0 0 0 0 198

The calculated values of the pressure in the tire (col-
umns 11 in Table 2) are obtained on the basis of the air
composition data at the sea level [16], and under the
condition that the test tire has a volume of 25 liters and
the gas mass (inside the test tire) corresponds to the air
mass at a pressure of 202.6 kPa and a temperature of
20°C. The calculation is carried out according to the
formula

PO:W’ (5)

where M, — air mass in the tire, kg;

Rda — specific gas constant for dry air [16], J/(kg'K);
Ta — air temperature in the tire, K;

V, — air volume in the tire, m®.

The table columns 2 - 4 represent a matrix that defines
the initial conditions for conducting calculations. The
table columns 5, 6 and 7 show the squared variables ob-
tained as a result of the data columns 2 - 4 squaring.
They acquire the values +1 or 0 and are marked as x? .

Column 8 is obtained by sequential multiplication of
factors (variables interaction). For example, for the 8th
calculation according to the plan factors x1 = -1 and x»
= —1 should be set at the lower level, and the estimated
value of the interaction is

XX, = (~1)-(~1) = +1. (6)

The last column 11 shows the calculation results of
the tire pressure at various combinations of factors
(«outputsy).

The calculation results are processed according to the
method [15]. In this case, an algebraic equation is ob-
tained. It reflects the relationship between the proper-
ties under investigation and the initial factors.

The algebraic equation in general terms is

A k k k
Y, =y + Db + D b7+ Y bxX; @)
1 1 1
or

§i = bo + b1X1 + bzxz + b3X3 + b11X12 + bzzxzz + b33X32 + (8)
+b12)(1)(2 + b13X1X3 + b23X2X3’
where i,j=1,2....,k — factors order numbers, i# j;
y; — property under investigation — tire pressure;

X1, X2, X3, X4, ... Xk — initial factors;

bo, b1, by, ... b1, bis, ... bij, bii — equation coefficients.
The coefficients for the plan of the second order with

the number of factors k = 3 are calculated according to

the formulas:

b, = 0.1831{0y] - 0,0704 3 [iiy] ; ©)

b =0.1[iy]; (10)

36ipHuK HaykoBHX Ipaiib. Cepist: [any3eBe MammHoOyyBaHHs, OyaiBaunTBo. — 2 (53)' 2019. 27




q,?@om4mﬂ+o5mﬂ—01%8imwy (11)
b, = 0.125(ijy] (12)
where
[w]:iyu : (13)
[iiy] = ixii Yo (14)
[M=imn; (15)
liiy] =3 %X Yo - (16)

accordingas i# j;
y, — value of property under investigation in uth

calculation;
x. — value of ith factor in uth calculation;

iu

x;, — value of jth factor in uth calculation (i = j);

N — total quantity of calculations in plan (null point
included).

After processing the calculations for the adopted plan,
the following equation is obtained

y=197.19+49.2.x, —5.3-X, +21.8-x,-0.26- X +

+0.24- X2 —0.26- X2 =1.25- %, - X, +5.25- X, - X5 —

—0.75-X, - X;.

Statistical analysis of the quadratic dependence is car-
ried out according to the method [15]. In order to check
the significance of the coefficients in the factors, the er-
ror is artificially set in the calculations of pressure at
the null points within £5%.

According to the results of calculations at the null
points, it is determined:

a) arithmetical average

o2V
_ 1
Yo -
where y,, — value of property under investigation at

the null point in uth calculation;
n, — quantity of calculations at the null point;

b) dispersion at the null point

(17)

(18)

My

2(90 = You )2

Si-Sg="t———;

(19)
C) mean-square deviation

(20)

d) root-mean-square error in determining coefficients

S{b} =

if — \/N_1 .
The estimated value of Student-test is determined in

the following form:

(21)

t = ‘

b
TSy )

and compare the resulting value t, with the tabular one
t, with number of freedom degrees f_, by which it

was determined S. [15];

f-=n,-1.

y 0

(23)

In the case t, <t, with a level of significance a.=0.05

, the coefficient is taken to be equal to zero, and the
corresponding equation member is rejected.

After mathematical processing of data, the refined
equation is obtained in the form:

y=197.19+49.2-x —5.3-X, + 21.8- X, +5.25- %, - X,. (24)

To verify the suitability of the obtained refined equa-
tion, the adequacy dispersion is calculated

Nl A 2
S04,
g2 _ 1 ,
ad Nl—m

where y, —value of property under investigation in uth
calculation;

(25)

Qu — value of property under investigation in uth
calculation, which is calculated according to the refined
equation;
m — quantity of significant coefficients together with
by -
The estimated value of F-test F, is obtained
Sa
P 52
y
and compare it with the table value F [15] for degrees
of freedom with which were defined S and sZ, that

(26)

is

fad = Nl -m, (27)

(28)
Inour case F, <F, therefore, the equation is consid-

ered suitable for calculations.
The resulting equation (17) connects tire pressures at
different ambient temperatures and the required inflat-
ing pressure at a given temperature of the inflating air.
The designations P, =y, Pi = X1, ti = X, to = X3, are
introduced, and the values of xi, X2, x3 from the formu-
las (2 —4) are substituted into (17). Then the equation
of tire pressure dependence P, from the named factors
in the natural form is obtained after simple mathemati-
cal transformations:
P, =5.69+0.971- P, —0.53-¢ +0,027 - £, +
+0.0035- P, -1, '
Since, in the conditions of service stations, the practi-
cal interest is not so much the pressure in the tire de-
pending on the ambient temperature, but the required
pumping pressure depending on the temperature when
the pump is carried out. So the value of the pump pres-
sure Pj, kPa, is set from the equation (29):
_ P, -5.69+0.53-t, —0.027 -t,
b 0.971+0.0035-t,

f=n-1.

(29)

(30)
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Conclusion

As a result of the undertaken research, mathematical
relationship between pressure in the pneumatic tire at
the operating temperature and the required pressure of
inflating air into the tire, if the inflating and operation
temperatures differ, has been obtained.

Using the given equation at the known temperature in
the room, where the inflation is made, and at the known
temperature of the environment, where the tire is oper-
ated and at the pressure in the car tire, recommended by
the production plant, it is possible to determine the re-
quired pressure of air inflation.
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STIFFNESS EQUILIBRIUM FORM STABILITY DETERMINATION

Shkurupiy Oleksandr*, Mytrofanov Pavlo?, Davydenko Yuriy®, Hajiyev Muhlis Ahmed ogly*

! Poltava National Technical Yuri Kondratyuk University https://orcid.org/0000-0003-1487-1037
2 Poltava National Technical Yuri Kondratyuk University https://orcid.org/0000-0003-4274-1336
% Poltava National Technical Yuri Kondratyuk University —https://orcid.org/0000-0002-6562-0046
4 Azerbaijan Architecture and Construction University  https://orcid.org/0000-0001-6782-0941
Corresponding author E-mail: shbom@ukr.net

One of the most powerful modern methods of calculating complex building structures is the finite element method in the
form of a displacement method for discrete systems, which involves the creation of a finite element model, that is, splitting
the structure into separate elements within each of which the functions of displacements and stresses are known. On the
basis of the displacement method and the methods of iterations and half-division, an algorithm for stability calculation of
the first kind equilibrium form of compressed reinforced concrete columns with hinged fixing at the ends, considering the
stiffness changing has been developed. The use of the above methods enables to determine the minimum critical load or
stress at the first bifurcation and their stability loss corresponding form. The use of matrix forms contributes to simplification
of high order stability loss equation. This approach enables to obtain the form of stability loss that corresponds to the critical
load.

Keywords: equilibrium form, compressed reinforced concrete columns, software complex, stability loss equation

BU3HAYEHHA ®OPMHU PIBHOBAI'M CTUCHYTHUX
3AJII3OBETOHHUX EJIEMEHTIB 31 3SMIHHOIO
O OB KUHI KOPCTKICTIO

IIkypyniii O.A.'*, Murpoganos I1.B.%, lasuaenxo 10.0.3, Tamxies M.A.*

123 TlonraBchkuil HalioHaNbHKI TexHiUHMI yHiBepcuTeT iMeni IOpis Kongpatioka
4 AzepbaiiPKaHCHKUI yHIBEPCUTET apXiTEKTYpH i Oy liBHUIITBA
*Anpeca muist muctyBanns E-mail: shom@ukr.net

OpHUM 3 HaHOLIBII MOTY)KHUX CyYaCHUX METOJIIB PO3paxyHKY CKJIaIHUX OyAiBeIbHUX KOHCTPYKIIH € METO CKIHUEHHUX elle-
MEeHTIB B (popMi METOly HepeMillieHb Tl JUCKPETHUX CHCTEM, KU Mependadae CTBOPEHHS CKiHUEHHO-eJIeMEHTHOT MOoJieli,
TOOTO PO3OMTTSI KOHCTPYKLII Ha OKpEeMi eIEMEHTH Yy MeXaX KOXHOTO 3 SKMX BioMi (yHKIIT mepeMillieHb Ta Halpy>KeHb.
MerTon cKiHYeHHHX eJIEMEHTIB TaKoX mependadae GopMyBaHHS Ta PO3B’SI3yBaHHS CUCTEMH JIiHIHUX anreOpaidHuX piBHSHBb
MOPSIIOK K0T 00yMOBIICHNH KUTBKICTIO HEBITOMUX BY3JIOBHX IepeMilieHb. PO3po0IiieHO anroput™ po3paxyHKy CTIHKOCTI mep-
10ro poxy GopMu piBHOBAaru CTUCHYTHUX 3aJ1i300€TOHHUX KOJIOH 3 IIAPHIPHUM 3aKpiIUICHHAM Ha KiHIISIX, 3 ypaxXyBaHHAM 3MiHU
JKOPCTKOCTi, HA OCHOBI METO/Ty TIEPEMIIIIEHb Pa30M 3 METOAaMH iTepalliil i MTOBUHHOTO AiJIeHHS. BUKOpHCTaHHS BUILICOMTUCAHIX
METO/IB JI03BOJISIE BU3HAYUTH MiHIMalbHE KPUTHYHE HAaBaHTaKEHHS a00 HampyKeHHS IpH mepiriid Oipypkarii Ta X BTpaTH
cTiliKOCTI BiAMOBiHOT hopMu. BukopycTanHs MaTpUUHUX (OPM CIIpHsiE CIPOLICHHIO PiBHSHHS BTPAT CTIHKOCTI BUCOKOTO IO~
psnky. Takuii migxiz 1o3Bosisie oTpuMati GopMy BTpaT CTIHKOCTI, 110 BiAMOBiIa€ KpUTHYHOMY HaBaHTakeHH!0. OmicaHi BUIle
0COOIMBOCTI PO3PAaXyHKY TaKMX KOHCTPYKILiH OOYMOBIIOIOTH HEOOXiJHICTh y BUKOPHCTaHHI MOTyxHOCTeH cydacHux IIK,
II0 y CBOIO 4Yepry nmoTpedye aBToMaTH3aLil pO3paxyHKOBUX MPOLIECIB Y BUTJISA/I 3aKiHUCHUX MPOrPaMHUX KOMILICKCIB Ta CUC-
teMm. Ha 6a3i kadenpu OyaiBenbHOT Ta TeopeTHIHOT MeXaHiku [101TaBChKOTO HAlIOHAIEHOTO TEXHIYHOTO YHIBEPCHTETY iMEH1
IOpis Konpparioka Oymu po3po0ieHi IporpamMHi yTHIITH, SIKi peati3yloTh B3a€MOIOB’s13aHi 3aa4i OIIHIOBAHHS MIIIHOCTI Ta
HAIHHOCTI OyAiBEeTbHUX KOHCTPYKIIIK Ta IX eIeMEHTIB.

KurouoBi ciioBa: hopma piBHOBaru, CTUCHYTI 3aJ1i300€TOHHI KOJIOHH, TPOTPaMHHI KOMIUIEKC, PIBHSHHS BTPATH CTIHKOCTI.
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Introduction

There are various methods for calculating the stability
of the equilibrium form of discrete systems, due to the
large volume of computations associated with the solu-
tion of the analytical condition for the equilibrium sta-
bility loss. The solution of the analytical condition for
the compressed discrete systems equilibrium stability
loss, which has high orders, and the stability loss form
critical load definition, are very important problems to
be solved.

The algorithm for calculation of equilibrium stability
loss form of compressed discrete systems of the first
kind by the displacement method in combination with
the methods of iterations and bisection with examples
is given in [6]. It is implemented in the software pack-
age "Persist" for a PC in Windows OS.

To solve engineering tasks this computer program is
implemented in a modern compiler, contains several
subroutines that are combined and presented in the
form of the same software complex.

Review of research sources and publications

The solution of the problem of calculating the analyt-
ical condition for the compressed discrete systems
equilibrium stability loss, which has high orders, and
the determination of the corresponding stability loss
form critical load, generated a large number of methods
by many mathematicians (Krylov, Laverier,
Danilevsky, Jacobi (iterations) etc.).

Definition of unsolved aspects of the problem

When calculating the first kind equilibrium stability
form of compressed reinforced concrete columns with
hinged fixing at the ends, considering the stiffness
changing (damage to the column sections) provided
that the initial modulus of elasticity is constant; it is as-
sumed the necessity of solving the stability loss equa-
tion which is non-linear transcendental and, as it is
known, does not have an analytical solution [1 — 4,
7 —12]. In addition, these equation elements are com-
plex mathematical dependencies, which contain Zhu-
kovsky functions in their composition, which also
greatly complicates the equation solution.

The purpose of the work is to develop an algorithm
and software for the PC in Windows OS, which enables
students and engineers to automate calculations of sta-
bility of equilibrium forms of compressed discrete sys-
tems.

In recent years, the software complex "Persist" has
been tested and successfully implemented in the train-
ing of specialists for the building industry [5, 6].

Problem statement

The calculation of the compressed discrete system on
the stability of the equilibrium form actually reduces to
the solution of the difficultly described nonlinear tran-
scendental equation, which is the equation of stability
loss. The difficulty lies in the absence of analytical so-
lution of such equation due to the presence of complex
functions of Zhukovsky, which have transcendental
functions in their structure. Such solution can be per-
formed only with the use of numerical methods. This

problem of calculating the analytical condition for
compressed discrete systems equilibrium stability loss,
as well as the determination of the critical load of the
stability form, is proposed to be solved by displace-
ment, iteration and bisection methods, which enables to
significantly simplify calculations.

Basic material and results

It has been obtained stability loss equation of the
equilibrium form of reinforced concrete columns with
hinged fixing at the ends considering stiffness changing
due to the displacement’s method in expanded form
provided that compression and stretch deformations are
ignored [5, 6, 13].

Output data:

h1:m1I;hzzmzl;he,:mgl;h4:m4l;

E = const #wo ;

. EJ . —
J
It has been calculated: the value of the minimum crit-

ical longitudinal force N!™ at stability loss of the first

kind equilibrium form considering damages on any col-
umn sections (Figure 1).

It has been accepted, i = io1, J = Joa and it has been
expressed all rigid stiffness on the bend of the column
sections due to these parameters and the first section
length hy =mq I.

lpy = o= 1)
hy h,
_ Eys . _ EJsy
23 hy 34 h,

where
Jon=J; Ji2=C2J; Jo3=C3J; Jau=Cald. 2

The values of the coefficients of the rigid stiffness ra-
tio on bend, expressed through the first section rigid
stiffness, are equal to:

i i c,m
Ko =2=1: Kj,=22==21. (3)
l 1 m2
K _ Iy Cgmy K _ iy Cymy
23— . T ) =" =" .
l m3 l m4

The rigid stiffness on each of the four sections bend

is expressed as:
Jo1=3; i2 = K2 i ; 4

i2a = Kaal .

io1 = Koz i;
i23 = Koz

Considering the above expressions, the rigid stiffness
final value on the bend of each of the four sections is:

. EJ EJ

lo1 = m(il; 12:m—l|2; )
i 2

- Edys . _ By

23 mgl ¥ ml
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Thus, this approach enables to change the flexural
stiffness of each section of the column (see calculation
scheme, Figure 1) by varying the moments of inertia at
the corresponding axes, provided that the initial elastic
modulus remains constant.

Determination of the minimum critical force (NJ'" )

is obtained using the displacement method expanded
form [5, 6, 9].

It is recorded the displacement method equilibrium
equation in accordance with the column calculation
scheme (Figure 1).

N

—
—
=

-
—
.

1 —-. -~ M
23 /g .
o .. |
]

Iy <
@

N —t—
N

Figure 1 — The column calculation scheme

Displacement method equilibrium equations takes the
form (Figure 2).

Figure 2 — Calculation schemes
of the column nodes

Q1o — Q12 =0;
Q21— Q23 =0;
Q32— Q34 =0;

The same equations are recorded in a matrix form:

(6)

r-Z=0, (7)

where r — stiffness matrix of column sections elements
(reactive forces in fictitious joints from unknown vec-

tor Z unit values)

1 hy hsy hg Nhs fp
o1 T Tz Ty Tos Ty
r— 31 T3 T3z I3 T35 T3 ®)
M1 Tao Taz Tag Tys Ty
l51 Tsp Ts3 Tgy Ts5 g6
o1 To2 Tes Tes Tos Tee

According to the reciprocity of reactions theorem
r, =t (i,k=16). Therefore, the stiffness matrix is rep-
resented only by the values of its upper triangle param-

eters.
1 My hsy Ny hs he
Mo Tz Ty Tys T
O A (A ¢
r— 33 T T I3 )
PV VT T
fss  Isg
Ie6
Z — vector of the displacement method unknown

in accordance with the column calculation scheme
(Figure 1)

Z %1
Z, (%)
712l ] (10)
Z, Py
Zs s
Zg Pe

The system of equilibrium equations (6) is a system
of linear algebraic homogeneous equations that has the
following properties:

a) the system has a zero (trivial) solution (the physical
content of the vector Z =0, that is, the column main-
tains a straightforward form — there is no equilibrium
form stability loss);

b) the system has no zero solution if det(r) =D =0.
In this case, there is a problem of eigenvalues, that is,
system (6) has many solution roots. Physical content:
vector Z =0 (there are angular and linear displace-
ments of the system nodes, indicating the appearance of
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anew deformation form — the longitudinal bending, i.e.,
the system loses the equilibrium form stability (the first
kind stability loss). Thus, det(r) there is an analytical
condition for the equilibrium stability loss (stability
loss equation), the solution of which is able to deter-

mine N with the methods of iterations and half-di-
vision.
Compressed column equilibrium form stability loss

equation has the following general form

det(r)=D =

M1

P
Py

M3
I3
f33

M4
M4
34
M4

s
P
f35
M45

f5s

I
I
f36
T46
f56

fo6
(11)

Equilibrium form stability loss equation (11) is a tran-
scendental equation, that has many solution roots. To
determine the smallest value of the critical load (critical
longitudinal force NZ'" ), numerical methods of itera-
tions and half-division are used.

In the equation (11), the compressive force N is an
unknown value and is expressed by Zhukovsky func-
tions (&, B,7,@,7,... ), which are expressed through the
parameter t, which in turn is expressed in longitudinal
force N terms.

By preliminary calculating the relationship between
the parameters t in the compressed column through the
base parameter t, it is determined the critical parame-
terstin each compressed element, and then their critical
longitudinal forces and critical load.

12 NIZY p2 (NI .
] El )’ i)
i i
t?,El t?, -
vacr:( I2 ]:[ I ] .
J ]

In this case, the critical forces in each section of the
column should be the same. Itis N for the column.

The equation (14) is calculated if the stiffness of the
system elements changes. To do this, it is needed to set
the appropriate correlation of the relationship parame-
ters: my, my, ms, mg and Ci, Cy, Cs, Ca.

So, for the given calculation scheme of the column
(Figure 1), the relationship between the parameters t of
each section is:

As the base parameter it is taken t = toy, then:

(12)

(13)

.“"l‘.
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m;
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o
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(ar+ ),
2C,m,

m;

C;m
Cym,

,
m:

m, —

"

C,

B
J
2Csm,
mi
my
3 /33
m;

"
id
-

/.

(: m;
”I.
C,my
m

2
il i/ B
5

'Com,;
m

C,m,;
m

(@+f).

mg

my

(14)
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t=t, =t = |—= [—2" ; (15)

2
t, =t = N'h?:lN-m2~I : (16)

N-h, N-m2-Il
t, =t = / = I 17
23 — '3 K23~i Cg.ml,i ( )

2
N-h, iN.m4._| ; (18)

G=--=1 (19)

b L_om 1, 2
o 20

by L _mg 1. 21
& t ot ml\/g’ 1)
b L _m 1 22
(b 22)

Thus,
=t L, =0 ty=45-1 4, =4, t . (23)

To determine N™ (calculation of the equation of sta-

bility loss of equilibrium form (4)) it is used the soft-
ware complex "Persist" specially developed by the au-
thors for the corresponding output data (m;,C;.<;),
which algorithm is based on numerical methods of iter-
ations and half-division [5, 6]. The iteration method en-
ables to determine the subinterval with the minimum
value of the base critical parameter ¢, and the half-
division method to specify its value to the predefined
accuracy.
At the same time, since everything was expressed due
to the basic rigid stiffness i and the length of the rod |,
the final value N should be multiplied by the rigid
stiffness i and divided by the length of the rod |.

It is considered a calculation example, when the stiff-
ness of all column elements is constant (Figure 1). In
this case, the source data are:

E = const = o;

h1:h2:h3:h4:
J=Ju=Jp =745

(24)

T

Jas i= i01 = ilz = i23 = i34
1
C1:C2 :C3:C4::L' ml:mZ:m3:m4:Z . (25)
The relation between the parameters t are written as:
o=ty =1, =1, =1, (26)

¢i=¢,=63=¢,=L (27)

The stability loss equation for such output data is:

o
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(28)
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To further calculating the column for the equilibrium
form stability we use the software complex "Persist"
(Figure 3-10).

Here is a step-by-step algorithm for entering input
data and necessary parameters for the software com-
plex "Persist":

1. It is entered the relation for the parameter t :

[Ble rfokilin Hal

k] o 2] -] & = £
Cabrakans Prrt St Enl

Furamwsra L Caoaminoert | ook ciberion | Reenre. | Gk |

Puamibar of o prcaasdd
rods paramelan

rd
=& 100011

Jm 1||r'|l‘
g= Ed l- 1 = b

Figure 3 — Recording correlations
for parameters t

2. It is entered the elements of the upper triangle of
equilibrium stability loss equation (28).
For example, it is entered an element r11. To do this, it
is necessary to select element 1.1, and press the "Build"
button:

[Fp “zawawe Hep
B Lo 18] i) = = !

Haar Ozen Bamn: Culculilz [T TR Eni

Pararsta-al Dulenvizens] 3oL odwe 00| Sueaalbe | Goph

| LT JLE L3 14 |~ Build
L1 2T &3 4
10 [1E (13 [34 |
: " & Hacl
[ -+ 2000
B o

Figure 4 — Entering values for an element r11

At the next step, it is entered the expression value for
the element in the menu item "Determinant”, the button
"Build". Similarly, it is introduced all other elements of
the upper triangle (28).

Tha derarm nani alawant sapraseinn ilkcse
The ratermicact semarn: wepraesan

|-||::| O f= 20w 00,

Lr Edr nwmrt | Dalalw sl

& Finigh

® Conw

Figure 5 — Writing the expression
for the element ru1

Expression for an element res

Thim e sainsa=d ezt capecsamn Luddz

T o e i il el il e i bt
|. om0 T - wzom0

B roie | e

W Finmh

Dedene 3l

X Covecal

Figure 6 — Writing the expression
for the element res

3. Itis chosen the desired accuracy for calculating the
root of the stability loss equation to (the determinant
minimum value, 104). Also, it is set the base parameter
initial value (0), and also basic parameter to changing
step to (0,1). If necessary, this step can be reduced.

& cidakin i
b - H - i = ]
hme Has San anl han -

|EEECTETINl TR T TTTE PRRTT ETPT B B PR

Vomm gy trowl dakw ullon DD

T L]

wer e g e ar arwes B

[ Y
Figure 7 — Configuring accuracy for calculate
the stability loss equation root

4. In the menu bar, press the "Calculate™ button and
go to the "Results™ tab:

Sie Zalodds Hda

i} el el HE [ = ]
v da H 5 Cakill Fifl Al (=T
: Favrwn || Zraeree | oot obedn Fawdu Grupa |
[ [z T
1 2
HoatoEdatt

Mamrm | lrmvsla burs | el dbmiwrochn |

Figure 8 — View of the calculation results

If necessary, activate the tab "Table of determinant
values"”, and it can be viewed step-by-step calculation
results by iteration and half-division methods:

Fh Samdide Hds

i o ) : L = ®
A par Ira Gek ke Frire FLITFIS -

rewmghral [Iebmitarl Rasosbohs el | Heps

o OB CsMIOET K1Y

-\J-'F.I
+

]
1261

Paarsun]_ cm ey kT | Dk s e e

Figure 9 — Table of determinant values

If necessary, by activating the "Graph" tab, it can be
viewed a step-by-step graphic representation of the sta-
bility loss equation solution (28):
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Figure 10 — Graphical representation
of the stability loss equation solution

This N™ is equal to:
(t,-n)'-i] (0,7854-4)"-i 31416%.i
¢ ] ¢ o

It should be noted that the dimension of the critical
force depends on the given dimensions of the stiffening
on bend i and the rod length I.

min __
o T

Conclusions

The method of calculation and algorithm is devel-
oped, which are implemented in the software complex
"Persist". The program com-plex has been successfully
implemented in the educational process in the study of
the discipline "Structural Mechanics" at the educa-
tional-scientific Architecture and Civil Engineering In-
stitute of Poltava National Technical Yuri Kondratyuk
University. This software can be used by students and
engineer-designers for engineering calculations, in-
cluding calculating the first kind equilibrium form sta-
bility of compressed reinforced concrete columns with
hinged fixing at the ends, considering the stiffness
changing.
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OF EN 1995-1-1 AND GSN B.1.2-2:2006

Pichugin Sergiy'*, Shkirenko Sergiy? Pents Maryna®

! Poltava National Technical Yuri Kondratyuk University https://orcid.org/0000-0001-8505-2130

2 Poltava National Technical Yuri Kondratyuk University https://orcid.org/0000-0001-7149-3197

3 Poltava National Technical Yuri Kondratyuk University https://orcid.org/0000-0001-8974-8557
*Corresponding author E-mail: pichugin.sf@gmail.com

In the article design of composite (timber and plywood) skin panel has been considered according European and national
standards. The panel consists of timber webs and plywood skin. The design parameters are depth of webs and distance
between webs within the defined skin parameters. In design the method of fictitious cross-section is applied. Check of the
ultimate limit states is conducted in accordance with EN 1995-1-1 (JIBH B.2.6-161:2017). Loads to the panel are determined
according to JIBH B.1.2.-2:2006. The usage of European and national standards complies with the actual requirements and
widen methodological base.

Keywords: roof members; two-sided composite skin panel, design of building constructions, loads on building construc-
tions

MPOEKTYBAHHS KJIEE®AHEPHOI TAHEJI NIOKPUTTSA
BIAIMOBIITHO 10 BUMOTI EN 1995-1-1 i IBH B.1.2-2:2006

Miuyrin C.®.'*, llIkipenxo C.B.%, MMenn M.B.?

! [onraBchKkuil HAMliOHANBHKY TEXHIUHUN yHiBepcHuTeT iMeni IOpis Konnpartioka

2 [TonTaBchKHii HALIOHAIBHUM TeXHiYHMYI yHiBepcHTeT iMmeHi FOpis Konaparroka

3 TlonTaBCchKHii HAITIOHAIBHUN TeXHIYHMH yHiBEpcHTET iMeHi FOpis Konaparroka
*Anpeca mirs muctyBaHHS E-mail: pichugin.sf@gmail.com

Po3rnsHyTO MpoekTyBaHHS KOMITIO3UTHOI MAHENi MOKPUTTS 3TiIHO 3 €BPONCHCHKUMH 1 HAIlIOHAJIbHUMU OyIiBETHHIMH HO-
pmamu. [Tanen KoMIo3uTHOTO THITY (ZepeB’sHi pedpa it obmmBKa 3 ¢panepu abo OSB) wacTo 3acTOCOBYIOTBHCS AT TIOK-
PpHUTTS eTkoro THITy. [ KOHCTPYKIIiH, sIKi MafOTh Y CBOEMY CKJIAJIi MaTepiany 3 pisHUMH (i3UKO-MEXaHIYHIMH BIACTHBO-
CTSIMH, ITPH TIPOEKTYBaHHI 3aCTOCOBYETHCS METOJI 3BEZICHOTO Tepepizy, M0 3HAYHO CIPOILYe Po3paxyHKH. OCKiTbKH 00IIH-
BKH TIaHeJTi 3HAXOAATHCS B OLJIBII HAPYKEHOMY CTaHi, HiX pebpa, Matepian pedpa (IepeBrHa) IPUBOJUTHCS 10 MaTepiary
OOIIMBOK 3a AOMOMOTOI0 KoedilieHTa npuBeeHHs. BiH 3HaX0qUThCs SIK BiJHOLICHHS MOAYJIB NPYXHOCTI MartepiaiiB. Sk
MIPUKJIAJ Y CTaTTi HaBEeAECHO KOHCTPYKTHBHUH PO3paxyHOK 3a HEePIIMM rpaHnYHUM cTaHoM. OCTaHHS pe/laKilis Hal[ioHab-
HUX HOPM ILOJI0 PO3PaxyHKY JiepeB’sSTHUX KOHCTPYKIIH MOBHICTIO 0a3yeThCsl HA €BPOIEHCHKUX OyNiBENbHUX CTaHIapTax.
I3 ux MipKyBaHb y CTaTTi PO3TIAHYTO MPOSKTYBAHHS KOHCTPYKIIi BIATIOBIIHO IO OpUTIHAIBHOTO JuKepena. HartoMicTh
BU3HAYEHHS XapaKTEePUCTUK MIilTHOCTI PEKOMEHIOBAHO BUKOHYBATH 3TiJHO 3 HallIOHATFHIMH HOPMaMH, IKi OTHOYaCHO BH-
KOHYIOTh (QYHKIII eBporeiicbkoro cranmapty EN 338. HaBaHTakeHHs Ha NaHENb BH3HAYAIOTHCS BINMOBITHO 0 HOPM,
[0 € He TUIBKH TPAAWIIIHUM B HAIIOHAJBbHI METOJOJOTIi MPOEKTyBaHHs OyIiBeIbHUX KOHCTPYKIIH, aie i, Ha JyMKY
aBTOpIB, OLJIbIIE BiAIIOBiJa€ KPUTEPisIM HamiHHOCTI. 3aCTOCYBaHHS B PO3paxyHKaxX OJHOYACHO HAIIOHAIBHUX 1 €BPOIIEHCH-
KUX MTPOCKTHHUX HOPM BIZIMOBIIa€ CydaCHUM BHMOTaM Ta PO3LIMPIOE METOAOJIOTIYHY 0a3y.

KirouoBi ciioBa: kieedanepHa nmaHesb MOKPUTTS, IPOEKTYBaHHs OyIiBeIbHUX KOHCTPYKILiil, HABaHTa)KEHHS Ha OyniBe-
JIbHI KOHCTPYKIIi.
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Introduction

Nowadays new building codes adapted to European
ones are used in Ukraine. There is a need to adapt the
design methodology for the elements of timber struc-
tures.

Two-sided composite (timber and plywood or OSB)
skin panel are most common. This type of panels is de-
signed as a typical glued thin flanged internal I-beam
with flanges on the top and bottom faces and subjected
to a moment.

Review of research sources and publications

Design methods of composite skin panels for prod-
ucts in USA, Canada, and Europe are considered in
publications [1 —4]. As the flanges are thin, the stress
in each flange due to bending is effectively an axial
stress and the design value is taken to be the average
value across the flange thickness. In calculating section
properties for stressed-skin panels, the designer must
consider the composite nature of the unit. Unless all
materials in the panel have similar moduli of elasticity,
some method must be employed to make allowance for
the differences. Different moduli of elasticity may be
reconciled by the «transformed section» use. The trans-
formed-section approach is common to structural de-
sign of composite sections. It consists of «transform-
ing» the actual section into one of equivalent strength
and stiffness, but composed of a single material. Sec-
tions are generally transformed to the material of the
panel most highly stressed portion.

The design requirements for the web are that it must
be able to support the flexural stresses that arise, that
the shear stress in the web must be acceptable, and that
the glued joints between the web and the flanges must
be able to transfer the horizontal shear stresses at the
interface.

Definition of unsolved aspects of the problem

European design recommendations are based on the
Eurocode load standards [5, 6]. Loads for building
Ukrainian constructions can be used according rules of
Ukrainian standard [7]. Dead loads determined rules of
chapter 5 of [7]. Snow (variable) loads determined
rules of chapter 8 of [7].

Problem statement

In the article the possibility of using the Ukrainian
standards for loads on building constructions and Euro-
pean standards for design timber structure elements
have been discussed.

Basic material and results

It is considered the composite skin panel design in ac-
cordance with the requirements [8]. Typical two-sided
composite (timber and plywood) skin panel is used as a
roof member for different types of roofing materials.
Plywood is used for panel top and bottom skins and
timber is used for panel webs.

For composite skin panel design it can be used rules
of Ukrainian standard [9] which is based on rules [8].
In Ukraine characteristic values of strength classes ac-
cording [9] should be used.

The effective flange width concept applies to flanges
in compression and in tension, and unless a more de-
tailed calculation is carried out, in accordance with the
requirements of 9.1.2(3) [8]. The effective flange
width, ber, as shown in Figure 1, for internal I-shaped
sections, is as follows ([8] eq. (9.12)):

Detc = beer + bw and Dert = brer + by .

Effective flange width of an I-beam section of the
panel ([8], 9.1.2):
—in compression ([8], Table 9.1),

Deer < min{ 0,1-L ; 20-5 « };
—intension ([8], Table 9.1),
brer <0,1-L (only shear lag).

Designations accepted in the formulas:
beet — design width of the flange in compression;
brer — design width of the flange in tension;
bw — design width of the web;
L — span of panel;
o — top flange thickness;
& — bottom flange thickness.

The values bcer and bier should not be greater than
clear distance between webs by .

Panel has a cross-section of two different materials. It
is convenient to go transformed section or fictitious
section.

Figure 1 — Transform cross-section as I-beam

Coefficient for transformed section, as ratio of mod-
ulus

Ne= Eomean / Eplw.O.mean . (1)
Transformed web thickness (into plywood)
Pwitd = bw - Ne .

Areas of cross-sections flanges:
— flange in compression

Aetfc = Dete Ot ; 2
— flange in tension
Aetsr = Detr Ot . (3)
Area of the webs
Aetw = bwird Hw . (4)
Transformed area
Aet = Aetsc T Aetit + Aw . 5)

First moment of area of the section about the top face:
Aust = Aet st (N =0t 12)+ Aetw (hw/2+6 )+

+ Aettc 0 /2 . (6)
Neutral axis (NA) depth from the top face
Y = Adst 1At . (7)
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Second moment of area of the web about the NA

B, - NS h
A (G2 (8)

Second moment of area of the top flange about
the NA

ef .w

3
bef c é‘tf

O 1,
= 12 +p%f.f.c'(y1_7) . (9)

Second moment of area of the bottom flange about
the NA

ef tf

b, .53 0,
= f';_z - +&f.f.t'(h_y1_%)z

Instantaneous second moment of the transformed sec-
tion area

(10)

l ef .bf

let =letw +lertr +lefnr. (11)
Stress in the flanges due to bending:
— bending stress (compression) in the top flange
M S | .
O¢ c.max.d :Td'(yt 7%)’ (12)
ef
— bending stress (tension) in the bottom flange
M Ot | -
O tmaxd — | ¢ '(hiylif)’ (13)
ef
— bending stress check in the web
M
Oyed = —L. yl : r‘E ' (14)

Ief

where yi1=max{( y: — d« ); ( h — dpr — Yyt )} — maximum
distance from the NA to the extreme fibre.

Shear stress at the NA position:
_ Vi Sy na . (15)

Tvd E’

Ief 'bw.tfd
where Sina — first moment of area of the section above
the NA

5 (V-6 )
Stf,NA = bef,c '5rf ( Yi *?tf)+bwnd P . (16)
Shear stress of the glued joint between the web and
the flanges:
— first moment of top flange area above the NA
1)
Stf:bef,c'é‘tf'(yt_%) , (17)

— first moment of the bottom flange area about NA

o,
Sbfzbef.l'é‘bf'(h_yt_%); (18)
Maximum value of first moment of area about NA

St =max {St ; Swt );
Mean shear stress in the flange across the glue line

V,-S
Tmeand = — . nE ) (19)

| ef bw.tfd

Design example of composite skin panel. Top skin of
panel is plywood with thickness & =9 mm, bottom
skin of panel is plywood with thickness &¢=6 m.
Strength class of plywood F20/10 E40/20 with the
faces aligned parallel to the direction of span [9].
The timber used for the web is class C22 [9]. Panel is
glued between the flanges and the web. Spanning be-
tween two supports L=4,5 m apart. Nominal wide of

panel — 1,5m. Construction sizes for panel are
448x149 cm. The structure functions in service class 2
conditions.

The design of panel complies with the rules in [8] at
the ULS and [7] (loads).

Dead loads to the panel - weight of materials.

Table 1 — Dead load to the 1 m? panel

Materials O~ N ;
ZE|1SE|l5 | gy
= = = ©
82|52 |8: S5
S-SR R

- > - 2 [72]

&) EIYE|§ | o
1. Profile Steel 0,15 |0,15 |13 0,195
Roofing Sheets
2. Plywood skin 0,105 | 0,105 | 1,1 0,115
3. Timber web 0,078 | 0,078 | 1,1 0,086
4. Mineral wool 0,060 | 0,060 | 1,2 0,072
in panel
5. PE steam 0,005 | 0,005 | 1,1 0,006
insulation
Total dead load | 0,398 | 0,398 0,474
for panel — g,

Variable loads to the panel — snow load may be set
by National Norm [7]

Design snow load and exploitation snow load:

Sm=ymSoC= 1,04-1450-1 = 1508 Pa = 1,508 KN/m?;

Se=eSoC= 0,49-1450-1 = 710,5 Pa = 0,71 kN/m?,
where So =1450 Pa — characteristic snow load for Pol-
tava ([7], Annex A).

Other values in these formulas are calculated accord-
ing ([7].

Total loads to the panel

Loads for 1 meter of panel span
Total design loads for 1 meter of panel span (used ta-

ble 2):
1= Qsum'B,
where B=1,5 m — wide of panel.

Table 2 — Total loads to the 1 m? panel

Type of load ' c ;

g - q 2 U%.; o~ c U? o
22| BErE| 24 E
£2412%z|3°¢z
T 0<% oo X - X
5=7] &8 g

1. Dead load to the| 0,398 0,398 0,474

panel

2. Variable loads 1,450 0,710 1,508

to the panel (snow)

Total loads for 1,848 1,108 1,982

panel — Qsum

Exploitation load
g9=1,108-1,5 = 1,662 kN/m.
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Design load
qi=1,982-1,5=2,973 kN/m.

Actions. Design bending moment and design shear
force

Ma = q; 1%/ 8 = 2,973-4,42%/8 =
= 7,26 KN-m = 726 kN-cm;

Ve=05q1=0,52,973-4,42 = 6,57 kN,

where | = 4,48-0,06 = 4,42 m — design span calculated
with support effect.

Modification factor for permanent duration action
([8], eq .2.6):

kmod.perm :(kmod.perml : kmod.permz )0’5 =

=(0,6-0,6)>°=0,6,
where Kmod.perm1 = 0,6 for solid timber (webs) and ser-
vice class 2 ([8], Table 3.1);
Kmod.perm2 = 0,6 for plywood (flanges) and service class
2 ([8], Table 3.1).

Factor for medium-duration action ([8], eq. 2.6):

kmod.medium:(kmod.mediuml Kmod. mediuma )0'5 =

=(0,8 -0,8)%5=0,8,
where Kmod.medium1 = 0,8 for solid timber (webs) and ser-
vice class 2 ([8], Table 3.1);

Kmod.megiumz = 0,8 for plywood (flanges) and service
class 2 ([8], Table 3.1).

Load sharing factor, ksys = 1,0 ([8], 6.6) (ksys = 1,1 can
be used if it is required).

Depth factor for solid timber (webs) — is taken as
kn=1, as the depth is greater than 150 mm
([8. eq. (3.1)).

Geometric properties.

Structural dimensions of the panel are shown in the
Fig. 2.

(O, | G e
)

Figure 2 — Dimensions of panel

Clear distance between webs is br = 430 mm.
Top flange thickness is & = 9 mm. Bottom flange
thickness is & = 6 mm. Dimensions of web are by x hy
= 45x195 mm (50x200 mm dimensions of sawn timber
before planning according).

Depth parameters of cross-section

h=hy + st + s =195+0,6 +0,9 =21 cm.

The effective flange width concept applies to flanges
in compression and in tension, and unless a more de-
tailed calculation is carried out, in accordance with the
requirements of [8], 9.1.2(3). The effective flange

width, ber, as it is shown in Figure 2, for internal
I-shaped sections, is as follows:

Der.c = beer + bw and best = brer + bw ([8], €9 (9.12)).

Effective flange width of an I-beam section of the
panel ([8], 9.1.2):
—in compression ([8], Table 9.1),

blcet <min{ 0,1-L ; 20-5¢ } <180 mm=18 cm;
—intension ([8], Table 9.1),

blier <0,1-L <450 mm=45 cm (only shear lag).

The values bl and blier should not be greater than
value by =430 mm.

So, design sizes of the flanges are:
—in compression, beer=blce = 18 cm;
—in tension, bet = by =43 cm.

Effective flange width:
— in compression, berc = beer + by= 18+4,5 = 22,5 cm;
—intension, best = brer + by = 43+4,5 = 47,5 cm.

Instantaneous — transformed section properties.
As the panel has a cross-section of two different mate-
rials, it is convenient to go transformed section or ficti-
tious section.

Coefficient for transformed section, as ratio of mod-
ulus according (1):

Ne= Eomean / Epiw.0.mean = 10 /4=2.5 ,
where Eg.mean = 10 KN/mm? — mean modulus of elastic-
ity parallel for solid timber, strength classes C22 ([9],
Table 5.1);
Epiw.o.mean = 4 KN/mm? — modulus of elasticity parallel
for plywood, strength classes F20/10 A40/20 (([9], Ta-
ble £.5).

Transformed web thickness (into plywood):

bwitd = bw -ne =4,5-2,5=11,25 cm.

Areas of cross-sections flanges (2,3)

Aettc = 20,25 cm?, Aetsy = 28,5 cm?.

Avrea of the webs (4)

Aef,wz 219,38 sz.

Transformed area (5)

Aer = 268,13 cm?.

First moment of section area about the top face (6)

Asst = 2935,41 cm?.

Neutral axis (NA) depth from the top face (7)

yr = 10,9 cm.

Second moment of web area about the NA (8)

Ief.W: 6971 Cm4

Second moment of the top flange area about the
NA (9)

Ief_[f: 2333cm4.

Second moment of the bottom flange area about the
NA (10)

IefAbfz 2758 cm4.

Instantaneous second moment of the transformed sec-
tion area (11)

le = 11962 cm*.

Bending stress check in the flanges and web (ULS).
Stress in the flanges due to bending:
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— bending stress (compression) in the top flange (12):
otcmaxd= 0,637 KN/cm?=6,37 N/mm2,
— bending stress (tension) in the bottom flange (13):
oitmaxd= 0,592 kN/cm?=5,92 N/mm?
Strength of the top flange for plywood F20/10 E40/20
and fow.ck = 15 N/mm? ([9], Table 5.5):
fplw.c.d = fplw.c.k * Kmod.medium * ksys =
=15-0,81=12 N/mm?.
Strength of the bottom flange for plywood F20/10
E40/20 and fpw.ek =9 N/mm? (([9], Table 5.5):
fplw.t.d = fplw.t.k * Kmod. medium * ksys =
=9-0,8 1 =72 N/mm?
Strength is satisfactory:

Otcmaxd < fplw.c.d ) Oftmaxd < fplw.t.d-

Bending stress check in the web:
— maximum distance from the NA to the extreme fibre,

yi=max{(y: — ou); (h — dor — Y1) };
yi=max{(10,9 - 0,9);(21 - 0,6 —10,9} = 10 cm;
— bending stress in the web (14),
owed=1,525 kN/cm?= 15,25 N/mm?,
Bending strength of the web for solid timber C22 and
fmok = 22 N/mm? (([9], Table 5.1):
fmo.d = feo. * Kmod.medium’ ksys' fn =
=22-0,8-1-1 = 17,6 N/mm?.
Strength is satisfactory:
Owed < fmAO.d .
Shear stress of the web (ULS). First moment of the
section area above the NA (16), Stna=780,48 cm?®.
Shear stress at the NA position (15):
7,.4=0,095 kN/cm?=0,95 N/mm?
Shear strength of the web material (solid timber C22)
with fy, = 2 N/mm? ([9], Table 5.1):
fv.a= fvk “Kmod.medium 'ksys =2-0,8-1=1,6 N/mm?2.
Design shear strength is greater than the shear stress:

g < fva.

Shear stress of the glued joint between the web and
the flanges (ULS).

First moment of top flange area above the NA (17):

Si= 212,58 cm*.
First moment of the bottom flange area about NA
(18):
St = 277,94 cm*,
Maximum value of first moment of area about NA:
St =max {Sr; Sbi}= max{212,58; 277,94} =
= 277,94 cm.

Mean shear stress in the flange across the glue line

(19):
tv.¢= 0,034 kN/cm? = 0,34 N/mm?

Rolling shear strength of the flange material (plywood
F20/10 E40/20) with fowvk = 3,5 N/mm? (([9], Table
b.5):

fplw.v.d = fplw.v.k * Kmod.medium * fesys =
=3,50,8 1=2,8 N/mm?.
Rolling shear strength is determined according to
([81, 9.1.2(6):
—if bw < 8'5bf7 then fplW.V.d ;
— if bw > 8-0br, then fpw.v.a (8- vt /bw).
Design shear strength is greater than the shear stress:

Tvd < fplw.v.d

Conclusion

For design cross-section of composite panel, it can be
applies a simple method of fictitious cross-section. The
presented design methodology can be used to design
composite (timber and plywood) skin panel in accord-
ance with the requirements [8] and [9].
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New types of wood based building materials to which the CLT refers require an accurate evaluation of the strength of various
types of connections. CLT panels connections with glued-in steel rods are of interest due to the possibility of creating quick-
mounted and rigid joints in the factory. Since the CLT have the structure of the perpendicular orientated boards in adjacent
layers, the strength and behaviour of the pasted rods is difficult to predict. The purpose of this study was to establish the
strength of the glued-in rods by pull-pull tests with different locations relative to the boards layers in the cross-section of
the CLT panel. Diameter of all considered steel rods was smaller than thick of timber planks 30 mm in 5-lyers CLT speci-
mens without gaps and stress relieves. Anchored length of rods in all specimens was 100 mm by using two component
epoxy adhesive system.
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HoBi Tunu nepes’ssHuX OymiBeNbHUX MaTepiaiiB, 10 skuX BigHocsaThess CLT abo ITK/I maneni, BAMaratoTh TOYHOT OI[IHKH
MIITHOCTI pi3HUX TUMIB 3'eHaHb. 3'enHanns [1K]] maHnenei Ha BKICEHUX CTEPIKHIX MPEACTABISIOTH IHTEPEC Yepe3 MOKITHU-
BiCTh CTBOPEHHS HA BUPOOHHUIITBI MIBUAKO MOHTYIOUHXCS 1 5KOPCTKHX 3'etHanb. Ockinbku [IK/] Mae cTpykTypy nepreHu-
KYJSIDHO OpI€HTOBAaHHX JOMIOK Yy CYCIOHIX IIapax, MIIHICTh Ta MOBEIIHKY HAaKJICEHHX CTPMIKHIB BaXKKO TepenOavuTH.
MerToro IbOro AOCHiIKEeHHS 0ylI0 BCTAHOBUTH MIIHICTh BKIICEHHX CTPIDKHIB 3a JOIMOMOTOIO BHIIPOOYBaHb Ha BUCMHUKY-
BaHHS CTPWKHIB PO3TANIOBAHUX Y PI3HUX TOYKAX BiTHOCHO IIApiB AOIIOK y monepedromy mepepisi [1K/] manemni. JiameTp
YCiX PO3MIISHYTHX CTAJICBHX CTEP)KHIB OYB MEHIIMM 3a TOBIIUHY JOIIOK 3 JEPEBUHU siKa ckianaina 30 MM y 5-1mmapoBux
3paskax CLT 6e3 minuH MiX JOIIKaMH i KOMIIEHCAI[IHHUX TIPOIMIIIB Y AOLIKAX JUIS 3HATTS Hanpyry. [ TMOruHa BKIICFOBaHHS
CTPIDKHIB Y BCiX 3pa3kax craHoBmiIa 100 MM Ta BUKOPHUCTOBYBaJIach JIBOKOMIIOHEHTHA EIMOKCUAHA cucTeMa. JIJIst CTPIDKHIB
BHUKOPHCTOBYBAJIN CTAJIE€BI LINMUIBKH 3 METPUYHOIO pizb0oro M10, M12 ta M 14 xiacy mirHocri 5.8. Meton BunpoOyBaHHs
MIPOBOJMBCS BiAMOBINHO A0 BUMOT cTaHmapty EN 1382:1999. HaBantakeHHS MPUKIAIaNOCh 3 TOCTIHHOIO MIBUIKICTIO Bif
0,5 mo 1,5 MM/xB 10 BigMoBH abo pyiiHyBaHHS 3’enHaHHA. [Ipu BUNMPOOYBaHHSIX BKJICEHUX CTEP)KHIB BEJIHKY yBary Ciil
MPUIISATH HE TUTbKH HECYYill 3JaTHOCTI, ajie i MOBEAIHII pH pyliHyBaHHI. J{JIs1 BU3SHAYEHHS MIIIHOCTI Ha BUCMUKYBaHHS
BKJIGEHUX CTEpP)KHIB, BCTAHOBJICHHX y O0KOBiif moBepxHi mmt CLT, 6yno BunpoGyBano 75 3pa3skiB. Besoro 6ymo posris-
HYTO 5 MOMJIMBHX TOYOK BCTaHOBIICHHS BKJICEHHX CTEPXHIB y nonepeunomy nepepisi [IK/] a6o CLT nanedni, sKi MOXYTb
MaTH pi3Hy MinHicTh. Lle mepir 3a Bce CTPHIKHI BCTAHOBJICHI Yy MOB3JIOBXKHI i MOMEPEeyHi IOLIIKH MOMEPEYHOro mnepepisy
[TK]] maneni, CTpHKHI BCTAHOBJICHI Ha MEXi MMOB3I0BKHBOI Ta MOMEPEYHOI AOIIKHU 1 Ha MEXi IBOX MOB3IOBKHIX JOIIOK, &
TAKOX PO3IIISAABCS BapiaHT PO3TAIIyBaHHS CTEP)KHS Ha MEXi IBOX TOB3/IOBXKHIX 1 OJTHI€T MOMepeyHol JIOIIKH.

KiwouoBi cioBa: BKIIeeHI CTepkHi, 30ipHI maHenmi, 3’€IHaHHA, TMOIEpedHa KieeHa nepesuHa, [IK/I, mimHicTs mpn
BUCMHUKYBaHHI, CTHK
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Introduction

Glued-in steel rods are very effective type of rigid and
semi-rigid joints in GLT elements of different construc-
tions and allow produce structural elements with high
level of prefabrication for fast and reliable installation
of timber buildings. Positive experience of using glued-
in steel rods during large period in timber constructions
in Eastern Europe praxis seems effective in joints of
cross laminated timber (CLT) panels. In this paper
showed the results of pull-pull tests of glued-in steel
rods installed in edge face of CLT panels in different
possible variations. Also was proposed calculation
model and type of joint were it can be used in CLT
buildings (Fig.1) for connecting of wall and floor pan-
els or two wall panels.

Review of the research sources and publications

Analysis of the glued-in rods strength by pulling, de-
pending position in the cross-section, is the same as de-
scribed in paper [1] of prof. H. J. Blass (2007) where
the positions of axially loaded self-tapping screws were
varied.

Definition of unsolved aspects of the problem

The strength of glued-in rods as a rule depends not
only on the length of the gluing of the rod and its diam-
eter, but also on the orientation to the grain in the spec-
imens. In CLT panels an interesting case of the arrange-
ment of the rods is the variant on the boundary of two
adjacent parallel and perpendicular boards because of
the different shear strength of timber along and across
the grain. For example, in the tests of glued-in rods in
the LVL, the destruction of the cores was observed with
the ovalization of the wood near the rod. This is logical
and can be explained by the different values of the shear
strength by acting force parallel to the layers of veneer
and perpendicular to the layers of veneer.

Proposed joint of CLT panels with GiR as well as «X-
RAD systemsy produced by Rothoblaas allow increase
the level of prefabrication, greater efficiency and re-
duced times by mounting. In the installation process of
this joint can be used for lifting CLT panels and ensure
comfortable connecting of panels from the inside of the
building. For connecting two wall panels and one floor
panel envisaged gluing-in of rods in floor panel. One-
sided semicircular apertures in the places of joining the
panels allow to slightly reduce the thermal conductivity
of the panel. Optimization of considered joint is obvi-
ously necessary, especially taking into account the
group effect of glued-in rods.

Problem statement

The aim of the research was to develop proposals for
calculating of load carrying capacity of joints with
glued-in steel rods in CLT panels by taking into account
the position or rod in cross section of CLT panel.. Only
axial loaded glued-in steel rods installed in different
parts of panels cross section was tested by pull-pull
tests and described in this paper. Also withdrawal ca-
pacity of glued-in steel single rods in CLT are need for
calculation for reinforcement different parts of panels
and connections.

Interest to this type of connection in CLT panels oc-
curred in a few papers. Some test results of withdrawal
capacity of GIR in CLT elements are published in the
STSM Report of B. Azinovic [2], G. Traetta (2007 )
[4], and in Master thesis of M. Andersen and M. Heier
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Figure 1 — Possible case prefabricated joint
of CLT panels with glued-in steel rods
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Basic material and results

Materials and methods

The present research work is considered the influence
of glued-in rod (GiR) localization in edge of CLT pan-
els on the value of maximal strength of withdrawal ca-
pacity. Diameter of all considered steel rods was
smaller than thick of timber planks 30 mm in 5-lyers
CLT specimens without gaps and stress relieves.
Anchored length of rods in all specimens was 100 mm
by using two component epoxy adhesive system.
The moisture content of the timber was about 12%.
The test set-up and the location of GiR are shown on
figure 2, where (1) — parallel to the grain in one board;
(2) — on the boundary of two parallel and one perpen-
dicular boards; (3) — on the boundary of two parallel
boards; (4) — on the boundary of one parallel and one
perpendicular boards; (5) — perpendicular to the grain
in one board. Differences between specimens were in
positions of glued-in rods and diameters of rods, see ta-
ble 1.

a)

b)

Figure 2 — Schemas:
a — test set-up; b — locations of glued-in steel rods in
the tested specimens.

Table 1 — Test program

S |5 | :

5 |2 |2 |s.ls
T ezl 5 | [58|E
series SE|SEIS 1 SE| 8 §

35| 8E|328iE5¢8| 5=

O8 |ledsc|0E]|Z2%| 28
GiR-10 100 10 2 25 1-5
GiR-12 100 12 2 25 1-5
GiR-14 | 100 |14 2 25 1-5

The purpose of the tests was to estimate the load car-
rying capacity of single GiR. The rods use were
threaded steel bars with metric threads M10, M12 and
M14 in strength grade 5.8. Test method was according
to standard EN 1382:1999 [5]. The load was applied at
a constant rate between 0.5 and 1.5 mm/min until fail-
ure. By tests great attention should be given not only
for load capacity, but also to the behaviour of joints.

To determine the withdrawal strength of GiR installed
in edge face of CLT plates 75 specimens were tested.
In Table 1 show testing program and details of test se-
ries. In each location was tested 5 specimens. As shown
on Fig.2-b) was considered all possible cases of rods
installing which could influence on obtained results.
Obviously very interesting seems results of rods lo-
cated on the bonding lines of two adjacent cross orien-
tated boards.

During the tests was controlled displacement by
measuring devices and symmetry of glued-in rods in
two planes as shown on figure 3.

Figure 3 — Location of measuring devices
and symmetry control of glued-in rods

Test results and discussion. The experimental data
obtained for CLT have been compared with predictive
equations from three references. First is simplified cal-
culation model [6-9] for axial loading which could be
summarized as:

Rax,k =r-d-l. fv,k ) (1)

where Rax — characteristic pull-out capacity;
| — anchorage length;

d — diameter;

fux — shear strength parameter.
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The correlation between test results and predicted val-
ues which based on models proposed in DIN 1052 and
Russian standard (CIT 64.13330.2017) [10] for GiR
was analysed as second and third references according
to equation (2) and (3)

Raxg =70 lag - frag, )

where Raxq — design axial resistance;

l.a — effective anchorage length;

d — nominal diameter of rod;

fia.a — characteristic value of bond line strength

T =Ry -7-dy -1, K, 3)

where T — design axial pull-out or pierce capacity;

R« — shear design resistance;

R — 4 MPa timber design pull-out resistance or pierce
of rod;

I, — design length, m;

ke = 1,2-0,02-1p/d coefficient which takes into account
uneven shear stress distribution in dependency of the
anchorage length of rod.

Since in some cases of tested glued-in rods in the CLT
panels, the rods were located in the boards perpendicu-
lar to the grain. In European practice designers are us-
ing the same equations for rods set perpendicular to the
grain, or are referring to Widmann et al [12] where the
pull-out strength is estimated as follows

Fax,mean = 0.045 '(ﬂ' Ay - lag )0.8' 4)

where dy — diameter of drill hole in mm.

In accordance to Russian standard [10] the design
equation for rods glued-in perpendicular to the grain
considered as case of rods glued-in at an angle to the
grain as follows

T=R-z-dy-1, -k -k, -my <F,-R,, (5)

where k, = 1-0,001-6 coefficient which depends on the
sign of normal stresses along the grain in the place of
rods installation;

o — maximal tension stresses, MPa;

mg = 1,12-0,1d coefficient which takes into account de-
pendency of design resistance from rod diameter;

Fa — cross section of rod, m?;

Ra — design resistance of rod material, MPa.

Typical failure modes that occurred were shear failure
along the rod in the adhesive layer, shear failure along
the rod in the interface between the adhesive and the
surrounding timber, shear failure along the rod in the
surrounding timber. Figure 4 shows failure mode of
tested specimens. Failure was reaching the shear
strength.

Figure 5 show the test results for the GiR diameters
10, 12 and 14 mm depending from installation place of
in CLT edge face. It is obvious that the load-carrying
capacity increases with increasing of rods diameter, as
mentioned above in equation (1).

The increase in deformations when pulling out rods
installed across the grain are more intense than for rods
installed along the grain, as was noted earlier and de-
scribed in paper prof E. Serrano [11]. Load-defor-

mation curves for rods glued on the border of the lon-
gitudinal and transverse boards had intermediate shapes
of the curves. Results of the test to study the influence
of the rod position in edge surface of CLT panel by
pull-pull tests for three different rods diameters are
shown in table 2.

Figure 4 — Failure mode
of some tested specimens
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Figure 5 — Test results for different rods
diameters by different places of installation
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Table 2 — Test results

Test 5 2 3
series S s p= - "
218 |2 |8 |5
SE | E 2 o =
SEISE|Ss |& |8
§ .—Zﬁl E c § E‘ § E‘ §
Sc|02|CcE|2E |
GiR-10-1 | 8,62 | 13 100 10
GiR-12-1 | 7,17 | 115 | 100 12 1
GiR-14-1 | 6,32 | 26 100 14
GiR-10-2 | 8,38 | 11,9 | 100 10
GiR-12-2 | 8,8 9,7 100 12 2

GiR-14-2 | 7,68 | 18,2 | 100 14

GiR-10-3 | 7,85 | 11,9 | 100 10
GiR-12-3 | 7,51 | 13,7 | 100 12 3
GiR-14-3 | 798 | 254 | 100 14

GiR-10-4 | 9,69 | 8,7 100 10
GiR-12-4 | 9,42 | 31 100 12 4
GiR-14-4 | 793 | 21,6 | 100 14

GiR-10-5 | 8,23 | 20,8 | 100 10
GiR-12-5 | 10,07 | 3,5 100 12 5
GiR-14-5 | 10,35 | 19,6 | 100 14

Figure 6 shows the influence of rods diameter on
withdrawal strength, where lines «din» and «ru» are
predicted values according to German standard
DIN 1052 and Russian standard CIT 64.13330:2017 for
roads glued-in along the grain. Test results for rods
glued-in perpendicular to the grain versus predicted
values obtained according Russian standard and equa-
tion (4) proposed by R. Widmann shown on figure 7.
As a rule, the test results are slightly higher than the
expected strength values of GiR, because in the calcu-
lation formulas (1) and (3) the characteristic value of
the strength by shear is used.

Also by shear testing of specimens, the resulting
strength value corresponds to a flat stress state. When
pulling out the GiR installed along the grain is observed
volume destruction and it is necessary to consider the
volumetric stress state. For example, by tests of GiR in
LVL was found ovalization of the fracture area, which
is explained by different shear strength along the grain
due to the layered structure of the material. This aspect
is taken into account and used in the calculations ac-
cording to our proposed method. For GiR located on
the border of the longitudinal and transverse boards in
CLT, a non-uniform stress state also arises depending
on the part of the contact area of the GiR with one of
the board surfaces.

For CLT panels with gaps and stress relieves, the in-
stallation of GIR is also possible. In the drilled hole,
which coincides with the gap, in the lower part of the
hole need to install a plug to avoid glue leakage. The
designed connection type can be used when mounting
the panels.
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Figure 6 — Test results versus predicted strength
for rods glued-in along the grain

70
*
60 s
= 50 L4
£ ’ *
(=2}
5 40 il
5 ;_,//'/7 TS
B 30
g
2 20 . %
=
10
0
9 10 11 12 13 14 15
Rods diameter, mm

B Widmann Aru

L\
] —

Figure 7 — Test results versus predicted strength
for rods glued-in perpendicular to the grain
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Conclusions

Results of pull-pull tests glued-in steel rods posi-
tioned in the edge of CLT panels shown new and inter-
esting results, especially for rods installed on the
boundary of parallel and cross bonded boards. In de-
scribed above tests series diameters of rods was smaller
than thickness of boards in CLT panel. Performance of
analogical tests in CLT with thin boards seems reason-
able and interesting.

For future research and implementation of glued-in
steel rods in CLT are need investigation of multiple
rods are required for joining of thick CLT plates or

highly stressed connections. In this connection, it will
be necessary to determine the distances between the
rods and from the rods to the edge faces, taking into
account the scheme of the boards in CLT panel. Future
investigations of laterally loaded glued-in steel rods in
CLT are required.

Developed model of GiR strength in CLT based on
the linear regression analysis of obtained test results
and now it is checked by additional tests that are neces-
sary to confirm the formulated calculation method.
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This paper deals with the study of reliability of quasi-homogeneous bolted joints of the body of thin-walled constructions of
the steel silos. Heterogeneity of this unit can be caused by number of reasons, in particular by presence of bolts of different
strength in joint. In such case the reliability of the system is determined trough the probability of trouble-free work of the
coefficient of the critical factor. The general conception of stochastic calculation consists in using the Monte-Karlo simulation
procedure for the samples of random values of the large volume. It was formed the system of conditions, under which the
reliability of joints is provided and analytical expressions for the value of coefficient of the critical factor is got, and also made
practical calculation example with the following graphic presentation on a special coordinate plane —a critical stochastic scale.
It was illustrated that random presence of bolts of less strength in field joint rapidly increases the risk of refusal.

Keywords: cylindrical silos, reliability, stochastic calculation, probability of the trouble-free work, quasi-homogeneous
bolted joint, coefficient of the critical factor.

IMOBIPHICHUI PO3PAXYHOK KBA3IOJJHOPIJTHUX BOJITOBUX
3’€JHAHDB JIMCTIB KOPITYCY CTAJIEBUX CHNJIOCIB
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CTaTTsa NpUCBSYCHA aKTyabHil MPOOIIEMATHIN AOCTIIKCHHS HAMIMHOCTI KBa310AHOPIMHUX OONTOBHX 3’€IHAHD KOPIYCY
LTI HAPUYHUX CTaJEBUX CHIIOCIB. Y 0araThoX BUIIAJKaxX MPOSKTHA HAJIHHICTh TAKUX CTHKIB BiAPI3HIAETHCS BiJ PaKTHIHMX
MOKa3HHKIB iX 0€3BiZIMOBHOT poboTH. [)KepenoM Iboro € psiJi 00’ EKTUBHUX MPUYHH, JI0 YHCIIA SKUX MOYKHA BiTHECTH HEJI0-
JIKM MOHTQ)XHHX OIepariii, 30KpeMa MPUCYTHICTh OOJNTIB Pi3HOTO Kiacy MIIlHOCTI, BiZICYTHICTh JEKiJIbKOX OONTIB 3’€-
HaHHS, PO3KPYUYyBaHHs KpITUIEHHS 0OJTa B TPOIIEC] eKCIUTyaTallii CiopyAx Y HEeTOKPYT Ha MOHTAXI ¥ 1HII YAHHUKH Ta-
KOTO THITY. Y IIbOMY BUIIaJKy HaJIiHICTh CHCTEMH BH3HAYAJIACs Yepe3 IMOBIpHICTh 0€3BiAMOBHOT pOOOTH 3 BUKOPHUCTAHHIM
koedimieHTa KpuTH4HOTO (hakTopa. BimMoBa 60NTOBOTO 3’€THAHHS OJHO3HAYHO BH3HAYATACS SK MEPEBUILECHHS BUTIAIKO-
BUM HaIpy>KEHHSM BUIIAKOBOTO PiBHS TPAHUII TEKYydOCTi cTami. 3arajbHa KOHIEMIS HMOBIPHICHOTO pO3paxyHKY ITOJIS-
raja y BAKOPHCTaHHI iMiTaliitHo1 npouexypn MonTte-Kapio 11 BuOipok BHIIQJAKOBUX BEJIMYWH BETUKOTO 00°eMy. YBara
KOHIIGHTpYBaJIacsi Ha PO3PaxyHKOBIH cUTyalii, Ko OOJNTH 3’€IHAHHS CKIAIAIOThCs 3 TPhOX HE3aISKHHUX BHOIpoK. Byna
chopMyIbOBaHa CHCTEMA YMOB, TIPH sIKill 3a0e3MeUyEThCS HAMIWHICTD 3’ €IHAHHS 1 OTpUMAaHi aHATITUYHI BUPa3H JJIs BEJU-
YUHU KoedilieHTa KpuTHIHOTO (akTopa. HaBeneHo mpakTHYHUI IPUKIIa PO3paxyHKy 3 HACTYIHUM rpadiyHuM mpecra-
BJICHHSIM Ha CIICIiabHil KOOPAWHATHIHN IUTOIMHI — KpUTHYHIN IMOBIpHIiCHIH 1ikaii. [IpoinrocTpoBaHo, 1110 BUMAJAKOBA Ha-
SIBHICTH OOJNTIB MEHIINX KJIACiB MIIIHOCTI B MOHT2)XKHOMY CTHKY CTPIMKO 30UTBIIYE PH3HK BiIMOBH. Y CTAHOBIICHO, IO MO-
Ka3HUKU WMOBIPHOCTI 0€3BiIMOBHOI pOOOTH OJHOPITHKX Ta KBa310AHOPITHUX OONTOBUX 3’ €JHAHb 3HAYHO PI3HATHCS JIUIIE
MIPH BEJIMKUX 3HAYCHHAX KOe]ili€HTiB Bapiallii 3HaueHb 3ycinIst. [loka3aHo, 0 HABITH 3a BiICYTHOCTI MiHJIIMBOCTI 3HAYCHb
MIITHOCTi OOJTIB BUTIaJKOBa BEIMYMHA KPUTHIHOTO (pakTopa Oyje 3pocTaTh MpU MOCTIHHOMY 3HAYEHHI IMOKa3HHUKa Haiii-
HOCTI.

Kuio4oBi cioBa: 1uniHApUYHUNA CHIIOC, HAIHHICTD, IMOBIPHICHHUIT pO3paxyHOK, IMOBIpHICTh 6€3BiIMOBHOT poOOTH, KBa3i-
oIHOpiaHe 6oNTOBE 3’€AHAHHS, KOe]illieHT KpUTHIHOTO (akTopa.
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Introduction

The problem of reliability assessment is one f the
most important scientific problems that arise in the area
of the building construction’s calculation. It is con-
nected not only with obtaining on its results more justi-
fied results from the economic point of view, but also
with general entity of the term reliability. Depending
from the chosen index, the reliability serves as a quali-
tative and quantitative indicator of the whole complex
of constuction’s properties. Considering the problem of
stochastic calculation of bolted joint of the elements of
steel silos, we need to pay attention to the problem con-
nected first of all with features of this class of construc-
tion — usage of thin-walled core and sheet corrugated
elements, high level of load, etc.

Also, due to the large number of accidents caused by
numerous mounting errors, the second most important
consideration when determining the level of reliability
connection is taking into account the most common
construction defaults that arise in the construction pro-
Cess.

Review of the research sources and publications

The assessment of the stress-strain state and the prob-
lem of determining the strength of bolted joints of metal
structures, including thin-walled elements, remain ur-
gent, which often can be found in the scientific publi-
cations [1 — 4]. We will note that among them there are
important applied problems of analytical and numerical
calculation of the bolted joints of the composite thin-
walled constructions with considering features of fric-
tion, corrugation, presence of sealing gaskets, etc. [5,
6], and also numerical and experimental studies [7, 8].
Traditionally, the area of stochastic calculation remains
less studied, which is certainly caused by the complex-
ity of mathematical transformations and the large
amount of theoretical knowledge in the field of proba-
bility theory and mathematical statistics [9 — 10]. The
modern studies of the outlined issues have repeatedly
been raised in the works of Pichugin S.F. and students
of his Reliability Science School [11 — 14].

Definition of unsolved aspects of the problem

In the practice of designing units of thin-walled con-
structions of steel silos, the bolted joints of elements
became widespread. In many cases, the design reliabil-
ity of such joints differs from the actual indicators of
their trouble-free work. The source of this is a number
of objective reasons, which include the disadvantages
of installation operations — wrong tightening of bolts or
the use of fastening elements of the non-design class of
strength. In this case, the classic strength analysis of the
bolted joint, as in the analytical form, so in the applica-
tion of finite element apparatus, requires not only the
change of the initial data of the solved problem, but also
the correction of a number of influential factors. These
features are beyond the guidance of regulatory docu-
ments, and, accordingly, are overlooked in the process
of engineering calculations. As well as the stock values,
the reliability levels of bolted connections made with
mounting defects remain unknown. Their assessment is

an important task that requires thorough consideration
and detailed scientific analysis.

Problem statement

The main purpose of this study is the stochastic anal-
ysis of the heterogeneous bolted joint of thin-walled el-
ements of the steel silo body. The heterogeneity of such
a unit can be caused by a number of reasons, including
the presence of bolts of different strength class, the ab-
sence of several connection bolts, untwisting of the bolt
attachment during the exploitation period of the con-
struction or short of rotation during mounting and other
factors of a similar nature.

Basic material and results

The main structural elements of the body of the steel
silos are the thin-walled elements of the corrugated
sheets and the vertical stiffeners, which are intercon-
nected by bolts made with gap and pre-tightening. The
fasteners, which are used in the connection (fig. 1), con-
sist of bolts and nuts, which are zinc-coated, and of
sealing washers. Mostly, the structural units are de-
signed for bolts of strength of classes 5.8 for the roof
and 8.8 and 10.9 for the body of the capacity.

a)
o~
=
\% g
> /))
b) —

Figure 1 — Fasteners (a) and arrangement
of bolted joint of the corrugated sheets
of the silo body (b)

For the basic indicator of the quantitative measure of
reliability when calculating the bolted connections, we
take the coefficient of the critical factor, which is equal

to the ratio of the random effort S and the generalized
strength R

Kr==<10. 1)

| o

The main models of the failure are the cut of the bolt
and the bearing of the metal of the connected elements
in the hole. In general, the bolted connection of the
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body sheet can be represented as a multi-element sys-
tem, the failure of each element of which leads to the
formation of a new design scheme of the joint and thus
provokes a change in the reliability of the whole con-
nection.

The general concept of a stochastic calculation will
be based on the use of the Monte-Carlo simulation pro-

cedure for samples of the random variables yr; and

7si of the large volume [15]. For the critical factor of
the basic metal of the sheets of the silo body, the fol-
lowing ratio will be valid

_E.1+75,iVs

= =My Vs 2
mg 1+ yg; Ve AL @

Rii

where mg and mg —mathematical expectations of ran-
dom variables S and R ;
7r and y5 — the normalized random variables with a

given distribution law;
Vr and Vg — the coefficients of variation of strength

and load;
my — the expected value of a critical factor.

In the design case of a homogeneous bolted connec-
tion, when all bolts of the system are elements of one

sample, the critical factor of the metal of bolts Kb’i is

expressed by the following expression [14]:

5 S 1+Vgis;

Kpi== 5 =M, - S}:S" ;
Rpsi- Ao 1+Vis7hs i

©)

_1278 ms (4)
dg N Mg 7

b

where Fibs,i — the random value of the strength of one
bolt per cut;

A, —the value of the area of the bolts;

d, — the diameter of the bolt;

n — the number of elements (bolts) of the sample;

mg, My and Vg, Vi, — respectively the values of the
expected value and coefficients of variation of the ran-

dom variables S; and Iibs,i;

7bsi — the normalized random value of the strength of

the bolt;
7si — the value of the normalized random value of

maximums of the external force, which influence the
connection.

The problem of stochastic calculation of a quasi-ho-
mogeneous bolted joint, when the bolts of connection
consist of two independent samples n=n, +n,, has
been considered in studies of the group of authors [14].

We also should consider the design situation where the
bolts of connection consist of three independent sam-

ples n=n +n,+n,.
This case will illustrate the change in system reliabil-
ity when there are coupled three types of fasteners in a

unit connection, such as bolts of different strength clas-
ses or different manufacturing plants.

The use of expression (3), taking into account the cor-
responding values of the expected value m, and the co-

efficient of variation Vg, will be valid only in cases

Ky <10, ie., before the failure

- S,

Kp,i = = = = :

" Ay (Rgyi M+ Respi -y + Regzi - Ng)

If there is a connection failure, a critical factor ex-
ceeded the single-level. This process can be imple-
mented according to different schemes, each of them
should be considered when calculating a random value

of the critical factor. For the simplest connection of the
three bolts, the random strength of which in the space

of effort is corresponding to Sy, , Sy, and Sy, the reli-

ability of the connection will be ensured if the follow-
ing demands are made for the i-th sample element:
1) the value of the random strength of each of the

three bolts SNOLi vSNOZ’i \/SNO&i will be bigger than the
force S;/3;

2) the strength of one of the bolts is less than §i /3
and it is ruined, but the strength of the remaining two
ones is bigger than S, /2;

®)

3) the strength of two bolts is less than S, /3 , and of
the third one is bigger than S;;

4) the strength of one bolt is bigger than §i /3 but less
§i /2; the strength of the second bolt is bigger than

S, /2 and of the third one is bigger than S;.

In this case, we will get a system of conditions for a
critical factor:

I — the strength of all bolts is less than S; /3 ;
I... IV —strength of one of the bolts is less than S; /3

V... VII — the effort S;/3 in both bolts simultane-
ously exaggerates their bearing capacity;

VIl — the bearing capacity of all bolts is less than
S,/3.

This system can generally be schematized by the ex-
pression (6), where for values Kyy,i, Kys; and Ky,

we will apply the term «conditional» critical factors.
These random variables will be calculated just as for
the case of connecting elements from two independent
samples, which were described in the paper
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S /(gon fgoz,i + SNos,i)v if
Kpiz,i» !f

Kp1s,is if

o Kpaz,i» if
Koi = Si /S0, if
Si/ Sz if

Si/Sgsis if

Si /(Son +S2,i + Sosj ) if

Also, in order to find the values of conditional critical
factors, based on the general expression (3), we can ob-
tain the following formulas:

Kpui :Mb,l'% ; (7
I 1+ Vi1 Posti
- 1+Vg7s,
Kp2i =M, 1\/7~| . ®)
* Vhs2Vbs2,i

The magnitudes of the expected value and the coeffi-
cient of variation of the critical factor, when calculated
by formulas (7) and (8), will acquire a new presenta-
tion:

1
P i+ B s
2y\/2 2\s2 2
V.= \/ab,ivbsl+ﬂb,ivb5277bs (10)
bs,i — 1
> A i+ Poillos
My, N . -
where 7, = —22-2 — the ratio of the characteristics
Mys1M

and the number of bolts.
The values of the coefficients ay,; and f,; ,which

appear in (9) and (10) will be determined from the fol-
lowing conditions

L if Ky <2aKp;<2;
L Ky <2AKppi22 1
“iTlo, if Ry 22aKpy; <2; (11)
L if Ky 22AKp 22,
L if Ky <2aKpp; <2
[0 i Ky <2aKpp, 22 12
Poi= L it Ky 22aKppi<2; (12)
Loif Ky 224K, 22

To illustrate the calculation procedure for the search
of the coefficient of the critical factor of a three-element
bolted joint, we will do a practical example of calcula-
tion with the following graphical presentation. The cal-
culation will be performed accordingly to the following
initial characteristics of the system — the bolted joint
receives the action of a random force, with the expected
value mg =200 kN and with one of the three values of

the coefficient of variation Vg =0,2v0,4v0,6. The

distribution density of the probabilities is assumed as a
double exponential law. The bearing capacity of all
three bolts is determined by a normal law, but with dif-
ferent statistical characteristics: for the first bolt —

Mg o1 =250 kN, for the second one — mg o, =200 kN,
and for the third one — mg 3 =150 kN. The range of

Si/ S0 <3ASi1Spy; <3AS; 1S3 <3;
Si/S00i <3S 1S5 <3A S 1Sy3;23;
Si/S01i <3S /S0 2348/ Sp3; <3;
S:i /S:ou 23A S:i / S:oz,i <3A S:i / S:os,i <3 (6)
Si/So1i <3/ S /Sg; 238180323,
Si/S00i 23S /S5 <3AS; 1 Sy3; 2 3;
Si/S01i 23S /S0 23S/ Sp3; <3;
Si/S01i 23S /S0 23S/ Sy3; 23,

the coefficients’ changing of the bearing capacity of all
bolts is accepted as Vg =0,05v0,1v0,2 .

The reliability assessment will be performed on a spe-
cial coordinate plane — the critical probability scale, on
the y-axis of which we put the values of a random var-
iable of a critical factor, and on the x-axis — the double
natural logarithm of the probability of the failure-free
work

y=-In[-In(F, )],

where F, — the probability of a failure-free work,
which is calculated using the formula [14, 15]

7 .2
ag —+Jag —da(l—acVg —1/my)
F = exp{—exp{ \/ (14)

200

(13)

where ¢,, a. and . — dimensionless coefficients,
A B C

which consider the influence of the coefficient of vari-
ation of the bearing capacity and the law of maximums’
distribution of a random load. For the load distribution,
accordingly to the normal law of distribution
ap~—0,02, ag =0,65, ac ~0,18 , and for the double

exponential Humbel law ¢, ~0, a5 ~0,84, a ~0,57

This allows comparing data across a wide range of a
failure-free work.

The resulting curves of change of the critical factor
are shown on the fig. 2, which have the graphs of three
kinds on the coordinate plane.

The curves plotted with a solid thick line correspond
to the reference functions of the critical factor.

The graphs, which are illustrated by dots, are the
functions that are constructed by formula (6) without
considering the calculations of conditional critical fac-
tors, i.e., it is considered the process of failure of one
bolt in joint with the two others, but the mechanism of
failure of one bolt of the joint is not taking into account.

Dotted curves are the values of the critical factor cal-
culated in case of absence of any sequence of failure of
the bolts in the joint.

Observing the nature of the change in the curves (fig.
2), we can see clearly an error, which arises in case of
fully neglecting the sequence of the bolts’ failure in the
joint.

It is logical that the greatest differences occur be-
tween the solid and the dotted curves.
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Figure 2 — Probability of a failure-free work
of the joint of three bolts on a critical
probability scale:
a— Vo1 =Vro2 =Vro3 =0,05; V5 =0,2v0,4v0,6;

b—Vro1 =Vro2 =Vro3 =0,2; V5 =0,2v0,4v0,6

The difference between solid and pointed curves is
not so significant and does not increase in case of insig-
nificant variability of the bolted strength, even if there
are large values of the coefficient of variation of the ex-
ternal force. This is especially noticeable when compar-
ing the behavior of the curves not in the entire coordi-
nate plane, but only in the vicinity of the ordinate Ky =
1, for value of which the probability of a failure-free
work is calculated.

Figure 2 also shows that the curves Kb,i have three

inflection points. However, the smaller the variability
of the strength of the bolt is, the clearer the given point
could be tracked and the greater is the angle of the
curves to the horizontal axis. At large values of the co-
efficient of variation of the strength the curves of the
critical factor are smoother in nature, and the points of
inflection of the curves are almost imperceptible. Con-
sidering this, it can be assumed that the dependence of
the critical factor from the logarithmic reliability index
will always have as many inflection points as the bolts
of different statistical characteristics, which are in-
cluded in the joint. It should only be noted that the ran-
dom values of the strength of the bolts must be inde-
pendent.

Also, we consider that with small coefficients of var-
iation of the force values and the different coefficients
of variation of the strength of the bolts, the index of the
probability of failure-free work of the joint is very close
and differs only  when Vs > 0,5.
Of course, the biggest role plays also the ratio of ex-
pected value, but for highly reliable systems we can
also use this tendency.

When there is the absence of variability of the strength
values of the bolts on the critical probability scale, the in-
clined sections of the curves between the points of inflec-
tion turn into vertical segments (fig. 3).

Thus, we can state that the random value of the criti-
cal factor increases when there is the constant value of
the reliability index.

If the expected value of the bolt strength is equal, then
the curve of the critical factor must be constructed ac-
cordingly to the formula (3).
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Figure 3 — Probability of a failure-free work
of the joint of three bolts on critical probability
scale in case of absence variability
of the strength of the bolts

Conclusions

1. As part of the study, it was further developed the
method for assessing the reliability of multi-bolt joints
of the body sheets of steel cylindrical silos for situations
when bolts in the mounting joint can belong to the three
strength classes.

2. It was obtained the system of conditions and ana-
Iytical dependencies for the calculation of the critical
factor coefficient.

3. Using the example of graphical construction of the
curves of the coefficients of the critical factor for dif-
ferent cases of failure sequences, it was illustrated that
accidental presence of bolts of smaller strength classes
in the mounting joint rapidly increases the risk of fail-
ure.

4. It was found that the index of probability of failure-

free work of the homogeneous and quasi-homogeneous
bolted joints begin to differ only when the coefficients
of variation of the force value Vs > 0,5 increase.
5. Even if there is the absence of variability of values
of the bolt strength, the random value of the critical fac-
tor will be increased accordingly to a constant value of
the reliability index.
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Concept of bulk material and complexity of storing it are explained. The dependence between the physical and mechanical
properties of the loose material and type of construction in which it is stored. Structural elements considered silos and silos
with conical and flat bottom are described. The common characteristics of metal silos for bulk materials are given. The
classification of metal silos by type of housing design is given. The advantages and disadvantages of silos are described.
The possibility of storage of bulk materials in cylindrical shells is analyzed depending on the type of construction. The
history of occurrence of structures of spiral-fold silos is considered. The set of equipment for the construction of the housing
of the spiral-fold silos is given, the step-by-step process of formation of the folding lock and features of the installation
process are presented. The analysis of the structure is made and the advantages and disadvantages of spiral-fold silos are
determined.

Keywords: bulk material, steel silo, spiral-fold silo, folding lock

HNOPIBHAJIbHUI AHAJII3 KOHCTPYKTUBHUX PINIEHD
METAJVIEBUX CHJIOCIB

Miuyrin C.®.}, Okcenenxo K.O."

'Hanionansuuii yrisepcuter «IlonTaBchka nonitexsika imeni FOpis Konapatiokay
*Anpeca quis uctyBanns E-mail: shvadchenkokate@gmail

BHCBITIIEHO MOHSATTS CHUITy4Oro Marepiaily, po3IJITHYTO JyalbHICTb CHIIy4Or0 MaTepialy Ta MOSICHEHO CKJIaJHICTh HOTro
30epiranHs. Po3’sacHeHO, IO MOBEAIHKA CHITy4Oi PEYOBHMHH IMiATMOPSAKOBYETHCS PI3HHM 3aKOHOMIPHOCTSIM 3aJIEKHO Bij
cnoco0y 30epiraHss: y 3aMKHEHOMY COCY/i YM B YMOBHO HECKiHUEHHOMY mpocTopi. [I[poananizoBaHo 3aexHICTh MiXk (i-
3WKO-MEXaHIYHIMH BJIACTHBOCTSMH CHITy4OTO MaTepially 3 TUTIOM KOHCTPYKIIi, B SIKil BiH 30epiraeTbes. Po3rmsHyTo mo-
HATTS CUIIOCY, cdepy Horo 3acToCyBaHHS Ta IepeBard BAKOPUCTAHHS MTOPIBHSHO 3 BIIKPUTHMH a00 3aKPUTHMH CKIIaIaMH.
OnucaHo KOHCTPYKTHBHI €1€MEHTH CHIIOCY: JaX, Kopiyc, JHO. I[IpoaHani3oBaHO CHIIOCH 3 KOHYCHUM Ta IJIOCKHM JHOM.
HaBezeHo 3aranbHi XapaKTepUCTUKH METAJIeBUX CHIIOCIB JUISl CHUITyYHX MaTepiaiiB, ixX Kiacu(ikaiis 3a THIIOM KOHCTPYKIiT
Koprycy. Po3risiHyTHil KOXKeH THII KOHCTPYKLIT KOPITyCy CHIIOCY, OITMCAHO OCOOJIMBOCTI X MOHTaxy. [IpoBeneHo aHaii3
nepeBar Ta HEJOJNIKIB CHIIOCIB, HaBeACHHUX y Kiacudikarii. Po3risiHyTo MOXIMBICTH 30epiraHHsi CHIIyYUX MaTepiaiB y
LT HAPUYHUX 000JIOHKAX 3aJIeXKHO BiJ THUITy KOHCTPYKLii. BUBUEHO iCTOpit0 BUHMKHEHHS KOHCTPYKIH CcripaibHO-(alib-
LIEBUX CHJIOCIB. BHCBITIIEHO MOKIHUBICTH 30€piraHHs pi3HUX MaTepialliB y METaNeBUX CHIIOCAX CHipalbHO-(aBIEBOTO
tuny. [IpuBeneHo mpuKiaz eaeBaTopa 3i CriparbHO-(paTbIIeBUMH CHIIOCAMH, KU eKCIUTyaTyeThbesl B YKpaiHi Bxke OibIie
40 pokiB. HaBeneHO KOMIUIEKT 00JTaqHAHHS AJIS 3BEACHHS KOPIYCY CHipalbHO-(palbIeBUX CHIOCIB. PO3TIIsIHYTO OCHOBHI
(yHKIiT KOXKHOTO arperary 3 KOMIUIEKTY oOnaaHanHs. ONMcaHO MOETaHAH POIIeC YTBOPEHHs (ableBOro 3aMKa i 0co-
OJIMBOCTI MPOLIECY MOHTAXY KOpIycy. 3po0iieHo aHaji3 KOHCTPYKIII B LiJIOMy Ta BU3HAYCHO MEepeBard i HEAOIKH Cripa-
JbHO-(asbleBrUX cuiociB. Ha oCHOBI MOPIiBHSUIBHOTO aHaji3y OOIPYHTOBAHO 3aralbHUil BUCHOBOK IPO MEPCIEKTHBHICTh
3aCTOCYBaHHS CTaJICBUX CIIpaIbHO-(aNbIIEBUX CHIIOCIB IS CHITyYHX MaTepialis.

KiwouoBi cioBa: cunmyunii Matepiall, METaJeBHI CUIIOC, CIipabHO-(PaIbIEeBUI CHIIOC, (aTblIEBHi 3aMOK.
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Introduction

Many modern technological processes are related to
the processing of various bulk materials. In the chemical
and metallurgical industries, as well as in the building
materials industry, not only materials as coal, ore,
gravel, sand, etc., are extracted, and in the process of pro-
cessing primary raw materials produce a large number of
new bulk materials such as coke, cement, slag, concen-
trates and others. It is also necessary to name an agroin-
dustrial complex in with almost all products are bulk ma-
terials. A large number of granular materials makes it
necessary to use a wide variety of machines, mechanical
devices and structures for a faster and easier recycling
process. One of the essential steps in the process - mate-
rial storage. Ordinary composition of friable material is
not a rational decision, as needs the considerable ex-
penses of human labour for loading and unloading of ma-
terial. The decision of this problem became silos for bulk
materials.

Review of the research sources and publications

A large number of domestic and foreign scientists are
in research of metal silos for bulk materials [1-2]. J. R.
McCalmont was one of the first who classified silos and
considered their characteristics [4]. Irena Selamovych
and Robertas Balevichus considered in detail the anal-
ysis of the effect of rolling friction on the pressure dis-
tribution on the walls and velocities inside the fluid ma-
terial [6]. Dietmar Schulz in his work examines general
descriptions of friable solids, beginning from properties
of stream of hard parts to behavior of stream of powders
and friable materials in bunkers and silos. [7] G. L. Ro-
zenblit in his work thoroughly examines rigid and flex-
ible bunker for the coal industry [9]. V. V. Kachurenko
thoroughly researched and described in his work
behavioral and physical characteristics of the bulk ma-
terial in silos [11]. D.O. Bannikov in his monograph
presented authorial theoretical conception of co-opera-
tion of friable material with the elements of capacity
building constructions [12]. A number of research in
this area is increasing every year.

Definition of unsolved aspects of the problem

Nowadays there is quite a variety of types of bulk ma-
terials, the total number reaches several thousand. For
their storage at different times concrete or metal welded
silos were used [1 — 10]. Application of such types of
constructions is related to difficult physical and me-
chanical properties of bulk materials. Such characteris-
tics as tightness, strength and smooth surface of the
wall made it possible to store a large variety of bulk
materials.

Despite a large number of the works dedicated con-
tainers for bulk materials, some of which are listed
above, almost all of them are focused on studies of
metal silos for agriculture. Here are prefabricated silos
with corrugated panels in bolted joints have proved best
in our country and abroad. But the reliability of these
structures are not fully investigated, it is confirmed by
elevator accident associated with this type of construc-
tion.

Problem statement

The objective of this article is to review various struc-
tures of metal silos for bulk materials, the analysis of
their advantages and disadvantages depending on the
type of construction and method of installation.

Basic material and results

Before to begin the review of constructions of metal-
lic silos, it is necessary to understand what it is a bulk
material and what is the complexity of its storage.

Bulk materials is a material that has a pronounced
grain structure with grain sizes, enabling flow of mate-
rial in a confined space.

The specificity and complexity of storing bulk mate-
rial is its duality. The bulk substance has properties in-
herent on one hand to continuous media (eg, the ability
to exert pressure on vessel walls) and, on the other, to
discrete media (eg, pressure dependence on material
structure). Also the duality of granular substance is
manifested in another respect. On the one hand bulk
medium has properties of solids (eg, the ability to resist
external forces) and at the same time, on the other hand,
the properties of a liquid (such as the ability to flow or
fill given volume).

It should also be borne in mind that the behavior of
solids is subject to different laws depending on the
method of storage, in a closed vessel or relatively infi-
nite space. It is necessary to separately analyze static
and dynamic behavior of granular material. After all, it
is two rather different in nature phenomena that are as-
sociated with different structuring bulk material and
therefore require the development of various theoretical
models. Thus, in every case appear just quite different
initial suppositions, as a result, eventual mathematical
dependences quite often conduce to obvious contradic-
tions.

Due to the features listed granular materials, it be-
comes clear the large number of types of metal struc-
tures silos. Fig. 1 shows the classification of metal silos
for bulk materials. Consider it’s each type in details.

General characteristics of silos. Silos are used to
store a variety of bulk materials in various industries.
Often, they are used in grain elevators, cement and coal
depots, metallurgy and chemical industry. Silos can be
storage for the raw materials, semi-finished and fin-
ished products and intermediate tanks in the process.

Widespread use of silage storages in different areas is
explained by a number of advantages of storage of bulk
materials in silos compared to storing them in bunkers
and open or closed warehouses equipped with cranes.
Silos are compact buildings, with a high payload ratio
that allow for larger capacities in relatively small build-
ing areas. This significantly facilitates the placement of
storages in master plan.
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Steel silo

A Weldeasio | Panclsilo | | Spixalsito |
Panel silo: Spiral-bolted silo:

| made of a) made of corrugated panels| [{ made of large strip of
prefabricated of | | | op bolted connections: metal
sheets b) made of smooth panels on

bolted connections.

L made of Panel-frame silo: Spiral-welded silo:
prefabricated of a) made of corrugated panels a) made of large strip of
roll — on bolted connections; H metal

b) made of smooth panels on b) made of small strip of
bolted connections. metal
Membrane-frame silo: Spiral-fold silo:
|_{ a) made of panel; L made of small strip of
b) made of roll. metal

Figure 1 — Classification of metal silos

Thanks to the convenience of loading, unloading and
high mechanical loading and unloading this type of
closed storage facilities are the best in our time. Ab-
sence at the silos of free-surfaces, the methods of load-
ing and unloading, that are used, provide reliable stor-
age of materials and assist reduction of losses. In a silo
there can be the organized drying of material that is
kept, and also periodic moving for prevention of caking
or spontaneous combustion.

Silo is a self-unloading capacitive structure in which
the vertical height is 1.5 times greater than the diame-
ter. For silos with a diameter of 18 meters or more, the
ratio of the vertical part to the diameter may be smaller.
The design is intended for long-term storage and over-
loading of bulk materials. Often, only the bearing ca-
pacity of the soil limits the height of the silos.

The main structural elements of the silo ar the roof,
the housing, the bottom. The silo roof is a spatial coni-
cal structure, assembled from beam (rafters) and trape-
zoidal sectors. Trapezoidal roof sectors can have box-
like rib edges along the edges, which give greater rigid-
ity to the structure and have better protection against
atmospheric moisture. The roof accepts snow load and
is intended to protect against falling into the capacity of
the silo of precipitation. Housing is a cylindrical shell,
the construction of which depends on the type of silo.
There are silos with flat and conical bottoms (fig. 2).

Welded silos (fig. 3 a, b) are a cylindrical shell, made
of metal sheets welded together. According to the
method of manufacture, these silos are divided into pre-
fabricated sheets and rolls. The sheet silos are welded
into a single housing made of individual sheets of
metal. The roll silos are made of sheet metal, which is
delivered to the construction site in the form of a roll
whose height is equal to the height of the cylinder. Dur-
ing installation, the roll is positioned in a vertical posi-
tion and unfolded around the perimeter of the annular

foundation, forming a closed silo wall. The advantages
of such silos are tightness and durability.

Due to this its are suitable for storage of various ma-
terials. Disadvantages of these structures are high ma-
terial consumption and a large number of welds.

Panel silos (fig. 3 c) are a cylindrical shell is made of
corrugated or smooth panels connected together with
bolts. Corrugated panel profile helps save metal (due to
thinner panels) and provides increased resistance to lat-
eral load of silo. To compensate the loss of the bearing
capacity of the panel through the corrugated profile on
industrial silos establish additional ribs. The ad-
vantages of prefabricated silos are the opportunity to
take large radial load on the material, no welds, high
strength. The disadvantages of this option silos are a
large number of bolted connections. This type of silo
construction is most common in Ukraine and abroad, it
is used in agriculture.

Panel-frame silos (fig. 3 d) have bent profile panels
connected on bolts. In order to seal the silo, washers
with gaskets are installed under the bolt heads. The roof
of the silo is conical, it consists of annular and radial
ribs, on which the flooring is arranged. The advantages
of these silos are the strength and the absence of welded
joints, the disadvantages are a large number of bolted
connections, leaks, increased metal consumption and
labor costs.

Membrane-frame silos [13] were developed at an in-
stitute in Moscow. The main structural element of these
silos is a cylindrical membrane of membrane-frame
type, made of tape 0.6 - 1 mm thick and
1250 mm wide. The tape is fastened in a spiral. The ad-
vantages of this option silos are covering membrane
that takes only a tensile force, which allows full use cal-
culated resistance; the disadvantages are large material
consumption and complexity of installation.
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Figure 2 — Design elements of silo
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Figure 3 — Types of metal silos
a, b — welded silos;
¢ — panel silo; d — panel-frame silo
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Spiral-bolted silo (fig. 4 a) includes a cylindrical shell
made of a metal ribbon, curved in a spiral, the edges of
which are connected by an ascending rib (corner or
channel) by means of fixed-pitch bolts. The advantages
of such silos are the absence of welded joints, the
strength, the absence of additional processing of the
edge of the roll blanks and the rising edges for the
molding of the housing; the disadvantages are special
equipment required for housing formation, additional
equipment for bending and mounting of rising ribs,
drilling of large number of holes for mounting of bolts;
additional vertical ribs must be installed to ensure wall
reliability.

Spiral welded silo (fig. 4 b) has a cylindrical shell
made of a metallic strip, curved in a spiral, the edges of
which are joined by welding. Geometric rolled billet
thickness 1 — 4 mm, width 300 — 1250 mm. The joint of
the workpiece edge must be tight. The advantages of
silo are strength and tightness, disadvantages — a large
number of welds made on the site, for their quality per-
formance requires additional processing of the edge.

a)
— o
(A
RS
r
-
TA A
b
v il
r = =
L]
!
L 1
r
S A 4 Y &y &P ror
B
r g 4 a4 9 :.F ¥y &d

Figure 4 — Spiral silos:
a — the spiral-bolt; b — spiral welded

Spiral-fold silo (fig. 5) has a cylindrical body, which
is a system of spiral connection of the steel strip by dou-
ble folding. The design of the silo was developed in
1968 by a German scientist Xavier Lipp, who used the
special equipment for processing of sheet metal and
used it for the construction of silos spiral-fold [14].
The first silo was built in 1969 in Germany

(fig. 5 a). Since the late 60s in Europe they began using
the silos with this type of construction. Within ten years
of study and research, in practice, this technology has
proved successful, and since the early 70's large-scale
production of galvanized steel spiral-fold silos has be-
gan.

Figure 5 — Spiral-folded silos:
a — the first spiral-fold silo of Xaver Lipp, 1969;
b — spiral-fold silos (v. Korosten, Ukraine, 2018)

The advantages of these silos are:

— high precision, high degree of automation and speed
of installation; reducing the time of installation and the
required number of installers; minimizing the human
factor in the installation, the whole process of silo in-
stallation is done automatically by a folding apparatus,
the installation — from 4 to 6 days;

—when using the silo does not require any maintenance,
can withstand a 7-point and larger earthquake, strong
winds; warranty silo over 30 years; silo warranty for
more than 30 years;

— good sealing, water resistance, complete absence of
bolted connections and works related to waterproofing;
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with a long shelf life can install a steam system for safe
storage of grain, it is possible to store waste water, oil,
petroleum products, cement and other materials; when
using stainless steel it is possible to store food; alcohol,
wine, flour, malt, molasses, sunflower oil, etc;

— saving steel, high strength, high grade zinc from
275 g/m? to 450 g/m?;

—silo cost 30% lower then panel silos.

The disadvantages spiral-fold silos are:

—the maximum volume of silo may not exceed 10 thou-
sand m?;

— for installation, the silo assembly equipment must be
transported to the construction site, which increases the
cost of production.

One of the first in Ukraine in Yemylivka village, Ki-
rovograd region in 1971 was commissioned the eleva-
tor with spiral-fold silos for storing grain (fig. 6). De-
spite its age, the company has been successfully oper-

ated to this day.

Figure 6 — Spiral-fold silos
(elevator in village Emylivka,
Kirovohrad region, 1971)

Technology of installation of spiral-fold silos.
The set of equipment for the construction of spiral silo
(fig. 7) consists of: the un-coiler reel, a profiling ma-
chine, a folding machine and a support frame.

The main function of the profilling machine is the
profiling and bending of a steel strip 495 mm wide and
2 — 4 mm thick by the silo diameter.

The folding machine is intended for rolling of steel
tape and at the same time creation of a strong rolled
seam 30 — 40 mm wide with a total thickness of
11 — 32 mm from the outside of the silo, each turn of
which gives an additional rib of rigidity of the whole
structure.

The speed of installation of the silo's shell is
3-5m/min.

The installation process consists of the following
stages: a circle is deposited on the foundation which has
equal diameter of silo and on the contour on the outside
supporting frames and folding machine are mounted.
Inside the silo, there is a un-coiler rell and a profiling
machine. At the center of the foundation at the appro-
priate height set a metal ring to which the roof rafters
will later be attached. The metal tape is introduced into
the profiling machine and the folding machine and fur-
ther in a circle with the help of supporting frames, the

winding process takes place with the formation of a fold
lock (fig. 8).

Unique technology allows for compact and fast instal-
lation of high-strength and hermetical silos directly at
the construction site, without the use of bolts and
welded joints.

9

Figure 7 — Set of equipment for construction
of spiral silo:
a — set of equipment in the working position,
the process of coiling the silo's shell;
b — folding machine, profiling machine,
support frame, un-coiler rell
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Figure 8 — The process of creating folding lock:
a — spiral-fold shell;
b — phased process of creating a fold lock
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Conclusions

1. The physical and mechanical properties of bulk
materials are analyzed.

2. The classification of metal silos for bulk materials
is given.

3. The advantages and disadvantages of silos are
considered, depending on the type of construction and
method of installation.

4. Spiral-fold silos and method of their installation are
discussed in detail.

On the basis of the comparative analysis, the general
conclusion about the prospect of application of steel
spiral-fold silos for bulk materials is substantiated.
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The article presents the experimental study results of flat intercolumn plates loading work peculiarities of the beamless
overlapping developed system. The attention is paid to the design of the experimental designs of the bearing structure with
the bevelled platforms of suspension on the outer perimeter of the span plates. The technique of performing experimental
studies is presented. The conducted researches enabled to establish the nature of deformation and destruction of intercolumn
plates as a separate element in the developed system of beamless overlapping. In this case, the magnitude of the compression
deformations decreases to the point where the test specimens rest on the supporting blocks. It confirms the assumption of
the transfer of load from the spacers to the intercolumnar on the principle of "linear hinge". Attention is paid to the fact that
the achievement of the bearing capacity is not accompanied by the process of destruction, but is characterized by significant
movements of the flying part of the plate in the vertical plane.

Keywords: displacement, bearing capacity, deformed state, experimental research, unbounded overlap

EKCIHEPUMEHTAJIbHI JOCJIIKEHHS MI)KKOJIOHHOI
HJIMTHU 3BIPHOI'O BE3BAJIKOBOI'O IIEPEKPUTTS
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123 Tlonraschkuil HalioHaIbHKIT TexHiuHMI yHiBepeuTeT iMeni IOpis Konpatioka
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V crarTi HaBeJEHO Pe3yJbTaTH EKCIIEPUMEHTAILHOTO JOCIIDKEHHS! 0COOIMBOCTEH POOOTH Mijl pO3paXyHKOBHM HaBaHTa-
JKEHHSIM TUTOCKUX MIZKKOJIOHHHX IUTUT PO3pOo0JIeH0i cucTeMn 0e30aJIkoBOro nepekpuTTs. [IpuiieHo BearuKy yBary KOHCT-
PYIOBaHHIO JOCHITHUX 3pa3KiB HECY40i KOHCTPYKIii. OCOOMUBICTIO TUIUTH, IO JOCTIKYETHCSI € CKOUICHI MailTaHUYMKH
CIMPaHHS 110 30BHIIIHBOMY TIEPUMETPY TPONIITHUX IUINT Ta CKOIIEHI OMOPHI AisTHKH. OMHUCaHO KOHCTPYKIIIO Ta TEXHOJIO-
rif0 BUTOTOBIJICHHSI TOJATKOBOTO YCTaTKYBaHHS, IO IMITally€ CIIUPaHHS MIKKOJIOHHOI IUTHTH BUIIOTO PiBHS y BHUIIIAIL
3aJ1i1300€TOHHUX OMOPHUX MACHBHUX OJIOKiB. J[s1 HEYMOXKIMBJICHHS 3MilIEHHS OJIOKHA 00'€THAHO CTaJeBUMH IPYTaMH.
JocniaHi KOHCTPYKIIi TUIMTH 1 JOMOMDKHOTO YCTaTKyBaHHS BHTOTOBJICHO HAa OONaJHAHHI Ta B YMOBAaxX [IIOUOTO 3aBOJY
3a1i300eTOHHUX BUpOOiB. HaBeseHO METONNMKY BUKOHAHHS €KCIIEPUMEHTAIbHUX JOCHIPKEHb 13 BKa3yBaHHSIM METOJIB i
3ac00iB BUMIPIOBAHHS T€OMETPUYHMX Ta (i3MYHUX MapaMeTpiB, 0 XapaKTEePHU3YIOTh HANPYKeHO-Ie()OpMOBaHHI CTaH Ta
HeCy4y 3JIaTHICTb JOCIiHOT IHMTH. [IpoBe/ieHi JoCTiPKeHHs Jaau 3MOTY BCTAHOBUTH Xapaktep AeopMyBaHHS 1 pyiHy-
BaHHS MI’KKOJOHHHX TUTHT SIK OKPEMOTO eJIeMEeHTa y PO3po0IeHill crcTemi 0€30aIK0BOr0 MEPEeKpPUTTS. AHaNI3 XapakTepy
nedopMyBaHHS CBITYUTH, 110 AedopMallii po3TAry Ha HU)KHBOT TpaHi JOCIITHOT IUIMTH HApOCTAIOTh MIBU/IIE HIX aedop-
Mauii CTHCHEHHs (BepXHboiboi rpaHi). [Ipu 1ipoMy BiOyBaeThCs 3MEHIIIEHHS BEIMYUHU CTUCKAIOUMX JiedopMaltiif 1o Miciist
CIIMpaHHs JOCIITHUX 3pa3KiB Ha OnopHi Ooku. e miaTBepIKye MPUITYIIISHHS PO TIepeady HaBaHTaKEHHS BiJl IPOJIITHAX
IUTHT Ha MDKKOJIOHHY 33 IPHHIUIIOM «IHIHHOTO IapHipy». 3BepHyTa yBara Ha Te, 110 JOCSTHEHHS HeCy40i 3/IaTHOCTI He
CYIPOBOJUKYETHCS TIPOLIECOM PYHHYBaHHS, & XapaKTePU3Y€EThCsl CYTTEBUMH MEPEMIIIICHHSIMHU MPOJTITHOI YaCTHHH TUIHTH Y
BEPTUKAIBHIH TUTONIHI.

KirouoBi cioBa: nepemileHHs1, Hecyda 37aTHICTh, 1e()OPMOBAHUI CTaH, eKCIIEPUMEHTAIBHI JOCIIIKEHHs, 0e30a1KoBe
MCPEKPUTTS
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Introduction

Modern tasks of construction development are becom-
ing new requirements for the production of building
structures and their modernization on the basis of scien-
tific and technological progress. A significant effect in
the implementation of new modernized structural solu-
tions can be achieved due to the optimal combination of
physical and technical parameters of elements in the
scheme "design material technology”. Under this
scheme, the bulk of the savings are formed, firstly, at the
expense of the widest use of existing potential of precast
concrete structures, in particular the use of circular hol-
low slabs, and secondly, the use of progressive rein-
forced concrete cones - structures that combine the ad-
vantages of steel and concrete and allow to reduce the
structural height of the frame elements.

Nowadays, joists are used in the construction of joist-
less, ungrounded, and non-rigid overlapping structures.
Such design systems allow the construction of arbitrary
configuration buildings in the plan with different plan-
ning and planning solutions. A further step in the mod-
ification of prefabricated and prefabricated monolithic
frames of buildings and structures is the combination of
prefabricated circular hollow slabs, their modifications
and steel-lizoboton beamless frame. Tasks aimed at
finding rational parameters of such structures, investi-
gating their strength and deformation properties and
implementing the results in construction are appropri-
ate and relevant.

Review of research sources and publications

Along with the existing types, new progressive struc-
tures of reinforced concrete have been developed to re-
duce the cost of installing console construction, to re-
frain from the formwork and additional racks and to in-
crease the speed of installation. Various systems of
non-beam overlaps have been widely considered [1].
They all have advantages, but not without disad-
vantages. Material and labour costs for their installation
are significant.

The system of beamless overlapping with modified
multi-hollow plates [2, 3], designed by the authors, is
able to provide optimum due to the plates layout joints
total length and strength and does not require large ma-
terial and labour costs for the installation and replace-
ment of joints between individual plates. This is
achieved by the fact that precast, intercolumnar and
span slabs are used in precast concrete precast slabs,
with slabs along the perimeter having sloping lateral
faces forming a platform for supporting adjacent slabs
[4]. The overall stiffness of the flooring is achieved by
welding together the mortgages that are pre-seen on all
slabs. To put into practice the construction of such
overlapping systems, the necessary proposals for their
design and, in particular, the calculation of the strength
of the individual elements and the whole system as a
whole are necessary.

Definition of unsolved aspects of the problem

At present, there is virtually no data on the robot of
individual plates in the composition of beamless over-
digging. As a prototype, an over-sized slabless slab of

slabless overlap was selected, which enabled obtaining
the most complete information on the object of study.

Problem statemen

The purpose of the experimental researches is to es-
tablish a true stress-strain state and to determine the
load-bearing capacity of the inter-column slabs of the
flat beamless overlap.

Basic material and results

A program of their experimental studies was devel-
oped to identify the peculiarities of interconnector
plates work under the influence of external loading
(Fig. 1). According to the adopted program of experi-
mental studies, a series of prototypes were made. Con-
crete formulations and reinforcing bars, which were
available at the Svetlovodsk Plant of Reinforced Con-
crete Products, were used for the samples. The thick-
ness of the test plates was taken 220 mm. Special mark-
ings were made on the surface of the specimens to ac-
curately fit the design position. The experimental spec-
imens were filled with C25/30 concrete in strength.

Cubs 150x150%x150 Smooth fittings A240C

Prisms Fittings of the peri-

600x150x150 odic profile A500C

I I
Concrete Reinforcing steel

Definition of physical and mechanical
characteristics of materials

Determination of the formatability
and nursing ability of the board (pmc)

Figure 1 — Program of experimental
research of inter-column slabs
of the basal overlapping system.

Designs of samples and technology of their manufac-
ture

Intercolumn plates were made and tested at the fac-
tory of reinforced concrete products in Svetlovodsk.

Figure 2 shows the test plates on which the measuring
marks are glued using the BF-2 adhesive. Marks were
used to improve the accuracy of the positioning of
control points and characteristic points in photographs.
The photographic method is interesting and promising
in the first place because it is a non-contact method of
determining the deformation of bodies. The essence of
the method lies in the measurement of the prototype
before and after deformation between point marks,
which in our case were marking marks. In this method,
photographing of marks was carried out at a distance,
so there is no need for direct contact of the devices with
the body, as well as the essential positive method is to
measure the deformations of distant or complex body
shapes.
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Figure 3 shows a diagram of the location of the
measuring devices on the surface of the test specimens
of the intercolumn and flight plates of the series,
respectively PMC and software.

In order to be able to mount in the working position
of the test specimens of inter-column (PMK) and fly-in

(SO) slabs, two concrete blocks with a cut one upper
edge were made. To prevent movement during loading,
these support blocks were joined by two steel rods. The
latter were omitted in the pre-formed holes (Fig. 4).

Figure 2 — Experimental design of the intercolumn plate on the test bench.
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Figure 3 — Arrangement of measuring devices on the intercolumn plate

Figure 4 — Supporting blocks for testing
of PMC series plates

Inventory cargo blocks with a calibrated weight of
1.96 tons were used as a useful load for the PMK test
plates. The overall dimensions of such blocks were
600x600x2200 mm.

The results of the experimental pre-investigations of
the developed PMC intercolumn plates, indicated a
number of disadvantages of ordinary working rein-
forcement. This plate design had sufficient bearing ca-
pacity, but displacement and fracture toughness were
not sufficiently secured, as evidenced by the magni-
tudes of the parameters that characterize them. In the
practice of designing reinforced concrete structures, the
practice of replacing conventional strength reinforce-
ment with high strength is widely used, such replace-
ment allows the use of pre-stressed working reinforce-
ment.

To evaluate the efficiency of the use of pre-stress in
the intercolumn slabs, prototypes of such slabs were
made (Fig. 5). The following used: concrete of class
C16/20; armature valve <14 A800, mounting —
26 AlL
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Figure 5 — Reinforcing frame and PMC parts

The laboratory tests of reference specimens of cubes
and prisms obtained mechanical properties of
concrete. The cubic strength of the control samples
was  fecube = 26,4 MPa, prism — fe prism = 15,0 MPa,
the initial modulus of concrete Ec = 23,0 GPa, the
coefficient of transverse deformation— v=0.19.
The characteristics obtained correspond to the design
class of C16/20 concrete.

The steel physical and mechanical properties determi-
nation was carried out by testing 3 standard samples in
the form of rods.

On the sections of the armature were placed electro-
strain gauges on two opposite sides. Adjusted cores
were tested on a universal tensile test machine.

The stresses, which corresponded to the yield
strength and the temporary resistance of the material,
were determined according to the diagram o - e
The resistance of steel f, and f, was assumed to be the
average of the minimum of the test specimens.
The modulus of elasticity of the steel was determined
by the diagram, Es = 2,1x10° MPa

Figure 6 shows a graph of the defocation distribution
on the concrete surface at the level of the upper com-
pressed fibre and at the axis level of the lower working
armature. Initially, up to 0,4 Fmax the increment of de-
formations occurs in proportion to the increment of the
load. It should be noted that the graphs have several
points at which the deformation increment changes de-
pending on the load value. This can be explained by the

specific procedure of loading the test plate with the help
of inventory loads. The weight of each such cargo
amounted to 16,3 kN (Fig. 7).

The graphs can highlight the moment when a substan-
tial increase in strain in the stretched zone is doubled
by the same increase in deformation of the compressed
zone. At this point, the sum of the total extracurricular
effort amounted to 163 xH.
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Figure 6 — Development of relative deformations
of the upper fiber and at the level
of the lower working reinforcement

During unloading, the test plate was deformed in the
opposite direction. It led to the closure of the cracks in
the stretched area, but some residual deformation was
preserved. So in the cramped zone they reached the
magnitude of 47x10®, and in the stretched — 30x10°>.

It should be noted that this character of the develop-
ment of longitudinal deformations is confirmed by the
graph of the change in the magnitude of the vertical dis-
placements of the middle cross-section (Fig. 8) of the
intercolumn plate with the prestressing of the lower
working armature.

Increasing the total load to 163 kN led to the appear-
ance of "hair" cracks (Fig.9). Crack propagation
reaches 40% of the height of the cross section from the
bottom face.

As the load increased, the cracks length increased and
the compressed zone decreased by 5-7%.
Cracks were also manifested on the lower face of the
slab. From Figure 9 it can be seen that the cracks are
evenly revealed along the entire cross-section.

Figure 7 — Experimental sample of inter-column slab
with pre-stressed working fittings during in-test
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Figure 8 — Mean section deflections depending
on the magnitude of the total load,
such as pre-stressed PNC

The variation of the size of the compressed zone of
the middle cross-section is shown in Fig. 10. According
to these graphs, it can be seen that from the beginning
of loading to loading of 0.4 Fnax = 97.8 kN the height
of the compressed zone was 68% of the height of the
section of the plate. With the load increasing to
163.0 kN, the height of the compressed zone was 59%.
Then it decreased to almost 50%.

The average value of the maximum load according to
the test results for the interconnector plates was
F = 267.3 kN (bending moment in the average cross
section M = 151.8 kN-m).

Figure 9 — Occurrence of the first cracks
near the average cross section at a total load
of 163 kN, such as pre-stressed PNC
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Figure 10 — Changing the height of the compressed
zone depending on the magnitude of the total load,
such as pre-stressed PNC

The results in Table 1 refer to the average cross-sec-
tion with respect to the plate span. The forces N (kN),
relative deformationi &mx10-° and &nx10-° and deaths
f (mm) were measured during the experimental studies.
The magnitudes of the outer bending moment
M (xH-m) are calculated in accordance with the actual
loading of inventory loads, taking into account their lo-
cation and the corresponding quantity. The curvature
was determined for the corresponding average cross-
section depending on the deformation of the plate ma-
terials.

Dependences of changes in stresses in concrete of
compressed and stretched zones at different loading
stages were constructed according to the deformations
measured during the test and according to the concrete
diagram. The graphs are presented in Fig. 11.
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Figure 11 — The change in the stress state
of the concrete in the average cross-section
depending on the value F of the sample
of PNA with prestress.

Table 1 — Results of experimental studies
of the interplanar PMK plate

Ne | N,kN M, KN'm |gm x10°|gm =102 | f, mm
0 0,0 0,00 0,0 0,0 0,00
1 32,6 32,09 14,5 50 4,07
2 65,2 52,14 23,8 8,0 5,07
3 97,8 60,71 30,0 10,0 5,24
4 1141 77,36 38,8 17,5 6,71
5 130,4 86,78 48,8 25,0 7,72
6 146,7 91,14 56,3 27,5 8,73
7 163,0 101,09 |64,0 35,0 9,99
8 179,3 117,13 |85,0 60,0 12,81
9 1956 |130,12 (1050 |75,0 16,38
10 (2119 137,07 |121,3 75,0 19,12
11 |234,7 137,84 |127,5 80,0 20,47
12 |251,0 138,82 |133,8 85,0 22,25
Fmax |267,3 [151,80 |148,8 |100,0 (26,42

Thus, the load-bearing capacity of the inter-column
pre-stressed plate was 258.6 kN. The design of the plate
during the experiments did not suffer destruction, but
the value of the relative deflection exceeded the limit
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value in 1/200. Therefore, as a bearing capacity, an ef-
fort is taken that corresponds to the magnitude of the
regulatory deflection. In this case, the theoretical bear-
ing capacity of the inter-column plate with pre-tension
was 211.1 kN. The difference was 21.3%. It can be
stated that the theoretical non-shear capacity, which is
calculated by the standard methodology, enables to es-
tablish with sufficient accuracy the load-bearing capac-
ity of such plates.

Table 2 compares the bearing capacity, the boundary
deformations of the extreme fibers of the median sec-
tion and the deflection of the experimental design of the
intercolumn plate with the pre-stressed working rein-
forcement with theoretical values.

The longitudinal deformation of the compression of
the upper compressed fibre in the limit state is under-
stressed by 8%, and the deformation of the lower tensile
fibre exceeds the ultimate deformation of the concrete
by 35%. The experimental pro-gins almost coincided
with their theoretical values.

Table 2 — Comparison of experimental results
and theo-theoretical data

Carrying | Deformation, | Bend,
capacity, &x10° mm
kN com- | stretch-
pres- ing
sion
Experimental 267,3 149 100 26,4
Theoretical 2111 162 65 26,0
Difference, % +213 | -87 | +35 | +15

Conclusions

The experimental research program was designed to
consider the possibility of building structures existing
production material base using. It enables to design and
manufacture life-size prototypes of real load-bearing
structures of a flat, girderless floor. Materials of struc-
tures (steel and concrete are used in real load-bearing
structures. The test rig is certified.
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The article highlights the proposed algorithm for evaluating the reliability of steel frames. In particular, it is possible to
analyze the reliability of the most likely failure mechanism. Separate assumptions that determine the sequence of application
of the limit equilibrium method are presented. A method for determining the reliability of statically indeterminate steel
frames in the plastic stage is presented. This method provides an opportunity to determine the probable mechanism of de-
struction. The ultimate equilibrium method is used to calculate the forces at the final stage of destruction. In the work, the
real mechanism of destruction is understood as a mechanism for which the work of external forces to create it is the least. It
is revealed that the real mechanism of destruction is approaching the beam or floor elementary mechanism.

Keywords: reliability, failure mechanism, steel frames, calculation.

METOAUYHI ACHEKTH OLHIHIOBAHHA
HAJIIHHOCTI CTAJIEBUX PAM

Yuuynina K.B.*, Ynaynin B.I1.2

Tonraschkuii HalioHanbHUI TexHiYAMI yHiBepcuTeT imMeni FOpis Konaparroka
2TlonTaBchkuii HaliOHATBLHUI TeXHIYHMH yHiBepcuTeT imMeni FOpis Konaparioka
*Anpeca s mucryBanus E-mail: chichulinak@ukr.net

CTaTT4 BECBITIIIOE 3aTIPOTIOHOBAHUI aJITOPUTM OIIHIOBaHHS HAIIMHOCTI CTaJeBUX paM. 30KpeMa, IpUBECHa MOYKIIMBICT aHa-
T3y HaJiifHOCTI 32 HAWO1TBII KMOBIpHUM MeXaHi3MOM pyiHyBaHHs. [IpencTaBieHi okpeMi MpUIYIIEeHHS, SIKi BU3HAYAIOTh T10-
CIIIZIOBHICTB 3aCTOCYBaHHS METOY I'paHUuHOI piBHOBaru. [IpencraBieHo METOANKY BH3HAUCHHS HAIIHHOCTI CTaIEBUX CTAaTH-
YHO HEBU3HAYEHHX PaM y IIacTH4HiH cTafii. Taka MeToaMKa HaJlae MOXKIIMBICTh BU3HAYEHHS HIMOBIPHOTO MeXaHi3My pyiHY-
BaHHS. MeTo/I0M IpaHWYHOI PIBHOBAard po3paxoBYIOTHCS 3yCHILIA Ha KiHIEBiH cTazii pyiiHyBaHHsA. B poOoTi min peansHuM
MEXaHi3MOM PyHHYBaHHS PO3YyMI€ThCS MEXaHI3M JJIsl SIKOTO POOOTa 30BHIIIHIX CHJI IO HOrO CTBOPEHHIO Oyze HalMEHIIOIO.
BusiBneHo, 1o peanbHAN MEXaHI3M PYyHHYBaHHS HaOJMKAETHCS 10 OATKOBOTO a00 MOBEPXOBOTO E€IEMEHTAPHOTO MEXaHi3MY.
B craTTi po3paxyHKH Ha [TOYaTKOBOMY €Talli BUKOHAHI B IETEPMiHICTUYHIH IOCTAHOBIII [UIS CTAJICBUX paM METOJIOM IT'PaHUIHOL
piBHOBaru OTprMaHi YHCENbHI TPaHAYHUX MOMEHTIB, 30KpeMa JJIsl TPaHMYHOTO €Tally PeallbHOTO MEXaHi3My pyHHyBaHHS.
Po3pobiieHa porpama, sika Hafiae pe3yabTaTH PO3paxyHKy CTaJeBHX paM 3a JABoMa HampsiMaMi. OJMH HanpsiM OpieHTOBaHHit
Ha CyTO 3aJlaHi YUCeJIbHI 3HaYEeHHs )KopcTKocTed. OKpeMO BU3HAYAIOTHCS TPAaHWYHI MOMEHTH Ta 3HaYeHHsS MOMEHTIB y Tepe-
pizax. Takuii MeTo BU3HauUae peajabHy KapTUHY pyHHYBaHHs. [HIINIT HaNIpsIM po3paxyHKy HalpaBlIeHUH Ha ONTUMI3aIliIo Po-
3paxyHKy Ta MiHIMi3allif0 TTOKa3HUKIB MacH KOHCTpYyKUii. [IpescTaBiena MOXKIMBICTE PO3IIISILY Pi3HUX BUMA/KIB pyHHYBaHHS
CTaJICBUX paM. A rOJIOBHA IIepeBara JaHOro METOly 3HaXO/DKEHHs HalOIbIII peallbHOro MeXaHi3My pyliHyBaHHs. Taki MeToau
€ BaJIBUM EJIEMEHTOM MPOEKTYBaHHS HOBHX CY4aCHHX KOHCTPYKTHUBHHUX (DOpPM Ta BU3HAUCHHS CIIAOKUX MICIb YKe ICHYIO-
YUX KOHCTPYKITIH.

KurouoBi ciioBa: HafiiiHiCTh, MeXaHi3M pylHYBaHHs, CTaJICBi paMH, TPAaHUYHI MOMEHTH.
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Introduction

Considering the general information about the relia-
bility assessment of steel frames, it is noted that the dis-
tribution of forces during plastic destruction does not
depend on the loading history, on the behavior of the
structure before its complete plastic destruction. There-
fore, for the calculation of steel statically indeterminate
frames made of elastic - plastic material, we can only
consider the phase of exhaustion of the bearing capacity
of structures, their plastic destruction. This position is
used in the calculation using the limit equilibrium
method.

Review of research sources and publications

In general, norms in Ukraine [1] set the general
principles for ensuring the reliability and structural
safety of buildings and structures. These rules apply to
the search, design, construction and disposal of
buildings and structures, regardless of their purpose.

The issue of reliability of steel frames is presented in
the works of various leading scientists of the world. In
particular in the work [2] concerns the underpinning
system reliability calibrations that enables the imple-
mentation of the next generation of system-based de-
sign-by-analysis method of steel rack frames, i.e., a de-
sign approach where analysis and capacity checks are
carried out in a single step by using fully nonlinear
analysis. The paper details the design framework of the
new approach, referred to as the Direct Design Method
(DDM), and derives system strength statistics for five
typical configurations of rack frames using Monte-
Carlo simulations, considering the randomness of geo-
metric and material properties. The nominal models of
rack frames are developed in accordance with the Aus-
tralian Standard AS4084. The mean-to-nominal ratios
(bias) and coefficient of variation of the system
strengths are obtained, and is used in the companion pa-
per to derive the system resistance factors consistent
with a given structural reliability. In the second of two
works [3] introducing the underpinning structural anal-
yses and reliability studies that implement the system-
based design-by-analysis method of steel rack frames,
referred to as the Direct Design Method (DDM). The
present paper presents the reliability analyses and deri-
vation of system reliability index () versus system re-
sistance factors (¢s) curves. Results are presented for
nominal system strengths as per Australian Standard
AS4084 for several nominal models, including models
that exclude sectional imperfections, and models with-
out member and sectional imperfections. The effect of
model uncertainty is also assessed. A detailed example
of the DDM applied to the design of a rack frame is
presented and the benefits of the DDM are demon-
strated when compared to the traditional design ap-
proach which is based on elastic analysis. In the [4], the
authors note that high strength bolted end-plate connec-
tion is main type of the connections used widely in in-
dustrial construction. There are two kinds of end-plate
connections in steel portal frames: flush and extend
end-plate connections. The main initial imperfection of
bolted end-plate connection lies in which the thickness

of end-plate and column flange can’t meet the code pro-
visions based on a field investigation. Considering the
effect of initial imperfection, the actual behavior of
end-plate connections in steel portal frames is seldom
fully rigid. The true behavior of the connections is usu-
ally semi-rigid. Neglecting the real behavior of connec-
tions in the analysis may lead to unrealistic predictions
of the response and reliability of steel portal frames.
The paper [4] considers the effects of semi-rigid behav-
ior of the connections in the finite element analysis and
reliability analysis of steel portal frames. Assuming that
the loads and the resistance of members are random
variables, then the Monte Carlo simulation technique is
used to estimate the failure probability of steel portal
frame system. The results confirm that the thickness of
end-plate has a significant effect on safety of steel por-
tal frame. Integrated structural designs, with considera-
tion of system reliability for steel portal frames com-
prising tapered members, are studied in the paper [5].
The reliability-based integrated design (RID) directly
checks the structural system limit states and the corre-
sponding system reliability, based on structural nonlin-
ear analysis. The nonlinear integrated analysis model,
the semi-analytical simulation method employed for
system reliability assessment, the development pro-
cesses of RID format and the design application of RID
formula and curves are presented in this paper. Design
examples and comparisons among three different de-
sign formats demonstrate that RID proposed in this pa-
per is of certain and consistent system reliability levels,
and provides a feasible way for structural engineers to
improve the design quality and flexibility of steel frame
structures. Progressive collapse is an important failure
mechanism that must be considered in the design of
critical and essential buildings [6]. For steel moment
structures, beam-column joints, which act as transpor-
tation hubs of forces, are crucial members to resist pro-
gressive collapse. This research [6] investigated the ef-
fectiveness of beam-column joints with cast steel stiff-
eners (CSS) in steel moment frames for progressive
collapse resistance. A computationally efficient macro-
model that can be used for routine design of steel mo-
ment frame buildings with CSS was developed in this
paper. The developed model, which considers the de-
formation of joints with CSS and the catenary action
effects during progressive collapse, was validated using
a 3D solid finite-element model. Subsequently, the
macromodel was utilized to calculate the proper dy-
namic increase factor for steel moment frame structures
with beam-column joints using CSS. The results show
that the frame with CSS is less vulnerable to gravity-
induced progressive collapse than frames with welded
beam-column joints without stiffeners. The proposed
macromodel is effective and a dynamic increase factor
of 1.6 is suitable for dynamic progressive collapse anal-
ysis of steel moment frame structures using beam-col-
umn joints with CSS.

The work [7] reviews the state-of-art in progressive
collapse studies on framed building structures.
Such types of failure start with a local damage which
extension increases, up to the whole structure.
First emphasis is placed on the current techniques to

68 Academic Journal. Series: Industrial Machine Building, Civil Engineering. — 2 (53)’ 2019.



https://www.sciencedirect.com/topics/engineering/underpinnings
https://www.sciencedirect.com/topics/engineering/nonlinear-analysis
https://www.sciencedirect.com/topics/engineering/nonlinear-analysis
https://www.sciencedirect.com/topics/engineering/coefficient-of-variation
https://www.sciencedirect.com/topics/engineering/underpinnings
https://www.sciencedirect.com/topics/engineering/elastic-analysis
https://www.sciencedirect.com/topics/engineering/nonlinear-analysis
https://www.sciencedirect.com/topics/engineering/nonlinear-analysis
https://www.sciencedirect.com/topics/engineering/beam-column
https://www.sciencedirect.com/topics/engineering/stiffener
https://www.sciencedirect.com/topics/engineering/stiffener
https://www.sciencedirect.com/topics/engineering/macromodel
https://www.sciencedirect.com/topics/engineering/macromodel

study collapse propagation, i.e., numerical, experi-
mental and analytical. In particular, the various
numerical methods found in the literature are reported
and discussed and the experimental studies and
technologies involved in the laboratory tests are listed
and compared. As reviewed, the method of analysis
depends on the collapse mechanism and the triggering
event. Thus, an in-depth review of the collapse
typologies is proposed. Pure and mixed progressive
collapse mechanisms are discussed and debated.
The various triggering events, their modeling and their
effects on the framed structures are examined. Details
on the available literature on multi-hazard scenarios are
provided. Finally, robustness techniques against
progressive collapse are summarized, compared and
contrasted. The paper [7] concludes with an ambitious
comprehensive list of open questions and issues
covering different aspects of future needs.

Definition of unsolved aspects of the problem

In the literature, there are not enough disclosed ques-
tions on the formulation of the term "survivability", not
presented a single algorithm for calculating the surviv-
ability of building structures. Also, the literature does
not consider the dynamic components of the load on
steel redundant frame.

Problem statement

When determining the reliability of steel statically in-
determinate frames by the method of limit equilibrium
in this paper it is necessary to make some assumptions:

1. Application loads are of the quasi-static type. Dy-
namic defects and re-variable loading were not consid-
ered.

2. The construction Material is ideally elastic-plastic
and obeys the Prandtl diagram. It can be noted that the
ideal plasticity is the first approximation for the real be-
havior of the structure beyond the elastic limit and cor-
responds to this method of limiting equilibrium is quite
suitable for solving problems of determining the load-
bearing capacity. Considering the actual operation of a
statically indeterminate steel frame, it can be concluded
that it is close to an ideal elastic-plastic one. The
strength distribution of the material was assumed to be
normal, which corresponds to the experimental data ob-
tained during the tensile testing of steel samples.

3. Deformations at destruction are small, so the equi-
librium equations are made for an underformed
scheme. It is known that this assumption is always ac-
cepted when elastic calculation of structures does not
cause doubts about the insignificance of errors. It is as-
sumed that when considering one-, two-, and three-
story multi-span frames, horizontal deformations are
small.

4. The sections of the elements have an ideal shape,
for such a section, the plastic section occurs simultane-
ously over the entire area, as a result of which the zone
of the plastic hinge is limited to a point. This assump-
tion enables to assume that the destruction mechanism
is a kinematic chain consisting of solid particles con-
nected in certain places by hinges. This assumption

makes it much easier to kinematically consider the sys-
tem, the closer to reality the cross-sections of elements
are closer to the ideal cross-section, which is most ac-
ceptable in metal structures, because thin-walled pro-
files close to I-beams are used.

5. The main acting forces are bending moments, and
the basis for determining the bearing capacity is the
strength criterion. The action of transverse forces in the
formation of the destruction mechanism is not taken
into account, since their influence is small. Accounting
for the longitudinal force for columns is possible and is
considered as a fraction of the maximum bending mo-
ment.

Basic material and results

When determining the reliability of structures, a rea-
sonable approach should be taken. This approach takes
into account all aspects that determine its load-bearing
capacity and Express real work under current loads.
Based on the results of probabilistic calculations and
experimental studies, a number of the above-listed as-
sumptions can be accepted for the reliability of the re-
sults. The reliability of statically indeterminate steel
frames operating in the plastic stage can be assessed
with sufficient confidence by examining one of the
most likely mechanisms of structural failure. The pro-
posed calculation method allows us to obtain this one
most likely (true) mechanism of structural failure. To
determine the forces in the final phase of destruction,
the method of limiting equilibrium is used, which can
be expressed as the equality of the virtual work of ex-
ternal As and internal forces Ain:

As = Ain; 1)
P =SM, .V, .
% i1 =2 MoV @)

where Pj is the value of the j-th external load in the form
of a concentrated force, distributed load, or moment;
Mpik is the plastic moment in the k-th section when
forming a plastic hinge;

fj is the turns or moves of nodes;

vk is the turns of rods in the k-th section.

For a static formulation of the problem of determining
internal forces when the load-bearing capacity of the
frame is exhausted, the one for which the work of inter-
nal forces reaches the lowest value is accepted out of
all the statically acceptable ones. A mathematical
model of the problem of calculating an elastic-plastic
system, characterized by a single parameter min Mo,
from a one-time simple load, can be expressed

Mg —M; >0
Ao =i =l _12,, (3)

where M; is the moment acting in the I-th dangerous
section;

Mo is the parameter of the maximum bending moment;
uiis the component of the vector of coefficients of ratios
of the system's load-carrying capacity characteristics
are set
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where a;j is the element of the matrix of equilibrium
conditions;

Pj is the component of the external load vector;

k is the degree of static uncertainty of the system;

n is the number of suspected dangerous sections.

Condition (3) is considered as a linear programming
problem that is solved by the simplex method. For the
elastic-plastic calculation of flat frames, a program was
written in the FORTRAN language, in which two cal-
culation modes are performed.

One direction is focused on strictly specified numeri-
cal values of stiffness. Separately determined by the
marginal moments and the values of the points in the
sections. This method determines the real picture of de-
struction.

Second, when the frame is optimized for a given num-
ber of stiffness ratios (< ) to obtain the minimum mo-
ment distribution by changing the stiffness ratio, the re-
sult is a minimum weight design. Let's focus on the first
mode, which shows the true mechanism of destruction
(the most likely). To perform calculations of statically
indeterminate steel frames by the simplex method, it is
necessary to create elementary equilibrium equations
(in the static formulation of the equation together) for
the specified geometric dimensions of the structure, the
ratio of stiffness characteristics, the magnitude and di-
rection of external loads. In connection with the differ-
ent methods of composing equations in the literature,
we present a generalized version of their Assembly
(Fig. 1 - 2).

) g b) v
1 4 e
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Figure 1 — Nodal (sum of moments in a node):
a) M; + M2 =0; b) Mz + Mg+ Ms+ Mg=0;
c) surface (sliding),

(the shear force of the floors or stairs):
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Figure 2 — Beam (the value of the bending
moment for the cross section on the rod through
the moments at the ends:

a) Mg + 2Myg + M1 = PL/Z;

b) Mig+ 2M1g + Moo = qL?/2;
€) Mis+Mig+uMi7=PL(1-u)

The calculation of steel statically indeterminate
frames by the method of limiting equilibrium in the in-
itial stage is performed in a deterministic setting. In the
process of calculations, we obtain the values of the lim-
iting moments in the frame sections for the boundary
phase of destruction for the true mechanism. A true
mechanism is a mechanism for which the work of ex-
ternal forces to create it is the least. For this calculation,
the true mechanism is the one for which the value of the
Mo limit moment is the smallest. Probabilistic charac-
teristics of strength and load are introduced at the final
stage of calculating the probability of failure of the sys-
tem as a whole. Based on the joint solution, a method
for calculating the reliability of statically indeterminate
frames is obtained, in which the conditions for plastic-
ity hinges have the form of equations describing hyper-
plasticity in (k + 1) — dimensional hyperspace

k
ZlMiJ'XJ'—i_inOSMiYP' ,(j=1,2,...) (5)
j=

where M is the limit moment in the i-th section;
M;; is the moment in the i-th section of the main system
from the excess unknown x; = 1;
Mio is the moment in the i-th section from external loads
g, whose parameter is assumed to be g=1.

The intersection of the hyperplanes defines the vertex
of the polyhedron of conditions for which the maxi-
mum load value is determined

g = Gmax . (6)
From the solution of (k+1) linear equations (5) with
substitution of the average limiting moments My in the
right part and transition to the area of random parame-
ters, we obtain the mathematical expectation of the
frame strength as a whole in the space of the load pa-
rameter

r,pl —
r=0 D r=1

k+1 k+1
q= ZMM zArS+l :urMO,pI ) (7)
where D is the determinant of the system of equations;
Ark+1 is the algebraic extensions of elements M of the
determinant D;
Mo, pi is the average value of the frame limit moment
parameter;
ur is the component of the vector of coefficients of the
frame limit moments ratios;
r is the number of the plasticity hinge.
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The frame strength standard in the load parameter
space is determined by

i k+lAr . k+1Ar .
q= Z# Mr,pl = Z K4l ﬂrMO,pI . (8)
r=0 r=1

Expressions (7) and (8) determine the numerical char-
acteristics of the random strength of the frame as a
whole in the space of the load parameter, depending on
the random characteristics of the random strength of in-
dividual elements when the frame is loaded once, when
all loads and boundary moments are proportional to one
parameter. The distribution of plastic moments in the
frame M, and the value of the limit plastic moments
Mo, are determined by the simplex method using the
SIMPLEX program.

If the load parameter is a random valuee Q , the frame
strength reserve is equal to

§=4-Q>0, )
mathematical expectation of the strength reserve
$=q-Q>0, (10)

Conclusions

Determining the reliability of systems as a whole by
one mechanism is numerically quite justified, but there
may actually be mechanisms that have the probability
of appearing close to the most likely mechanism.
Therefore, the responsibility of the elements that make
up these mechanisms is as significant as the elements
that make up the true mechanism. In this regard, it is
necessary to consider all the most likely mechanisms of
destruction to better account for the load-bearing ca-
pacity of all structural elements in the design of new
and reconstruction of existing buildings.

the average square deviation of the strength reserve

S=62+Q?. (11)

Dependence of the calculated load characteristics and
limit plastic moments on the corresponding character-
istics of random parameters:

Q=Q+79Q ; (12)

_ . (13)
MO,pI = MO,pI _7qMO,pI )

where Mg o, M 1, 7Mo,, are the calculation,

mathematical expectation, standard of the limit mo-
ment value;

Q. Q, Q are the calculation, mathematical expecta-

tion, standard of the limit moment value.
Yq: ¥q are the the number of standard deviations from

the average for the design load and strength.

In general, it is possible to consider various cases of
destruction of steel frames. And the main advantage of
this method of finding the most real mechanism of de-
struction. Such methods are an important element of
designing new modern structural forms and identifying
weaknesses in existing structures.
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The article examines the features of determining the bearing capacity of the steel profile cross-section, rolled or composed
from three sheets with arbitrary thickness, considering the development of plastic deformations in a complex combination
of different power factors that may occur during spatial loss of stability. Based on a new approach to the perception character
of internal forces, the goal is to investigate their ability to redistribute between separate linear elements, on which cross-
section of the beam is broken. It is proposed to increase the savings of the material by detailing the calculation.

Keywords: bimoment, buckling, torsion, partial internal forces method, restraint.

HECYYA 3JJATHICTD ITOITEPEYHOI'O IEPEPI3Y CTAJIEBOI'O
EJIEMEHTA B INIACTUYHIN CTAAILI IPU CIOJIYYEHHI
BHYTPIIIHIX 3YCIWJIb I PO3KPIIIVIEHHI

I'ymsb C.A.'*, Taciii I.M.2, T'acenko A.B.% Jlapienko B.B.*

1.3 [TonTaBchkuil HaNioHANBLHUI TexHIUHME yHiBepcuTeT iMeni FOpis Kongpatioka
2CyMchbKuii HallioHAIBHUI arpapHuii yHiBepcUTET
“llenTpanbHOYKpaiHCHKUM HAIOHAIBHUH TEXHIYHHI YHIBEPCHTET
*Anpeca s muctyBanns E-mail: goods.sergiy@gmail.com

Po3risHyTOo 0COOMMBOCTI BU3HAYEHHS HECY4Ol 3[aTHOCTI MOIEPEYHOro Iepepi3y CTaaeBoro Hpodinto, MpoKaTHOro uu
CKJIQJICHOTO i3 TPHOX JIUCTIB JOBUIBHOT TOBIMHY, 3 YpaXyBaHHSIM PO3BUTKY IUIACTHYHUX JedopMaliiii py CKIIaTHOMY I0-
€IHAHHI Pi3HUX CcHIIOBHX (pakTopiB. Ha OCHOBI HOBOTO MiAXOAy O aHANI3y XapaKTepy COPUHHATTS BHYTPIIIHIX 3yCHIIb
0yJI0 IMOCTaBIICHO 32 METY IOCTITUTH iX 34aTHICTH MEePEPO3NMOIUIATHCS Mi>K OKPEMUMH JIIHITHUMH eJIeMEHTaMH, Ha SKi po-
30MBa€ThCA MOTIEPEYHUI TIepepi3 OaiKu. 3anmponoHOBaHO 30UTBIIMTH €KOHOMIIO MaTepialy IUIIXOM AeTalli3allii po3paxy-
HKy. Jlo po3paxyHKiB, y Ipolieci BUKOHAHHS SKHX Mepea0adaeThCs MosBa i moTpeda BpaxyBaHHS JI0JATKOBUX BHYTPIIIHIX
3yCHIIb 0OMEXEHOT0 KPYYeHHs, MOXKHA BiflHECTH: | — 3BUYaiiHUIA Ta albTepHATHUBHUM (32 TEOPI€I0 APYroro MOPsIKY) po3-
paxyHOK 0aJIOK Ha 3arajbHy CTIHKIiCTh; 2 — pPO3paxyHOK €JIEMEHTIB Ha CyMICHY Jil0 ITONEPeyHOro 3ruHy (B OAHii abo ABOX
IUTOLIMHAX) 1 KPYYEHHS B pe3yJIbTaTi eKCLEHTPHYHOCTI IPHUKIIaIeHHS HaBAHTAXKEHHS; 3 — pO3PaXxyHOK OAJIOK 13 BUKPHBIICH-
HSIMHU Y ITOLIMHI HaliMEHIIOT )KOPCTKOCTI. Y po3paxyHKax 3a TEOPI€lo IPyroro MopsaKy, IO AIbTEPHATUBHO BPaXOBYIOTh
BTPATY CTIHKOCTI IUIOCKOT )OPMH 3THHY €JIEMEHTA, BBOJHUTHCS €KBiBaJICHTHE ITOYATKOBE 3THHAIBHE BiIXWJICHHS B IUIOMINHI
HaiiMeHIIo1 skopcTKocTi podiro. Tozi Ganka MOYMHAE MPAIIOBATH BXKeE SIK TPOCTOPOBUH €IEMEHT, 1 TOPS 31 3BUYAHUMH
HaNpY)XCHHSMH 3THHY B Hili BUHHKAIOTh J0JAaTKOBI HAIPYXXEHHS KOCOTO 3THHY Ta KpydeHHs. J[yist 301IbIIEHHS] TOYHOCTI
PO3paxyHKiB i3 3aCTOCYBaHHSM MOYAaTKOBHX HEIOCKOHAIIOCTEH 1 HAOMMKEHHS 1X 0 OICHUX YMOB POOOTH KOHCTPYKIIil
BHYTPIIIHI 3yCHJLISA, B TOMY YHCII i BiJ 3aKpy4uyBaHHs, IOTPIOHO BU3HAYATH 3a IIi€l0 HENiHiITHOIO Teopieto. BoHa BpaxoBye
reOMETPUYHY HENIHIHHICTS 1 SBJIsI€ COO0I0 MO CYTi PO3paxyHOK 3a 1e(hOPMOBAHOIO CXEMOIO, B SIKOMY PiBHSHHS PiBHOBAar
3aMHCYIOTHCS U1 1ehOPMOBAHOTO CTaHy cructeMu. KpiM 11boro, HeoOXiTHO BpaxyBaTH )KOPCTKICTh KOHCTPYKIIiH, 110 THcC-
KPETHO YM KOHTHHYAIBbHO PO3KPIIIIOIOTh CTUCHYTHH TOsIC OaNky B OIIBIIOCTI MPAKTHYHUX BUIAIKIB 1 3MEHIIYIOTH Je(o-
pMarii foro 3mimieHHs.

KiouoBi cioBa: 6iMOMEHT, BTpaTa CTIHKOCTI, KpyYeHHs, METOJ] YaCTKOBHUX BHYTPILTHIX 3YCHJIIb, PO3KPIIICHHS.
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Introduction

The calculations, in the process when the appearance
and need of restrained torsion additional internal forces
consideration are foreseen, may include: 1 — conven-
tional and alternative (according to the second order
theory) calculation of beams for overall stability; 2 —
the calculation of elements for the compatible action of
the transverse bend (in one or two planes) and torsion
as a result of load eccentric application; 3 — the calcu-
lation of beams with curvatures in the plane of the
smallest rigidity. Equivalent initial bending deviation
in the plane of the most minimal rigidity is introduced
in the calculations by the second order theory, which
alternatively considers the element bending flat shape
stability loss. Then the beam starts to work as a spatial
element, and along with the usual stresses of the bend
there are additional stresses of oblique bending and tor-
sion. In order to increase the accuracy of calculations
by applying the initial imperfections and approaching
them to the actual working conditions of the structure,
internal forces, including from twisting, should be de-
termined by this nonlinear theory. It considers geomet-
ric nonlinearity and represents essentially the calcula-
tion by a deformed scheme, in which the equilibrium
equations are recorded for the system deformed state.
In addition, it is necessary to consider the rigidity of
structures that discretely or continually restrain the
compressed beam flange in most practical cases and re-
duce the deformation of its displacement. It is proposed
to determine sectorial geometric properties by rigid re-
straint not relative to the shear centre, but relative to the
point of lateral restraint, which is located on the beam
rotation axis. This point can move up or down depend-
ing on the degree of restraining, i.e. stiffness and place-
ment of attached structures.

Review of research sources and publications

The works of representatives of the German classical
technical school [1, 2, 3] can be attributed to the main
sources, where there are the position of bearing capac-
ity calculation of the rolled and composite beams in a
plastic stage in a random combination of eight internal
forces (longitudinal force, two transverse forces, two
bending moments, two torque moments of primary and
secondary torsion, flexural-torsional bimoment) by the
partial internal forces method. Theoretical foundations
of the theory of thin-walled rods are laid and presented
in the books of the Soviet classical science school [4,
5]. The work of I-beams under the action of bending
moment and bimoment is considered in the article [6];
however, in these studies, in contrast to the second or-
der theory, there is a significant drawback, thus they do
not consider the influence the rotation angle influence
the value of bending moments in two planes. Experi-
mental research of steel I-beams by a compatible bend
and torsion operation was conducted under the direc-
tion of
Tusnin A.R. [7]. The approbation of the second order
theory in the works [8 — 10] demonstrates that insuffi-
cient restrained structure in an elastic stage is very sen-
sitive to the load and curvature change, therefore, by

determining the bearing capacity consideration
of braces rigidity and plastic work of steel possibly can
be effective, but a greater curvature is accepted
(25 — 50 %).

Definition of unsolved aspects of the problem

The problem of rigid restrained beams calculation for
building model compliance with real work of beams at
complex resistance had not been solved before. As a re-
search task, it has been decided to analyse the method
of plastic bearing capacity determination and make in
it adjustments that relate to the restraining and type of
rolled profile.

Problem statement

Based on the acquired experience in the analysis of
the distribution of internal forces in cross-section, con-
sidering the degree of restraining, it was decided to find
and describe the differences in the rod work by the
combination of forces from the transverse bend in two
planes and restrained torsion.

Basic material and results

To calculate the limiting bearing capacity of the steel
beam (non) symmetrical cross-section (Fig. 1) in the
plastic stage in an arbitrary combination of internal
forces it should use a separate case of the partial inter-
nal forces method (PIFM) [3]. In the case of cross-sec-
tion, which can be decomposed into three rectangular
elements with arbitrary thicknesses (two flanges and
one web), the method is to put the origin not in the cen-
tre of gravity of the general cross-section, but in the
centre of web gravity; further definition of geometric
properties of general cross-section (position of the cen-
tre of gravity, angle of rotation of main axes, sectorial
coordinates in case of longitudinal force, position of
shear centre or by beam restraint of the centre of rota-
tion) relative to the centre of web gravity; moving the
internal forces into the coordinate system with the be-
ginning at this point; decomposition of common inter-
nal forces into partial for each element in relation to its
centre of gravity with the use of equilibrium conditions
between them; checking of certain conditions of calcu-
lation for flanges bending from bending moment in a
plane of smaller rigidity and bimoment; determination
and comparison of residual bearing capacity of not in-
cluded in the work part of the general cross-section for
the bending moment with the active bending moment
in the plane of greater rigidity with consideration of
longitudinal force if it is necessary and reduction of
bearing capacity from possible presence in place of in-
spection of the internal forces, leading to the appear-
ance of tangential stresses, namely the transverse forces
and to a lesser extent torque moments, but for the beams
influence of the latter can be neglected without appre-
ciable loss of accuracy.

By the example of a light slope roof purlin, it is con-
sidered in detail each of the stages of calculation, adapt-
ing it to the restrained by profiled flooring beam of the
channel cross-section, hinge supported on the ends and
loaded evenly distributed load (design sketch of purlin).
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Figure 1 — Types of cross-sections that can be calculated with PIFM

It is known that with sufficient shear stiffness S, it is
suggested that the compressed beam flange is com-
pletely fixed from the transverse displacement and ro-
tation axis, which in this case is called restrained,
passes on the beam top. Due to the high convergence of
the calculation results and modelling it was discovered
that for the channel with sufficient stiffness the axis of
rotation is located above the shear centre at the level of
the upper flange, where the slope component of load is
applied that almost does not have an eccentricity in re-
lation to that point.

Bending moments in the system with initial point in
the web centre of the web in the absence of turning the
main axis relative to central axis do not change (
M, =M, ; M, =M, ). The formula for bimoment deter-

mining by the transition from the centre of rotation D
for restrained cross-section (the shear centre S for unre-
strained cross-section) to the centre of web gravity O is
going to look (the equation in brackets is fair for
enough restrained channel cross-section — Fig. 2)

M;=M,+M (Y —Yo)+M,(2,-2,); (1)

(1%)

Design bending moments My, M, regarding y-axis and
z can be determined according to the second order the-
ory, since the consideration of lateral-torsional buck-
ling in the partial internal forces method does not in-
volve the use of the stability coefficient. It is necessary
to consider the angle of the rod rotation and the equiv-
alent load influence, which can be considered close due
to the adoption of the bending moment diagram in the
plane of smaller rigidity from the external and the sta-
bilizing equivalent load in the form of sine wave (or
parabola) with the maximum value, equal to the pro-
duction of shear stiffness S and beam displacement, in
the middle of the span.

(M; =M, +M e+M,(-0,5h)).

Figure 2 — Determination of the bimoment
for the restrained channel beam

The actual work of the channel purlin in the inclined
roofing, despite its prevalence, is often interpreted in-
correctly due to the complexity of the description,
which leads to analytical errors in the course of its cal-
culation. It is especially proper for the definition of the
bimoment, which depends on the function of the angle
of rod rotation. The distribution of these deformations
by element length is analyzed. It is important to note
that in reality, the calculated bimoment depends not
only on the load, its eccentricity, elastic flexural-tor-
sional constant of cross-section and beam span, but also
on the stiffness of attached to the beam structures.

Even when it is fastened the profiled flooring through
the wave, its shear stiffness often reaches a sufficient
value to take the restrained axis of beam rotation by the
criterion of reduced necessary shear stiffness. Model-
ling by the finite elements analysis has shown that in
this case the bending moment in the plane of the slight-
est rigidity decreases considerably (at the average an-
gles of roof slope 10 — 30° more than 10 times) and its
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influence over the total stressed-strained state is practi-
cally levelled. The angle of rod rotation function is of-
ten described in the literature via a single-member ex-
pression using half of the sine wave, which usually
leads to more or less accurate results. Because the ap-
plication boundaries are rarely defined clearly, negative
deviations can occur. Thus the presence of profiled
flooring with considerable torsional stiffness and slope
component of loading can cause tangible distortion of
the rotation angle distribution curve and especially its
derivatives by beam length. It, in turn, causes noticea-
ble changes in the magnitude of the bimoment.
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The deformed state of the beam by torsion is better
described using an expression for the angle of rotation
with seven parameters, chosen for convenience of dif-
ferentiation and integration, three of which are zero.
A smaller number of parameters leads to too high error
in bimoment determining at the beam span middle in
comparison with the FEA modelling in software mod-
ule FE-LTB of complex Dlubal RSTAB 8.13 (Fig. 3),
although it gives the satisfactory result in the determi-
nation of deformations and equivalent stabilizing load
(the possibility of applying an expression with three pa-
rameters, one of which is zero, to describe the defor-
mation of the beam in torsion with sufficiently high ac-
curacy proved in the work [9]).

Bimoment distribution by beam length

0.417 0.500

—— 5 paramefers

e nodelling FEA

Figure 3 — Distribution of the bimoment by beam length

The partial bending moments in the bending of the
upper and lower flanges with the action line at the cen-
tre of web gravity (point O in Fig. 4) are equal (the
equations in brackets are valid for the rolled cross-sec-
tions)

M, = 02N 2)
M. M_
M — z _ a ; 2*
(M =550 2"
-M.z, + M
M — Z7o ru, 3
wau Zu_fo ()
M. M.
=—ZZ 4@ 3*
(M, =225+ 205 3

Formulae for determination of bearing capacity for
longitudinal force and bending moment for upper and
lower flanges with different sizes (in brackets — with
the same sizes) in a plastic stage of work by the absence
in the cross-section of tangential stresses are

=bt,f,; =bt,f,; 4)
(Nplo:Nplu =Dyt fy); (4*)

0 =0, 25Nplobo ; w=0, 25Np|ubu ; (5)

(M =0, 25Np|0b = =O, 25Np|ubf ). (5%)
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- ) ———
o
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y ||O
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=Yy |
bu/2J # b,/2
- *
Figure 4 — Idealization of cross-section

with arbitrary dimensions of elements
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The equation (2) and (3) can be converted into the
partial bending moments when bending the upper and
lower beam flanges with the action line at the centre of
the flange gravity

MOZMW80+NOVO; (6)

Mu :Mwau+Nu7u’ (7)
where N,, N, — partial longitudinal forces in the

flanges;
y,, ¥, — coordinates of gravity centres for flanges in
relation to the centre of web gravity.

These relationships are used in the equation of inter-
nal forces interaction for the rectangular cross-sections
(for i=o,u):

2 2
Ni |Mi| Ni
— | +—<1l= || +
Npli Ivlpli Npli

where &, = 2% — conditional relative coefficient.
Marginal partial longitudinal forces in the flanges are
found as roots as a result of equation (8) solution:

N fimin = -5 — |67 +1— —val M,y for Muai 25,5 (9)
Ivlpli Mpn
S, — |67 +14+—ral Musi | for Mua <26,;(10)
MD" Mpli
Nfimax:NpIi é‘i-'_ é‘iz_'_l-"M fOI‘ —MZZQ
Mpli Mpli

(11)

Nfimax = NpIi (_6] + 6i2 +1_ M_wai ] for —M < 25[
\l M M,
pli pli

(12)

From the sub root expressions contained in equations
(9) — (12), the conditions for calculating of sufficient
bearing capacity of flanges are received:

u

Mwai +26‘|L
N

<1, (8)
M pli pli

N. . =N

fimin

(13)

M§1+§j; M§1+5uz.

M plo M plu
The active bending moment in the plane of greater ri-
gidity at zero longitudinal force is compared with the
minimum and maximum bearing capacity of not in-
cluded in the work part of the general cross-section for
the bending moment (for rolled cross-sections

where N, — bearing capacity of a web for the longitu-

dinal force; considering the radius rounding R in place
of the flange connection with the web for the channel

cross-section N, =ht,f +0,43r f,; for I-rolled cross-

wow 'y
section N, =ht f, +0,86r? f,;
h, — height of the beam web.

Developed on the basis of partial internal forces,
method technique of determination of the limiting bear-
ing capacity of steel element cross-section with the
compatible action of transverse bending and torsion for
rolled and composite beams (I-beams or channels
cross-section) differs from the original technique and
from the principles described in the work [11]; the pro-
posal consideration the full degree of profile restraining
is by replacing the shear centre on the centre of rotation,
as well as radius rounding at the flange connection with
the web. The technique was implemented in the soft-
ware environment MathCAD and tested on examples.
Verification of the method under the same conditions
of calculation (internal forces, geometric dimensions of
cross-section and strength) in a file with macros QST-
TSV-3Blech study program RUBSTAHL-Programme
implemented by author of the partial internal forces
method J. Frickel and C. Wolf showed almost identical
similarity. It reflects the correct understanding and ap-
plication of the partial internal forces method, which
enables for the light slope roof purlins to rationally in-
crease the coefficient of cross-section use on average
by about 25 % compared to the elastic work due to
available strength reserves.

Conclusions

Consideration the factors specified in the article de-
scribing the peculiarities of the steel element operation
at the complex resistance enables to determine the val-
ues of internal forces that affect the overall stressed-
strained state of the structure and regulate calculated ra-
tio more precisely and accurately. Determination of ex-
isting reserves of the plastic work of steel can be carried
out by calculating the bearing capacity of beams in a
plastic stage by the partial internal forces method in the
action of bending moments and bimoment and making
more the maximal initial curvature. The verification of
mathematical apparatus for determination of bearing
capacity of imperfect elements that are affected by
bending with torsion as a result of presence of geomet-
ric nonlinearity is conducted.

Z,=0,5h; Z, =-0,5h,)

M. MV <M s (14)

M N fuminZu Nfomaxio -
; 15
( ( fomax Nfumin)2)4r|1‘\lN ( )

M N fumax u Nfomm 0 +
( ( )2) h, (16)

fomm fu max 4NW
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The experimental technique and the experiment results on the influence of own stresses unevenly distributed over cross
section on materials strength and on scale effect are presented. The reasons for the occurrence and distribution of such
influence are analyzed. Based on the experiments results on fragile duralumin samples, the inevitability of influencing on
scale effect in concrete during compression stresses, which are caused by unevenly shrinkage over cross section was proved.
Possible reasons for the different (sometimes opposing) results of experimental studies of various authors on scale effect in
concrete in compression are explained. The influence of own stresses unevenly distributed over cross section on scale effect
in concrete during compression, depending on samples size and concrete age, is analyzed in detail.

Keywords: scale effect, own stresses, concrete strength, shrinkage, creep
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1.3 [TonTaBchkuil HaNiOHANBLHUI TexHiuHMI yHIBepcuTeT iMeni FOpis KonapaTioka
245 TlepxaBHe MiaNpUeMCTBO «JlepskaBHUI HAYKOBO-AOCIiIHUH IHCTUTYT Oy IiBeNbHUX KOHCTPYKLii»
*Anpeca s nucryBanns E-mail: fenko.aleksey@gmail.com

VY pobortax pi3HHX aBTOPIB pe3yJdbTaTH €KCIIEPUMEHTAIBHUX OCHTIIKEHh MAcIITaOHOTO e(eKTy mpu BUlpoOyBaHHI Oe-
TOHIB, PO3YMHIB Ta IHIIMX OPUCTHX MaTepialliB Ha CTUCK HOCATH Pi3HUIA, 1HO/I IOCUTH CyTliepewInBUH, Xxapakrep. Crpobu
MOSICHEHHS OTPUMaHHX Pe3yJIbTaTiB IOCIiIKEHb MaCIITAOHOTO eeKTy IPHBENH 10 HEOOXiTHOCTI BpaXyBaHHS Pi3HOMAHIT-
HUX (HaKTOpiB, 0 SKHUX, OE3MEPEUHO, MOKHA BiJIHECTH BIUIMB HEPIBHOMIPHO PO3MOJIICHHUX MO MOMEPEUHOMY IMEpepizy
BJIACHUX HaNpyKeHb. HaBeIleHO METOTMKY IIPOBEICHHS eKCIIEPUMEHTY Ta Pe3yJIbTaTH JOCII/IiB MO BIUTUBY BIACHUX HAIPY-
JKE€Hb, HEPIBHOMIPHO PO3IOALICHNX IO MONEPEYHOMY Iepepi3y, Ha MIIHICTh MaTepianiB Ta Ha MaciutabHuit edexr. IIpo-
aHaJ30BaHO MPUYMHI BUHUKHEHHS IPOTWICKHUX 32 3HAKOM IIOJIiB BIIACHUX HAIPY>KE€Hb, HEPIBHOMIPHO PO3NOAUICHUX IO
MOTIEPEYHOMY TIepepi3y 3pa3Ka, Ta X MOKIIMBHI BIUTHB Ha MacITaOHUIT eekT mpu BUIIpoOyBaHHI 3pa3ka Ha cTuck. Cru-
paroYnch Ha Pe3yNbTaTh AOCTIIIB 3 KPUXKUMH JIOPATIOMIHIEBUMH 3pa3kaMH JJOBEIEHO HEMUHYUICTh BIUIMBY Ha MacIITa0-
HUi eeKT y OETOHI PH CTHCKY HAIIPYKEHb, BUKJIMKAHUX HEPIBHOMIPHOIO 110 TIONIEpEYHOMY TIepepi3y ycaakorw. Ha ocHOBI
pe3yIbTaTiB eKCIIEPUMEHTIB 1HIINX JOCHIIAHUKIB IO 3MiHI MIITHOCTI OETOHY MOBITPSHO-CYXOTo 30epiranHs y 4aci o0rpyH-
TOBaHO 3MiHM HEPiBHOMIPHOCTI PO3IOJALTY BJIACHHX HAINPYXXEHb IO IONEPeYyHOMY MHepepi3y BHACITIJOK HepiBHOMipHOL
yCaJKy i MOB3y4ocTi OeTOHy B momnepedHoMy rnepepisi. [TosiBa pi3HHX 3a 3HAKOM IOJIB HEPiBHOMIPHO PO3MOAIICHHX IO
HOIEepeYHOMY Iepepi3y BIaCHUX HANpYXKEHb Y Pi3Hi MPOMIKKH 4acy He TiNIbKH BIIMBAE HA MiLIHICTh OETOHHUX 3pa3KiB MPH
CTHCKY, a i TIpOsIBIIsiE B Pi3Hii Mipi MaciutaOHuil edekT. [TosicHeHI MOXJIMBI IPUYMHU Pi3HOMaHITHUX (iHOMI HABITh MPO-
THJIC)KHUX) PE3yNbTATIB €KCIIEPHUMEHTAIBFHIX JOCII/IIB PI3HUX aBTOPIB MIOJ0 MAcIITaOHOTO epeKTy B OETOHI MPH CTHCKY.
JleTaJibHO MPOAHAIIi30BaHO BIUIMB HEPIBHOMIPHO PO3MOJIICHHX IO MONEPEYHOMY Iepepi3y BIaCHHX HANpyXeHb Ha Mac-
mTaObHUH eeKT y OETOHI PU CTUCKY B 3aJIGKHOCTI BiJl PO3MIpiB 3pa3KiB i Biky OCTOHY.
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The scale effect is substantiated by the statistical the-
ory of strength: the larger sample size, the greater prob-
ability of a destructive defect [1-6]. At the same time,
various results of experimental studies were obtained
(especially for concretes, mortars and other porous ma-
terials): in some experiments in larger sizes samples ob-
tained less strength; in other experiments in larger sam-
ples there was greater strength; in some cases, in sam-
ples of different sizes there was almost no difference in
strength [7, 8, 9, 10, 11].

Such experimental results led to necessity to consider
various factors influencing scale effect. One of such
factors can be considered as influence of unevenly dis-
tributed own stresses over section.

Review of the research sources and publications

The first experiments on own stresses influence (un-
evenly distributed over cross section) were performed
on samples of epoxy resin [1]. Cylindrical samples with
a height of 60 mm and a diameter of 30 mm were made
of epoxy resin in layers in three stages. Samples each
series consisted of two groups, which differed from
each other in the sign of their own stresses fields. Sam-
ples of the first group were made starting from the inner
layers. First, the first inner layer of sample was filled,
and then it hold time for 10 days. After attainment of
sufficient strength inner layer, it was loaded with com-
pressive force and the next second layer was filled
around it. After 10 days, both layers (inner and middle)
were loaded with a larger compressive force. Thereaf-
ter, last third outer layer was filled. Subsequently, first
series samples had gained strength for 10 days, and then
central compression was tested.

Second group samples were made in reverse order.
The first was filled with outer layer of cylindrical sam-
ple. After 10 days, after reaching outer layer of suffi-
cient strength attainment, it was loaded with compres-
sive force and then filled middle layer. After 10 days,
both layers were loaded with compressive force and last
inner layer was filled.

After unloading, own stress field was created in sam-
ples of first group where sample internal part (core) was
compressed and outer layers were stretched. The field
of own stresses arose with opposite signs in second
group samples: outer layers were compressed, and in-
ner, on the contrary, stretched. It should be noted,
strength of all layers in each sample was different due
to different terms of their hardening during manufac-
ture.

The disadvantages of the experiment, which are
caused by manufacturing technology of samples and
could insignificantly affect experiments results, include
stepwise (layer-by-layer) own stresses field creation. In
addition, epoxy resin is an aging material, and in differ-
ent layers there were different hardening periods of
epoxy resin.

Despite these disadvantages, experiments results con-
firmed the effect of their own unevenly distributed
cross-sectional  stresses on  material  strength.
First group samples strength was larger than strength of
the second group samples, despite the fact that outer
layers of first group samples have less strength than

second group samples due to different hardening peri-
ods [1].

Later, experiments were performed on effect of une-
venly distributed cross-sectional stresses on second se-
ries samples strength, which completely eliminates first
series disadvantage. Experiments to determine influ-
ence of own stresses on material strength were per-
formed on cylindrical samples made of fragile (silicate)
aluminum alloy with a diameter of 30 mm and a height
of 60 mm. Samples of one group were made by ordi-
nary technology: cast in steel molds and their cooling
began with outer layers. Thus, after equalizing temper-
ature with complete cooling in cross section of samples,
outer layers were compressed and inner stretched.

Second batch samples were made in steel molds of
same size as the previous ones. Steel tubes with a diam-
eter of 6 mm were mounted on samples axis. The molds
were located in cylindrical asbestos thermal insulators
in the middle of which were electric heating coil
mounted. Before a duralumin was filled, an electric
heating coil had turned on and the steel mold had been
heating to the duralumin melting point. During casting
of duralumin and further sample cooling, water was
supplied through the tube and, therefore, sample cool-
ing had begun from middle layers. Thus, after complete
sample cooling, its inner layers were compressed and
outer stretched.

The experiments confirmed own stresses effect on the
strength of duralumin: samples strength cooled from
the central layers was on average larger than 20% of
samples strength of ordinary (natural) cooling [12].
Considering that in large-sized samples own stresses
(unevenly distributed over cross section) would have
larger values than in smaller ones (and, as a conse-
quence, the decrease in strength is more intense), it
could be drawn conclusions about influence of own
stresses on scale effect.

To confirm own stresses influence on the scale effect,
experiments were performed on different sizes samples
with opposite signs fields of own stresses. The experi-
ments were performed on cylindrical samples with di-
ameters of 30 and 50 mm and a height of 60 and 100
mm, respectively, made of fragile aluminum alloy.

After filling molds were cooled from middle, which
provided own stresses field, which is opposite to stress
field in samples of ordinary cooling. The experiments
results confirmed logical justifications for own stresses
influence on the scale effect: in samples with opposite
natural distribution of own stresses over cross section,
samples with a larger diameter showed larger strength

[3].

Definition of unsolved aspects of the problem

Thus, the influence of unevenly distributed cross-sec-
tional own stresses on scale effect in concrete has not
been studied.

Problem statement

The goal of the research is to determine own stresses
effect (unevenly distributed over cross section) on scale
effect in concrete.

Basic material and results
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The appearance and change of own stresses (unevenly
distributed over cross section) in concrete are much
more difficult than in metals.

The difficulty of unevenly distributed cross-sectional
stresses caused by shrinkage on concrete strength stud-
ying effect is that intensity and shrinkage distribution
in cross-section largely depends on concrete sample’s
storage conditions.

When storing samples in an air-dry environment,
shrinkage begins and flows much more intensely on
sample surface and gradually spreads to its inner layers.
With greater reduction due to more intense concrete
shrinkage in sample's outer layers the on its surface
there are shrinkage tensile stresses, which in turn com-
press concrete in sample's inner layers (core) and create
conditions for cracks on the sample surface.

In initial period of shrinkage when sample is loaded
with compressive force, sample outer layers are not
compressed until the external load reaches a value that
can compensate for their own tensile stresses.

The sample internal part, compressed by its own
stresses until an external force is applied, has higher to-
tal stresses when loaded with compressive force than
outer layers, since self-stresses in inner layers consist
of stresses from the action of the compressive external
load with same sign. Therefore, strength of whole sam-
ple should determine its more intense inner part. How-
ever, inner part, although overloaded, is located in a
clip made by underloaded outer layers.

As aresult, in general, such sample should withstand
more external compressive load than the sample with-
out own stresses field. Well-known and confirmed by
numerous experiments, there is the effect of increase in
strength during concrete drying, associated with a more
intense manifestation of above own stress distribution
over sample cross section.

In the stressed state of concrete sample, in the above,
there is a concrete creep in tension outer layers, which
leads to their elongation and in inner layers of creep
from compression, which reduces them. In parallel, the
shrinkage gradually moves to sample's inner layers and
eventually reaches the sample central part. During this
period, shrinkage intensity in outer layers decreased
compared to initial, and the concrete surface of sample
increased in size due to creep from tensile stresses.

Sample inner layers (core), continuing to shrink from
shrinkage in size, compress the outer layers, and them-
selves gradually move to a stretched state. Characteris-
tically, this process is enhanced by the resulting reduc-
tion of sample's inner part due to creep during compres-
sion in shrinkage initial period.

During this period, when loading such a sample with
compressive force, outer layers are overloaded, and to-
tal load in them consists of its own stresses and stresses
caused by action of compressive external load. The
outer layers have no clamps and, therefore, naturally,
sample collapses at a lower load than sample without
its own stresses.

Based on the changes in distribution of own stresses
in the cross section over time due to the shrinkage and
creep of concrete, it is possible to draw a conclusion
about the possible decrease in concrete strength over

time. This conclusion is confirmed by the experimental
results by S.A. Mironov, shown on the Figure 1. A tem-
porary decrease in strength of concrete is observed for
concretes of both natural hardening and steaming [13].
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Figure 1 — Changes over time concrete strength
in the experiments of S.A. Mironov

After some time, concrete shrinkage attenuates
throughout cross section, after which relaxation of its
own tensile stresses in the sample middle (core) and
compressive stresses in its outer layers begins to ap-
pear. Thus, the difference between stresses values in
outer and inner layers is reduced and, as a consequence,
negative effect of unevenly distributed own stresses
over cross section on compressive concrete strength is
reduced. During this period there is increase in concrete
strength.

Diagrams of the change in cubic compression
strength of some samples concrete are shown in
Figure 1. Repeated decrease in concrete strength can
also be additionally caused by relaxation of structural
own stresses [14]. Such a decrease may not be at all or
it may be insignificant depending on tested samples
concrete properties: gravel size, water-cement ratio,
hardening conditions, storage conditions, etc.

Summarizing the analysis stresses shrinkage effect
unevenly distributed over cross section on concrete
compressive strength, it can be concluded that the in-
trinsic stresses first increase the strength of concrete,
then there may be temporary decrease in strength, fol-
lowed by increase in compressive strength. After the at-
tenuation of its own stresses and the gradual attenuation
of deformations caused by creep, there may be a grad-
ual decrease in the concrete strength, over time. These
conclusions are fully confirmed by the experiments of
S.A. Mironov and others.

The diagrams could have a different form depending
on the timing of determining concrete strength during
experiments. When constructing diagrams on four
points (and not on eight points, as in the experiments of
S.A. Myronov) according to the results obtained in the
experiments of V.1. Sytnyk and Yu.A. lvanov [15] re-
peated increase in strength concrete is not observed in
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Figure 1 (1a). Such conclusions are confirmed experi-
mentally. In the experiments of V.I. Sytnyk and Yu.A.
Ivanov, in all considered concretes, mortars and cement
stone, the strength gradually decreases over time after
reaching the maximum (Fig. 2).
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Figure 2 — Changing concrete strength (1),
mortar (2) and cement stone (3)
over time in the experiments
V.1. Sytnyk and Yu.A. lvanov [15]

In almost all experiments, when the concrete reaches
maximum strength, a temporary slight decrease in
strength is observed. In the future, strength increases
slightly, then slowly and gradually decreases over time
[13].

The opposite effect will occur at water saturation of
concrete samples, because process begins with moistur-
izing outer layers. Swelling of concrete causes, respec-
tively, appearance of compressive stresses in sample’s
outer layers and tensile stresses in inner layers. During
this period, when compressing such a sample, outer lay-
ers that are not in holder will be overloaded and there-
fore sample will begin to collapse from outer layers. As
a result, strength of the water-saturated concrete sample
will be less than strength of same sample without its
own stresses caused by swelling.

When storing samples in an air-dry environment, the
gradual decrease in concrete compressive strength after
reaching the maximum value; in smaller sizes samples
begin earlier than in larger sizes samples due to the fact
that shrinkage in samples of smaller sizes is more
quickly aligned over the cross section.

The graph of the change in concrete strength over
time in different sizes samples is shown in Figure 3.

Figure 3 clearly shows different variants of the
strength ratio in the different sizes samples depending
on concrete age in which the tests were performed.

Strength of concrete

t1 L 3 ta t

Age of concrete

Figure 3 — Characteristic graphs of changes
in concrete strength over time

The numbers that indicate curves in graphs corre-
spond to edges size of the tested cubes in centimeters.
The age numbering of concrete in which test sample
were tested corresponds to the numbering given in Ta-
ble 1 and Figure 3.

Table 1 — Test results of different sizes cubes
for strength in MPa

Authors of Edges of the cube size (cm)

1 researchers | 5 | 7 10 1 15 | 20 | 30

1|Skramtaev B.|13 |12 |11,5 |- 10,0 |-

2 | Kvirikadze O|24,6 | 25,2 |24,4 {23,3 |22,8 |-
(1 series)

3 |Kvirikadze 0)16,8 |17,9 (18,1 {17,5 |16,9 |-
(2 series)

4 |Lermit R. - - 19,8 (21,2 |21,2 [19,3

5 | Tsiskreli G. |- - - 32,0 {32,5 (30,0

The own stresses influence on scale effect under com-
pression is confirmed by numerous experiments. Some
results of experimental studies are shown in table 1 and
for clarity are duplicated in Figure 4.
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Figure 4 — Experimental data on the influence of
scale effect on the concrete compressive strength
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At the age of concrete t; (Fig. 3) a large-scale effect
is maintained: with increasing sample size decreases
concrete strength. When testing concrete at the age of
to, t3 and t4 there are strength ratio different variants in
samples of different sizes: in some cases, with increas-
ing sample size concrete increases strength, in some
there is no effect of sample size on concrete strength).
In the age of concrete exceeding the term ta, the oppo-
site scale effect is observed — with increasing sample
size, concrete compressive strength increases.

Some authors have obtained the results of experi-
ments in which concrete strength in cubes with an edge
of 5 cmor 7 cm is less than in larger sizes cubes. This
phenomenon was most often explained by insufficient
compaction of concrete in manufacture of samples or
that small samples dry quickly and there is not enough
moisture to hydrate cement. At the same time, there are
the results of experiments in which strength in cubes
with an edge of 10 cm and 15 cm (in the table, the ex-
periments of R. Lermit and G.D. Tsiskreli) is less than
in larger samples. These deviations can be explained by
own stresses influence on concrete strength (scale ef-
fect).

It should also be noted that tabular results do not
cover all the ratios of concrete strength in samples of
different sizes. For example, in the experiments of
I.S. Karol’ and others [16] in four series (430 cubes
with edge sizes of 20, 15, 10 and 7 cm) of different
manufacturing conditions (storage) obtained the lowest
strength in samples with edge size of 10 cm. Graphs of

concrete strength over time, while maintaining the gen-
eral shape, can also change the ratio depending on con-
crete preparation technology, storage conditions, and
more.

The various factors influence on the experiments re-
sults of scale effect in concrete was analyzed in detail
by O.P. Kvirikadze [6]. The analysis was conducted on
our own experiments, as well as on different research-
ers’ experiments results. The author gives recommen-
dations on experiments performance on determinate of
scale effect of concrete at compression. The influence
of own structural stresses (caused by shrinkage or
creep) on concrete strength largely coincides with in-
fluence of unevenly distributed cross-sectional stresses
[14]. 1tis almost impossible to separate (determine) the
influence degree of both stresses.

Conclusions

The influence of unevenly distributed over cross sec-
tional compression stresses on scale effect in concrete
is analyzed and substantiates and explains the variety
of experimental studies results of concrete, mortars and
other porous materials by different authors.

The influence of the scale effect in concrete tensile
strength has not been studied enough. The experiments
were most often made by bending or splitting. Samples
were most often made in a horizontal position, which
also negatively affects test results.
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In the article presents an engineering method for calculating compressed flexible reinforced concrete elements with sheet
reinforcement over a steel cross section. The results of the calculation are compared with the experimental data. Calculation
of load-bearing capacity of reinforced concrete flexible elements with sheet reinforcement is based on the method of bound-
ary states. The work of specimens under load and the nature of the load-bearing capacity depending on the height and
eccentricity of the effort were investigated. The proposed method of calculating compressed elements with sheet reinforce-
ment on a steel-cross-section allows to take into account their flexibility in both axial and out-of-center application of load.
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TH)KEHEPHUI METOJI PO3PAXYHKY
CTAJVIESAJII3OBETOHHUX CTUCHYTHUX EJIEMEHTIB
3 YPAXYBAHHAM I'HYUYKOCTI
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! TonraBchKuii HAIIOHATBHII TEXHITHHI yaiBepcuteT iMeHi FOpis Konaparioka
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HaBeneHo iH)KeHEepHHH METOI PO3paxyHKY CTUCHYTUX PHYYKHX CTale3alli300€TOHHUX €JIEMEHTIB 3 JINCTOBUM apMyBaHHSIM
3a 3BE/ICHNM JIO CTaJIi ITepepi3oM, a TAKOK OPIBHIHHS Pe3yJIbTaTiB PO3paxyHKY 3 eKCIIepUMEHTaIbHIME TaHUMU. Po3paxy-
HOK HECY4Oi 3/1aTHOCTI CTaje3a1i300€TOHHIX THYYKHX €JIEMEHTIB 3 JIMCTOBUM apMYBaHHSIM IPYHTYETHCS Ha METOJI rpa-
HUYHMX CTaHiB. SIK TpaHMYHUI CTaH 3a MIIHICTIO NIPUHHATO 3yCHJUISL, B Pe3yJbTaTi Jii SKUX y JIMCTOBOMY apMyBaHHI B
HAMOUIBII HATPY)KEHOMY BOJIOKHI MO3I0BXKHI AehopMallii JOCATAI0Th 3HAUCHHS, [0 BiINOBIIAIOTh HAMPY>KCHHSAM IUIAH-
HOCTI cTami. Y po3paxyHOK 3a METOJIOM 3BEICHUX IEpepi3iB MOKIAJeHO MEePeIyMOBH, IO OETOH, METAN JIMCTOBOTO Ta
CTEP)KHBOBOT'O apMyBaHHS BBaKAEMO i30TPONHHMMH NPYXKHO-IUIACTUYHHMH MaTepiajaMu, a MONepevHHil mepepi3 craje-
3aJ1i300€TOHHOTO €JIEMEHTa 3 JIUCTOBUM apMyBaHHSM 3aJMIIAETHCS IUIOCKUM aX OO MOMEHTY pyiHyBaHHs. Ilpu po-
3paxyHKY [EHTPAILHO CTHCHYTHUX CTale3a1i300€TOHHNX €JIEMEHTIB 13 JINCTOBHUM apMyBaHHSIM Hecyda 3[JaTHICTh BU3HAYEHO
LIUISIXOM 3BEIEHHST KOMIUIEKCHOTO TIONEPEeYHOro nepepisy M0 OJHOCKIAJOBOrO — cTajeBoro. Lle mae 3Mory BHKOPHCTO-
BYBaTH Y PO3paxyHKy TaOin4Hi Koe(illieHTH MO3I0BKHBOTO 3rHHY ¢. Hecyua 31aTHiCTh T03alleHTPOBO CTUCHYTOT'O CTalle-
3aJ1i300€TOHHOTO €JIEMEHTAa 3 JINCTOBUM apMyBaHHIM TaKOX BH3HAYAETHCS IIISIXOM 3BEJICHHS KOMIIEKCHOTO ITONIEPEYHOTO
nepepisy 10 OJJHOCKIJIAJ0BOrO — CTaJIeBOro. IIpy 11bOMy BHHHKA€ MOXIIMBICTh BUKOPHCTOBYBATH IIPH PO3paxyHKax Tal-
JIMYHI 3HAUCHHS Koe(]iI[ieHTa MO3M0BKHBOTO 3THHY @e, sIKi MicTAThCs y JIBH. ExciepumenTansHo Oyi1o gociipkeHo pooboTy
3pa3KiB I1il HABAaHTAXKEHHSIM Ta XapaKTep BTPATH HECYUOl 3AaTHOCTI 3aJIEKHO BiJl BUCOTH i €KCLICHTPUCHUTETY IPUKIIaICHUX
3ycmIb. 3alpOIIOHOBAHA METOJIMKA PO3PAXyHKY CTHCHYTHX €JIEMEHTIB 3 JINCTOBHM apMyBaHHSM 3a 3BEJCHUM JO0 CTaNi He-
pepizoM J03BOJIsIE BPaXOBYBATH IX FHYYKICTB SIK IIPH OCOBOMY, TaK i MO3aLEHTPOBOMY MPHUKJIAaJaHHI HABaHTa)KCHHSI.

KurouoBi ciioBa: crane3anizo0eToH, Hecyda 3/1aTHICTb, JINCTOBE apMYBaHHsI, eKCLICHTPHCUTET, THYYKICTh
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Introduction

When calculating the elements working on compres-
sion, the problem is to consider their flexibility. This
issue remains unresolved for steel reinforced concrete
elements reinforced with sheets.

Review of the research sources and publications
The engineering method for calculating steel-rein-
forced concrete elements with sheet reinforcement for
a steel-cut cross-section was presented in DBN [1].
Prior to this work, compressed elements with reinforc-
ing sheets of 4 mm thickness were investigated and
height up to 1 m [3] and elevation to 2.4 m [4].

Definition of unsolved aspects of the problem

This paper addresses the issue of calculating com-
pressed flexible elements reinforced with sheets by cut-
ting the cross section to steel.

Problem statement

The purpose of the article is to compare the results of
theoretical studies with the engineering method of cal-
culation of central and noncentrally compressed flexi-
ble reinforced concrete elements with sheet reinforce-
ment in a steel-cross section.

Basic material and results

The calculation of the bearing capacity of steel rein-
forced concrete flexible elements with sheet reinforce-
ment is based on the method of boundary states. As the
ultimate state of strength it is taken the effort that as a
result of which the sheet reinforcement in the most in-
tense fiber longitudinal deformations reach values that
correspond to the stress of steel flux.

The following assumptions are based on the calcula-
tion of the consolidated sections:

— concrete, metal sheet reinforcement and rod rein-
forcement are considered as isotropic elastic-plastic
materials;

— we believe that the cross-section of steel-reinforced
concrete element with sheet reinforcement remains flat
until the moment of destruction;

— geometrical and physical-mechanical characteris-
tics of steel and concrete we accept steel-length steel-
reinforced concrete element;

— during the entire work of the integrated section,
concrete, sheet reinforcement and core reinforcement
deform jointly;

— in the limiting state with centrifugal compression,
the ambiguous string of stresses for concrete, sheet re-
inforcement and rod reinforcement in compressed and
stretched zones has the shape of a rectangle;

— concrete of a stretched zone is not considered in the
section of steel-reinforced concrete element with sheet
reinforcement;

—rod reinforcement, if it is in conditions of one-piece
compression or stretching.

When calculating the centrally compressed steel-re-
inforced concrete elements with sheet reinforcement,
the bearing capacity can be determined by the construc-
tion of a complex cross-section to a single-component

- steel. In addition, it enables to use of tablewise coef-
ficients of longitudinal bending in the calculation ¢. In
this formulation the question of the bearing capacity of
steel-reinforced concrete element with sheet reinforce-
ment is determined by the formula

N = (ﬂRsszed, (1)

where Aned — Cross-sectional area, reduced to sheet
metal reinforcement area (Fig. 1).
In this case, the aggregate area is calculated by the
formula
Ro
szed = Ab — T AS + As]_ ! (2)
Rg Rg
Coefficient ¢ is determined by the addition of K to
DBN [1] depending on flexibility A and the strength of
sheet steel reinforcement Rs.
Flexibility of the element is calculated by the formula
L
2= ©)
Izved
where Lo free length of steel reinforced concrete con-
densed element with sheet reinforcement;
1 — coefficient of estimated length;
isee0 — the radius of inertia of the cross-section of steel-
reinforced concrete element with sheet reinforcement,
reduced to steel sheet reinforcement, determined by the
formula

? 1
izved = e ' (4)
szed

as

S ap=a- 28 [N
a

Figure 1 — Cross section of a steel concrete
element with sheet reinforcement in
the calculation for a steel-cut cross-section

With 4 »eq is calculated by the formula (2), and the
consolidated moment of inertia is calculated by the for-
mula

R R
b sl
I .=, —+Ic+1,—=. 5
zved b Rs S sl RS ( )

Thus, in accordance with the proposed method, it is

possible to determine the bearing capacity of centrally
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compressed steel reinforced concrete elements with
sheet reinforcement using the instructions given in the
DBN [1] tabular coefficients of longitudinal bending.

By analyzing the stress-strain state and the nature of
the destruction of non-centered compressed steel rein-
forced concrete elements with sheet reinforcement, it
can be concluded that they are highly dependent on ec-
centricity eo. In this case, it is distinguished between
two cases of the boundary state of the bearing capacity
with centrifugal compression (eo>0):

— the load is applied with eccentricity, but within the
core of the cross-section (case of small eccentricities).
In this case, the cross-section is completely com-
pressed, but the destruction occurs in the tensest zone
due to the bending of sheet reinforcement. All this leads
to the non-use of the strength of the less compressed
part of the cross-section;

— the load is applied with large values of eccentricity,
that is, beyond the core of the cross-section (case of
large eccentricities). In this case, the longitudinal axis
is significantly distorted and there is a stretched zone in
the transverse section.

The bearing capacity of a noncentrally compressed
steel reinforced concrete element with sheet reinforce-
ment can be determined by the construction of a com-
plex cross-section to a single-component - steel. In this
case, it is possible to use in the calculations table values
of the coefficient of longitudinal bending ¢., which are
contained in DBN [1]. In this case, the calculation for-
mula for determining the bearing capacity of the cen-
trifugally compressed steel reinforced concrete element
with sheet reinforcement has the form

N = s , (6)

1 eny
. “0Ymax

szed IX( y),2ved

where 4 »eq — the area of the cross-section, reduced to
the area of metal sheet reinforcement, is determined by
the formula (2);

ymax — the distance from the center of gravity of the con-
solidated cross-section to the most stretched fiber;
Li().2ved — the combined moment of inertia of the cross-
section relative to the central axes, is determined by the
formula

R R

| y By s

X(y),zved ~ " X(Y),b R x(y),s1 R '
where Lo , Lo)s » Ix)s1 — moments of inertia of con-
crete, metal sheet reinforcement and metal rod
reinforcement relative to center of gravity axes
(Xo and Y) convex cross-section (Fig. 1).

The corresponding moments of inertia of the cross-

sectional components areas are determined (Fig. 1) ac-
cording to the formula

bag
Ixab:IXb:E; (8)
abb3

2.1 bﬁg’ 2.1
ly o =21y =2 Sbs- (11)
Y,s Ys 12

2 1 751 2,1 |- (12)
| =41 +a =4 +a )
X sl [xsl slAsl:| o 151

2 1 7d3 2 1_

sl

|Y151:4[|Ysl+bsl/s§1}=4 +bg Ag |+ (13)

where (X, Yb), (Xs, Ys), (Xs1, Ysz), — OWn concrete axes,
sheet reinforcement and rod reinforcement in the cross
section of steel reinforced concrete element with sheet
reinforcement, respectively;

Asl, Aq! — cross-sectional area of one element of sheet
reinforcement and one element of rod reinforcement in
cross-section of steel-reinforced concrete element with
sheet reinforcement.

The calculation for the stability of non-centrifugally
compressed elements of the constant in length of the
cross-section in the plane of action of the bending mo-
ment, which coincides with the plane of symmetry,
should be performed according to the formula

N
—<1. (14)
PeAneaRy7e
In the formula (14) stability factor for off-center

compression ¢. should be determined by table K.3
application K DBN [1] depending on the values of

conditional flexibility A and the reduced relative
eccentricity mer, which is calculated by the formula

Mer = 7'M, (15)

where 77 — coefficient of section shape influence of
should be determined by table K.2 application K
DBN [1];
m = eA/W; — relative eccentricity;
e=M/N - eccentricity, when calculating the
estimated values of internal effort M and N should be
taken in accordance with the requirements DBN [1];
W, — moment of resistance of the cross section,
calculated for the most compressed fiber.

The value of the coefficient of longitudinal bending
. is set according to DBN [1] depending on the design
resistance of steel sheet reinforcement Ry and flexibility

A . The aggregate flexibility is determined by the for-
mula

— R
A=A .
E

Value of coefficients ¢
application K DBN [1].

The bends of the average height of the cross-section
of flexible steel reinforced concrete structures with
sheet reinforcement can be determined on the basis of
the condition

(16)

is shown in table Kl
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M:N(%+f):——JL—,
-

gran
where M — moment acting in cross-section;
N — longitudinal effort;
Ngran — conditional limiting force perceived by the de-
sign

A7)

2

Ecl
Ngran _ 7[ 52 zved ) (18)
L
a) AXs A X
H | ]
A |l !
T
| | Y, Ys
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Figure 2 — Scheme of cross-section
of steel-reinforced concrete element
with sheet reinforcement, with defined
moments of inertia of component parts:
a — sheet reinforcement; b — concrete

Substituting (18) in (17) and decided the equation rel-
ative f, it is obtained a formula for determining the com-
plete bending of steel reinforced concrete structures
with sheet reinforcement in compression:

2
Grz"e
xy) = =2 ° 2 %o
) Gz - NL
where G —rigidity of steel reinforced concrete structure
with sheet reinforcement:

(19)

G =Esly(y),aea’ (20)

where Es — modulus of elasticity of sheet metal rein-
forcement.

In the table 1 the research experimental data of steel
reinforced concrete elements with sheet reinforcement
bearing capacity are given [4]. For the study samples
were made in different heights and different applied ec-

centricity. The process of manufacturing steel rein-
forced concrete elements consisted of two parts: the
manufacture of steel frames and concrete concreting.

Table 1 — Results of comparison
of calculations of bearing capacity

E |2 )

E x> |3

S 'S o
Sample E ; g z RS
series g 'S S 8 <
= I =2 @ =]
21 8 |3 o >
31 8 | 82|E2] 8
SB-PD-10-1| 1000 0 238 219 8.0
SB-PD -10-2| 1000 25 154 146 5.2
SB-PD -10-3| 1000 50 105 101 3.8
SB-PD -17-1| 1700 0 234 223 4.7
SB-PD -17-2| 1700 25 144 132 8.3
SB-PD -17-3| 1700 50 93 86 7.5
SB-PD -24-1| 2400 0 211 198 6.2
SB-PD -24-2| 2400 25 148 136 8.1
SB-PD -24-3| 2400 50 102 93 8.8

For the production of experimental samples, section
of which is given on Fig. 3, steel sheet was used
t = 4 mm, cross-section valves of a class A-1 &6 mm.
The sample height was at 1000, 1700, 2400 mm, sec-
tion 100x100 mm. To find out the effectiveness of the
work of steel-concrete elements, a sample of steel with-
out concrete height was tested 1000 mm.
Standard concrete concrete cubes were tested for deter-
mination of physical and mechanical properties of con-
crete aggregate 150x150x150 mm and prisms
150x150x600 mm, made from the same concrete as the
prototype.

When tested, experimental specimens had a different
bearing capacity, which depended on the constructive
solution of the load application eccentricity (Fig. 4).

a) b)
i1 2
il -‘i L5 N Sl
i So—T] =5
| | ::,———_,_; 3
2 it A / + t:::
| “ == - > 'f'a | Y &

Figure 3 — Breakdown of experimental samples:
a — in the supporting part;
b — in the middle of the sample

88 Academic Journal. Series: Industrial Machine Building, Civil Engineering. — 2 (53)’ 2019.




312,0 306,0

198,0

168,0 203,0
148,0

105,0
1193\‘ﬁ‘02,0

Load, kN
N
o
o

1m 1,7m

Sample height, m

24m

[—+—PD-e =0 ——PD-e =25 —— PD-e = 50|

Figure 4 — Dependence of tested steel-reinforced
concrete samples with sheet reinforcement
carrying capacity on element height

The work of the samples under load and the nature of
the bearing capacity loss depending on the height and
eccentricity of the applied efforts have been experimen-
tally investigated.

In the course of experimental studies, longitudinal
and transverse deformations were measured at different
distances from the ends of the element, as well as the
displacement of the average height at the cross-section.
All this enabled to get a complete picture of the work
under the load of steel concrete racks with sheet rein-
forcement both at central and centripetal compression.

In the table 1 the comparison results of calculated
values of load bearing capacity of compressed flexible
steel reinforced concrete elements with results of ex-
perimental research are given.

Conclusions

The proposed method of calculation of compressed
elements with sheet reinforcement in a steel-cut cross-
section enables to consider their flexibility both in axial
and centrifugal loading. The theoretical values of the
bearing capacity are satisfactory with the results of the
experiment, the difference is no more than 8.8 %.
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TRAY RESEARCH OF THE STRAIN STATE OF SOIL BASES
REINFORCED BY SOIL-CEMENT ELEMENTS
UNDER THE STRIP STAMP
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Experimental research of weak bases reinforced by vertical soil-cement elements are discribed in this article. Tray research
of weak clay bases and bases with percent of reinforcement from 2,1% to 7,1% under strip stamp were conduct. As a result
of the experiment settlements for each of soil base models were obtained. Characteristic curves of the influence of the
reinforcement percentage on the bearing capacity, deformability are given, character of settlements of the investigated soil
mass in time at step-increasing loading are shown. It was found that depending on the percentage of reinforcement the
critical pressures increased linearly and the values of settlement at critical pressures were determined increased with the
base reinforcement percentage. Empirical dependencies were obtained to determine the critical pressures depending on the
percentage of reinforcement for the investigated soil conditions. In conclusion, the effectiveness of reinforcing the base of
the strip foundations by vertical soil-cement elements was proved.

Keywords: loam, rigid strip stamp, settlement, soil base, tray research, vertical soil-cement element.
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HaBezneHi ocTaHHi TOCH/UKEHHS BITYM3HSHMX BUCHHX LIONO BIUIMBY Pi3HUX (PakTOpiB Ha MILHICTH IPYHTOLIEMEHTY.
BusiBneHo, 10 BiICYTHI €KCIEpUMEHTANbHI JaHi npo JeopMOBaHUN CTaH TJIMHUCTHX IPYHTIB MiJl HABAaHTAKCHHSM BiJ
cTpiukoBoro mramiy. [IpoBeseHo T0TKOBI BUNIPOOYBaHHS KOPCTKUM CTPIYKOBHUM IITAMITOM CIIA0OKUX ITTHHUCTHX OCHOB 0€3
CJIEMEHTIB apMyBaHHS Ta aHAJOTIYHUX OCHOB, MOCHJICHHX IPYHTOLIEMEHTHUMH €JIEMEHTaMH 3 PI3HHM BiJICOTKOM apMy-
BaHHs1. OTMCaHO METOANKY BUKOHAHHS JOCHTIIKEHb, XapaKTePUCTHKA CHCTEMH HaBaHTaXEeHHsI, (Pi3UKO-MeXaHI4Hi BIACTH-
BOCTI €JIEMEHTIB apMyBaHHS Ta IPyHTOBOI OCHOBHU. B pe3ymbrari mociiny oTpUMaHO aHi OCiaHb IO KOXKHIH i3 Moeneit
IPYHTOBOI OCHOBH Ta TOOYZOBAaHO BiAMOBiOHI rpadiku ocinaHb. HaBeneHo 3ale:KHOCTI BIUIMBY BiJICOTKA apMyBaHHS Ha
Hecydy 3[aTHICTh Ta Ae(OPMaTUBHICT OCHOBH. [IpoaHali3oBaHO 3aJIe)KHOCTI OCiIaHb JJOCIITHOTO IPYHTOBOTO MacHBY B
4aci MpH CTYNEHEBO-3pOCTAl0UOMY HaBaHTa)KCHHI. BU3HaU€HO KPUTHYHI THCKH IIPU Pi3HHUX BiJICOTKaX apMyBaHHS OCHOBH
mraminy ais Gizuko-MexaHiYHUX XapaKTepPUCTUK IPYHTY, IO PO3IIIAaeThes. 3a pe3yiabTaTaMu No0ynoBH rpadikiB BcTa-
HOBJICHO, 1110 KPUTHYHI THCKH Ha OCHOBY 3QJISXKHO BiJl BIZICOTKY ii apMyBaHHS MiJIBUIIYIOTHCS 32 JIHIHHOIO 3aJIeXKHICTIO, a
BEJIMYHMHA OCIIaHHA, TPH SIKii BU3HAYANUCS MEPIINNA Ta IPYrHid KPUTHUYHI THCKH, 31 30UIBIICHHSAM BiJJICOTKY apMyBaHHS
OCHOBH TakoxX 3pocrae. OTpIMaHO eMITipHYHi 3aJIeXHOCT] /IS BU3HAYEHHS KPUTHYHUX THUCKIB Ha OCHOBY 3aJISKHO BiJ
BIJICOTKY il apMyBaHHS 3 BUKOPHUCTaHHAM KJIACHYHUX po3B’si3kiB [Ty3upeBcbkoro ta [IpaHaTist 1 OCHiAHUX TPYHTOBUX
yMoB. O0UHCIIeHi cTaTUCTHYHI KoedilieHTH Bapialii Ta Kopersinii 1uIs HaBeleHnX 3aexHocTeil. Ha mixcTasi mpoBeneHoro
JOCIIDKEHHST IOBE/ICHO e()eKTHBHICTh MIOCUIICHHS] OCHOBH CTPIYKOBUX (DYHIAMEHTIB BEPTHKAIbHUMH IPYHTOLIEMEHTHUMHU
€JIIeMEHTaMH.

Ki1104oBi ci1oBa: BepTHKAIBHUI IPYHTOLIGMEHTHHUI €JIEMEHT, IPYHTOBAa OCHOBA, KOPCTKUIl CTPIYKOBHIA IITAMII, JIOTKOBI

JOCIIJDKEHHS, OCIIaHHs, CYTJINHOK.
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Introduction

In recent decades the method of reinforcing weak ba-
ses with vertical soil cement elements (SCE), which
can be fabricated by using of jet-grouting or drilling-
mixing technology, has become popular in the world.
The effect of such reinforcement of the bases is that the
mechanical characteristics of the soil (modulus of de-
formation, specific cohesion, etc.) are improved. This
increases its load-bearing capacity and reduces its de-
formability. Reliability, cost-effectiveness, low energy
consumption and material consumption are the main
factors that substantiate the relevance of researches on
the use of soil cement in the arrangement of bases and
foundations [1 — 6].

However, it should be noted that the question of the
effectiveness of reinforcing the bases of the strip foun-
dations by SCE and the dependence of the settlement of
the building foundations reinforced in this way have not
yet been studied enough.

Review of the research sources and publications

From the practice of geotechnics experimentally and
with the use of numerical modeling by the finite ele-
ment method the effectiveness of the improvement of
weak clay soil bases with the help of vertical SCE rein-
forcement has been proved [1 — 10].

It has been determined, in particular, from a number
of researches conducted by the geotechnical school of
Poltava National Technical Yuri Kondratyuk Univer-
sity [5—7, 9, 10] that over time the strength of the SCE
and, consequently, the strength of the reinforced bases
increase. Dependences of deformation modules of soil-
cement mixture on the percentage of cement content
and water-cement ratio, soil density, etc. were obtained
[5, 6].

Based on this, tray stamp-loading tests were con-
ducted with a round rigid stamp and the dependences
on the characteristics of the soil base (density of dry
soil, depth of arrangement of reinforcing elements, per-
cent of reinforcement, etc.) were determined [7].

Definition of unsolved aspects of the problem

At the same time, there are no tray tests of bases,
which are strengthened with vertical SCE of reinforce-
ment under the rigid strip stamp with the identification
of patterns of improving the strengthened by this way
weak soil base at steady-growing load.

Problem statement

Therefore, as the purpose of this work, it was pre-
sented the research of the soil bases strain state with
variable parameters of the reinforcement in the tray and
the analysis of the obtained results of the soil base de-
formation, which is reinforced with vertical soil cement
elements.

Basic material and results
To achieve exploration objective the following tasks
were solved:
— to investigate the strain state of the unreinforced
clay base under the rigid strip stamp;

— to investigate the development of deformations of

the clay base reinforced by vertical SCE;

— to compare the strain state of the reinforced and un-

reinforced bases.

Tray tests were conducted in a metal tray of 3 mm
thick steel sheet with stiffeners made of steel corners
(Fig. 1). The front wall is made of transparent organic
glass 40 mm thick. The internal dimensions of the tray
are 580 x 530 x 560 mm. The test was performed with
a rectangular steel stamp measuring 420 x 35 mm,
weighing 67 N. A total of 4 tray experiments were per-
formed. Clay paste was used as the basis for all tray re-
searches.
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Figure 1 — Representation of the system
for laboratory tray tests:
1 — metal tray; 2 — rigid strip stamp;
3 — load system; 4 — deflection indicator;
5 — metal bar for binding of indicators;
6 — cross-beam

In the first case the tests of the clay bases were carried
out without reinforcing the CEE. Other tests were per-
formed at different percentages of reinforcement i (ra-
tio of the total volume of the SCE to the total volume
of the reinforced array) with a depth of reinforcement
of 100 mm.

Based on the experience of reinforcing the bases with
vertical SCE [5 — 7] was accepted the variation of the
percentage of reinforcement at three levels i = 2,1%j;
4.4% and 7.1% (Fig. 2).

Clay paste was used to make the basis. The name of
the paste corresponds to the heavy floury low-plasticity
loam according to the classification of soils. For the
preparation of the paste was used a natural soil, that se-
lected from a foundation ditch in Poltava from a depth
of 4 m.
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Figure 2 — The different schemes of SCE placement at the basis
of the strip stamp depending on the percentage of reinforcement:
a — unreinforced base, b — at a percentage of reinforcement of 2.1%,
c — at a percentage of reinforcement of 4.4%, d — at a percentage of reinforcement of 7.1%

The following soil characteristics were determined by
laboratory tests: solid particles density ps = 2,68 g/cm?;
natural moisture of soil W = 0,205; moisture of soil at
the liquid limit W = 0,369; moisture of soil at the plas-
tic limit Wp = 0,224; index of plasticity Ip = 0,145.
Based on the required dry soil density and water satu-
ration conditions, the corresponding density and hu-
midity values of the soil samples were calculated for
the tests.

The following values of soil physical characteristics
are calculated: dry soil density pg = 1,45 g/cmd;
natural density p = 1,85 g/cm?; natural moisture of soil
W = 0,27; moisture of soil at the liquid limit
WL = 0,369; moisture of soil at the plastic limit
We = 0,224; index of plasticity Ip = 0,145; index of li-
quidity 1. = 0,317; water saturation coefficient
Sr = 0,85; void ratio e = 0,85.

To obtain the required soil characteristics for the ex-
periment, taking into account the required soil moisture
and density, an appropriate amount of soil (ground to a
homogeneous state) and water for its additional mois-
ture was determined. All components of the soil paste
were calculated and selected by weight. The wetting of
the required mass of soil powder was carried out by a
spray of water with constant stirring of the mixture. The
resulting paste was kept in plastic bags for three days to
distribute the soil water evenly. In the next phase the
paste was placed layer by layer into a tray. The thick-
ness of each layer of clay paste was 15£2 mm. It was
controlled by lines drawn on the glass of tray, and each
layer of soil near the front wall of the tray was covered
with a layer of chalk 1 mm thick. Soil compaction was
carried out by tamping. During the filling, after com-
pletion of the test and before the next filling of the tray
with clay paste, soil samples were taken from it to con-
trol its physical and mechanical characteristics.

To create a reinforced soil massive in the base of the
rectangular strip stamp in the middle of the tray was ar-
ranged SCE reinforcement, based on the condition of
the uniform placement of elements over the area of the
base of the stamp.

Figure 3 — The tray filled with soil paste for
stamping tests during the experiment

Soil-cement elements was made by filling pre-ar-
ranged wells with soil cement solution of such compo-
sition: soil (heavy floury loam); cement — 20% form
the weight of dry soil; water from the condition of wa-
ter-cement ratio — 3:1; solution hardening accelerator —
calcium chloride (CaCly) in the amount of 1% by
weight of water — which allowed to gain seven days'
strength of soil-cement after 3 days. To prevent direct
contact between the reinforcement elements and the
stamp, a 10 mm thick layer of crushed stone of 2-4 mm
fraction was poured over the reinforced massive.
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The load on the stamp was transmitted through a load-
ing system consisting of a steel channel and a steel pipe.
Channel was mounted on top of the stamp (the load was
transmitted through a steel prism of dimensions
250%35%70 mm). The pipe was hung to the channel us-
ing two levers as a suspension. A traverse was attached
to it, on which crate cargoes were loaded. The own
weight of the loading system together with the rectan-
gular strip stamp was 282 N.

The pressure on the base was applied in stages: the
initial degree was equal to the weight of the load sys-
tem; each subsequent was 200 N. Each degree of pres-
sure was maintained until the conditional stabilization
of the basis settlements, the criterion of which was
taken not exceeding the settlement of the stamp 0,1 mm
in the last 2 hours of observations. Deformation fixa-
tion was performed after 1 min, 5 min, 15 min, 30 min,
60 min. and every 60 minutes after applying the next
degree of pressure. The tests were stopped after reach-
ing the basis of the limit of bearing capacity, which was
manifested in the rapid increase of deformations with-
out stabilizing.

In the course of conducting a series of stamp tests of
the unreinforced and reinforced soil cement bases, the
values of the average settlements of the basis of the
stamp from the step-increasing pressure were obtained
(Table 1). During the fixation of deformations in time
the characteristic curves of settlements development of
the basis of rigid strip stamp at each degree of pressure
at different percentages of reinforcement of the basis
are constructed.

Fig. 4 illustrates the dependence of the settlement of
the basis of the rigid rectangular strip stamp at step load
on pressure. Curve (1) shows an increase in settlement
of the unreinforced soil massive from pressure, others
show dependencies for the reinforced soil bases with
percentages of reinforcement: 2.1% (2); 4.4% (3) and
7.1% (4). As we can see from the graphs, the strength
of the soil base increases significantly as the reinforce-
ment parameters increases. The designations F1 and F»
in Fig. 4 are characteristic points corresponding to the
first and second critical forces, respectively.

Table 1 — Development of settlements of the basis of the stamp depending on the reinforcement percentage

The degree of step- Load, | Pressure, Average settlement at the percentage of reinforcement, mm

increasing loading kN kPa 0,0% 2,1% 4,4% 7.1%
Initial conditions 0,000 0,0 0,00 0,00 0,00 0,00
Loading system 0,172 11,7 0,36 0,27 0,08 0,11
1 degree 0,372 25,3 1,42 0,73 0,34 0,29

2 degree 0,568 38,6 4,50 1,68 1,16 0,96

3 degree 0,768 52,2 6,27 2,36 1,61 1,42

4 degree 0,979 66,6 10,27 4,30 2,40 2,08

5 degree 1,178 80,2 11,53 6,06 3,76 2,57

6 degree 1,378 93,7 26,29 9,11 4,40 3,04

7 degree 1,578 107,3 - 10,98 6,75 4,06

8 degree 1,773 120,6 - 12,25 6,97 5,24

9 degree 1,971 134,1 - 17,03 9,19 7,77

10 degree 2,170 1476 - - 10,98 9,74

11 degree 2,370 161,2 - - 13,90 11,86

12 degree 2,570 1748 - - 15,20 13,08

13 degree 2,765 188,1 - - 19,72 15,69

14 degree 2,965 201,7 - - - 17,05
15 degree 3,165 215,3 - - - 19,44
16 degree 3,365 228,9 - - - 24,41
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Figure 4 — Graph of dependence of settlements of the rigid strip stamp base on the pressure at step load:
a — unreinforced base, b — at a percentage of reinforcement of 2.1%,

F1 — the first critical force; F, — the second critical force

¢ — at a percentage of reinforcement of 4.4%, d — at a percentage of reinforcement of 7.1% ;
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Figure 5 — Graph of settlements in time:
a — unreinforced base, b — at a percentage of reinforcement of 4.4%
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Fig. 5a shows a graph of the development of settle-
ments of the unreinforced stamp base in time at step
load. In Fig. 5b we can see a graph of the development
of settlements of the reinforced soil massive in time at
step load on the example of settlement of the basis re-
inforced by SCE with a percentage of reinforcement i =
4.4%. The stabilization of the reinforced base at the
same pressure occurs faster than the unreinforced one
and increases with the increase of the percentage of re-
inforcement. Fig. 6 shows a graph of the settlements of
the soil base at i = 4.4% at step-increasing load, taking
into account the unloading of the system.

Pressure, kPa
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Figure 6 — Graph of settlements in time

the base at a percentage of reinforcement
of 4.4% with the unloading of the system

From the graph of the dependence of the base settle-
ments under the rigid strip stamp on the pressure, cer-
tain regularities have been identified for its improve-
ment by the SCE. Analyzing the experimental depend-
ences of the settlements of the reinforced bases at step-
ping-increasing pressure (Fig. 3), it can be found that
the bearing capacity (strength) of the bases increases
with the percentage of soil reinforcement.

To identify the influence of the percentage of rein-
forcement on the change in bearing capacity on each of
the graphs found characteristic points — the critical
forces F1 and F,, which distinguish the transition from
a linear relationship between stresses and deformations
of the base (first and second critical pressures) [3]. It is
known that the first critical pressure p1 corresponds to
the end of the compaction phase when no boundary
condition is yet emerging at any point of the soil base
and the second critical pressure on the soil is considered
the maximum boundary pressure p, at which the full
load carrying capacity of the soil takes place.

At characteristic points, the least-squares method
found approximate dependences of the first critical
pressure on the percentage of soil reinforcement
(Fig. 7). According to the obtained values of the first
critical pressure by the simplified Puzyrevsky formula,

the specific clutch values for the soil under considera-
tion were determined. This formula for perfectly con-
nected clay soils (¢ = 0; ¢ # 0) has the form

p1:TCC+Yd. (1)

The Prandtl solution was adopted to determine the
specific cohesion by 2 critical pressure

p2=5,14c +vd, 2)

where ¢ — specific cohesion; y — soil density; d — foun-
dation depth.

With the given parameters of the soil base, the dimen-
sions of the stamp and the height of the reinforcement,
the bearing capacity of the base increases with the per-
centage of reinforcement
(Table 2).

Table 2 — Determined critical pressures
with varying parameters of the percentage
of base reinforcement

. The first | The second
The percentage of rein- | ... .-
i critical pres- | critical pres-
forcement i, %
sure sure
P, kPa 25,3 79,9
0,0
S, mm 1,35 8,48
P, kPa 52,2 120,3
2,1
S, mm 2,36 12,25
P, kPa 93,7 174.8
4,4
S, mm 4,40 15,20
P, kPa 120,6 221,3
7,1
S, mm 5,24 19,44

The first critical pressure for unreinforced weak soil
was approximately 25.3 kPa, for a reinforced base with
a reinforcement percentage of 2.1%; 4.4%; 7.1% is 52.2
kPa, 93.7 kPa and 120.6 kPa, respectively. The second
critical pressure was 79.9 kPa, 120.3 kPa, 174.8 kPa
and 215.3 kPa, respectively. In this case, the critical
force F1 corresponds to settlement of 1.4-5.2 mm, and
F» —8.5-19.4 mm, depending on the percentage of rein-
forcement of the base.

Table 3 — The results of the approximation
of the experimental data of the dependence
of the critical pressures on the base

The second critical pres-
sure, kPa

p2 = 81,57+19,43i

The first critical pres-
sure, kPa

p1 = 25,97+13 81

correlation | variation | correlation | variation
coefficient | coefficient | coefficient | coefficient
r=0,995 | v=0,054 r=0,996 | v=0,031
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As the percentage of base reinforcement increased,
the settlement value at which the critical pressures p:
and p2 on the base were determined increased. The val-
ues of the statistical indices (correlation coefficient r
and variation coefficient v) of the obtained depend-
ences indicate an increase in the value of the first criti-
cal pressure with increasing percentage of reinforce-
ment by linear dependence (Fig. 7). In the table 3 shows
the empirical equations of these dependencies and the
statistical accuracy of the approximation of the data for
these equations.
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Figure 7 — Dependences of the critical pressure
of the soil base bearing capacity on the ratio
of reinforcement

The results of determining the specific cohesion for
the reinforced and unreinforced bases of the rigid strip
stamp are summarized in Table 4. It should be noted
that the obtained value of the specific cohesion on the
second critical pressure is higher, and as the percentage
of reinforcement of the base increases the difference in
values between the solutions of Prandtl and Puzyrevsky
formulas decreases.

Table 4 — Specific cohesion, determined by the
critical pressure on the base

Specific cohesion, kPa
Soil base (determined by critical
pressures)
Dry soail . the first | the second
- Reinforcement, ;. -
density, % critical critical
r/em® pressure pressure
0,0 8,3 15,8
2,1 17,5 23,8
1,45
4,4 27,6 32,5
7,1 39,5 42,7
Conclusions

From the analysis of tray researches of pressure-set-
tlement dependence, we can conclude that the soil base
under the strip foundations is being improved by the
method of reinforcing by SCE, in particular:

1. From the graph of settlement on load it can be ob-
served that the parameters of the soil base and the
height of reinforcement of the first and second critical
pressures of the system "reinforced base — the strip
foundation™ increase in the parameters specified in this
work.

2. The first and second critical pressures, depending
on the percentage of reinforcement of the base, in-
creases linearly.

3. With the percentage of base reinforcement incre-
ment, the amount of sedimentation at which the first
and second critical pressures on the base were deter-
mined increased.

4. The determination of the specific cohesion of the
soil from the obtained dependences on the first and sec-
ond critical pressures due to the Puzyrevsky and Prandtl
formulas for reinforced soil differs, but within the tol-
erable error.
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A considerably distinctive deformed five-storeyed three-section brick residential house erected over 40 years ago on driven
prismatic piles combined by a strip grid foundation by a standardized project is under investigation. The geotechnical mon-
itoring results of the building's technical condition are presented. Methods and results of the instrumental control analysis
of the piles' actual length and visual evaluation of their integrity are presented. The causes of the foundations base's excess
deformation were determined: the inability of the piles' tips to reach the designed mark; the piles' destruction during their
immersion in dense sands; rupture of the primary thermal network, which led to "negative friction" effect on the piles' lateral
surface, etc.

Keywords: soil base, sand, soft soil, driven prismatic pile, grid foundation, settlement, crack, tension bar, engineering
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JTE®OPMALII )KUTJIOBOIO BY TUHKY
HA TTAJILOBUX ®YHJIAMEHTAX
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[omano pe3ynbTaTH TEOTEXHIYHOTO MOHITOPHHTY TEXHIYHOTO CTaHYy JOCTAaTHBO XapaKTEPHOTO Ae(hOpMOBAHOTO I’ ATHIIO-
BEPXOBOTO TPUCEKLIHHOTO HETIITHOTO JKUTIOBOTO OYIMHKY, 3BeleHOTro moHan 40 pokiB TOMy 3a THIIOBHM IIPOEKTOM Ha
3a0MBHUX NMPU3MAaTHYHHX MAJSIX, 00 €THAHUX CTPIYKOBHM 3aTi300€TOHHIM POCTBEPKOM. BHKOHAHO BizyasibHE Ta 1HCTPY-
MEHTAJIbHE 00CTEXEHHSI HECYyUHX OyAiBeIbHUX KOHCTPYKIiH. /loBeeHo, 0 KOHCTPYKTHBHY CXeMy OYIiBJIi HE MOJKHA BBa-
JKATH JKOPCTKOI0. BUsIBIeHO nedeKTn i MOIIKOPKEHHS, 0 BIUIMBAIOTh Ha HECydy 3JaTHICTh Ta JOBrOBIYHICTh OKPEMHUX
KOHCTPYKTHBHHX €JIEMEHTIB i OyIiBIli B LiJIOMy, 30KpeMa BepTUKaJIbHI TPILMHY 13 IIMPUHOIO PO3KPUTTS 10 20 MM y 30B-
HIIHIX Ta BHYTPIIIHIX CTiHAX, TPIIIVUHU B 301pHUX MepeMUUKax y MifBai, OOpHUB MONepeHHO HAMPYXKEHUX TSKIB Ta iH.
BuznaveHo dakTuyHi mapameTpy ocHOB i pyHIaMeHTiB. OMICcaHO METOUKY Ta BUKJIAJCHO Pe3yNIbTaTH aHalli3y iHCTpyMe-
HTAJFHOTO KOHTPOJIIO (DaKTHYHOI MOBXHMHHU MAllb i Bi3yallbHOTO OIHIOBAHHA IX LUTICHOCTI. Po3paxoBaHO MpOeKTHY Ta
(axTHYHY HeCydy 3[4aTHICTh NaJb 1 OCiTaHHA iX OCHOB. Y CTAaHOBJICHO NMPHYMHN HaJHOPMOBUX NedopMartiii ocHOB hyHmIa-
MEHTIB, 30KpeMa: HEMOIINBICTh JOCSATHYTH BICTPSIMU TaJb IPOEKTHOI MO3HAYKH, IO MPU3BENO 10 3HAYHOTO 3MEHIICHHS
iX Hecyd4oi 3JaTHOCTI; pyHHYBaHHS MMk y MPOIIECi IX 3aHYpeHHs Y ILTbHI MICKH HAMUBY; TOPUB MaricTpaibHOI TETIOBOT
Mepexi, KOTPUI NPHU3BIB 10 MOSBH €PEKTy «HEraTMBHOTO TepTs» 3a OIYHOIO MOBEPXHEIO Majb; Jis IHEePLIiHHUX CHI BiJ
BHOYXiB y Kap’epi. TexHi4HMI cTaH NajdboBHX (yHAAMEHTIB BU3HAYEHO 5K HE3aJ0BUIbHHH. Po3pobiieHo pexomeHpanii
II0/10 MOJANBIIOT eKcIutyatartii Oy aimi. OOpaHO KOHCTPYKTHBHO-TEXHOJIOTIUHE PillIeHHs MOCHICHHS 11 GyHIaMEHTIB, 30K-
peMa NOCHIICHHS MaTbOBUX (DYHIAMEHTIB MiIBEICHHM ITijl iICHYI04i pOCTBEPKH MOHOJIITHOT 3aJ1i300€TOHHOT IJINTH TOBIIH-
Horo He MeHuIe 400 MM, 3aXBaTKaMH Ta IOETAIHO. [lIs BKIIOUSHHS IUIUTH «B POOOTY» 0Jpa3y Micis 11 BIAITYBaHHS Iie-
penbadeHo yIIiIbHEHHS! OCHOBH ITiJI TUTUTOIO.

Kiio4oBi ciioBa: rpyHTOBa OCHOBA, MiCOK, CIAOKHiA I'PYHT, 3a0MBHA MpU3MaTH4YHA Massl, MOHONITHUI 3a1i300€TOHHUIMA
POCTBEpK, OCiJaHHS, TPIlllMHA, METANICBUIl TSDK, TEXHIYHUN cTaH Oy/iBJi, TEOTEXHIYHHH MOHITOPHHT.
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Introduction

The group of deformed structures [1] includes
buildings that have undergone unacceptable settlement
and deformation during the period of their construction
and especially exploitation, which, however, do not
interfere with its operation but limiting the possibility
of its strengthening in time.

The absolute and specific settlement of the
foundation's base, heeling and other deformations of
the buildings and structures occur out of fairly typical
errors, which are usually combined into four groups [1—
7], in:

— geotechnical surveys (insufficient field and
laboratory investigation, wrong determination of soil
properties, neglecting of strata, layers, soft soil lenses
within the base of a building, incorrect estimation of
spatial heterogeneity of soil massif, neglecting of
annual and seasonal fluctuations in groundwater level,
other dangerous geotechnical processes, etc.) [1 — 9];

— poor design (in particular, the failure to account for
the specific properties of soils within the compressible
strata of the base, variation of the soil base's physical
and mechanical properties, underestimation of the
composition and essence of the load transfer on the
foundation and base, the form complexity and deficient
building's rigidity, cancellation or decreasing the
number of pile static tests at the site, etc.) [1-14];

— violations of the building operations rules (such as
the use of so-called “critical technologies” of soil
structure distortion within its cyclic wetness change,
partial freezing of foundation soil, poor arrangement of
sand and soil beds, excess soil extraction from the pit,
pile driving above the designed mark, under-
compaction of the backfill soil in the pit hollows, etc.)
[1-8];

— violations of the buildings and structures operation
rules (for example, prolonged and accidental leaks from
water-bearing communications, unreasonable increase
in loads, construction works near the facility in the
context of dense urban development, etc.) [1-4].

Constructive and technological solutions for the
strengthening or reconstruction for each such object is
a complex and relevant task of modern geotechnics,
which is made by the investigation results of [1-3, 7]:

— regularities of geotechnical conditions change
(GTC) of the site and stress-strained state (SSS) of
building base;

— design features and operating conditions of the
facilities;

— nature and causes of buildings' deformation;

— buildings foundations' stability under operation
while its reconstruction (restoration).

Review of the research sources and publications

Prof. B. Dalmatov considered the settlement of each
foundation base to be the sum of five components: set-
tlement due to the compaction of the natural structure
soils at the increasing stresses from the foundations'
weight; settlement associated with decompression of
the upper soil strata that lies below the bottom of a
foundation pit, due to the reduction of stresses during

excavation; settlement due to the soil squeezing (extru-
sion) from beneath the foundation caused by the pro-
gression of plastic deformations; settlement of the dis-
ruption, which progresses due to the soil compressibil-
ity increase at its natural structure distortion during ex-
ecution; settlement caused by changes in the stress state
or deformation of the soil base during the building
(structure) operation [3, 15].

At the same time, prolonged geodetic surveys of the
building's foundations settlement on pile foundations
[7-10, 14, 16, 17] showed that both absolute and
relative stabilized values of settlement are in most cases
smaller than its calculated and normative limit values.
Naturally, the deformed structures group includes
buildings on pile foundations (foundations that are
constructed without soil excavation) slightly less
frequently than similar objects on a natural base
(foundations built with soil excavation [7]).

In addition to the above, the causes of excessive
absolute and relative settlement of pile foundations
base (and occurrence and propagation of cracks and
other noticeable deformations in load-bearing
structures as a consequence) are most often [1 — 10, 14]:

— unjustified application of increasing correction
coefficients to the results of compression tests of soft
(highly compressive) soils (long geodetic surveys of
settlement on soft, including wetted loess soil, indicate
that the calculations of settlement should be performed
[7, 10, 13, 14]);

— catching the bottom tips of piles into strata (layers)
of soft soil (furthermore, under these conditions
stabilization of settlement can be realized more than 10
— 15 years of building operation [7, 10, 14]);

— pile driving above the design mark, a characteristic
problem is determining the depth of pile driving and the
presence of the defect in it;

— overestimation of the piles bearing capacity due to
failure to observe the optimum time of its “rest” after
immersion or misinterpretation of “load on the pile - its
subsidence “graphs;

— excessively close placement of adjacent piles in
planar view, which, when driven especially in the
sands, leads to “ejection” upwards of previously driven
ones, and under the construction load the structure
undergoes respective settlement;

— nonuniform loading of piles in the grid's structure,
etc.

Definition of unsolved aspects of the problem

It is problematic to account for the influence of these
factors on the magnitude of pile foundations base
deformation, especially by methods of classical soil
mechanics [6, 12]. Therefore, the choice of structural
and technological solutions for the reinforcement
(reconstruction) of each deformed building on the pile
foundation is made only after a careful assessment of
the technical condition of the object's load-bearing
structure and the investigation of the parameters of its
base and foundations, by engineering inspection and
defining the causes of excess deformations of the
foundations' base.
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Problem statement

So, the research aims to evaluate technical condition
of load-bearing structures of a sufficiently deformed
characteristic (with numerous, mostly vertical, force
cracks) full-scale object, five-storeyed three-section
brick residential building on driven prismatic piles
combined by a strip grid foundation, and determine the
parameters of bases and foundations by engineering
inspection and defining the causes of excess
deformation of the foundations' bases.

Basic material and results

The research algorithm, the so-called geotechnical
monitoring [3, 5], included the following steps:

— visual and instrumental inspection of load-bearing
structures;

— measurements in the scope required for the
verification of these structures' calculations ;

— verification calculations of load-bearing structures;

— assessment of the technical condition of load-
bearing structures based on inspection and verification
calculations;

—determining the parameters of bases and
foundations, including the actual length of piles;

— defining the causes of excessive deformation of the
building foundations' base;

— development of recommendations for the further
operation of the building and the choice of structural

and technological solutions to strengthen its
foundations.
The five-storeyed residential building with a

basement and a technical floor is located in Horishni
plavni, Poltava region. It was erected in 1977 according
to a typical project, consists of three-block sections: 87-
049 / 71 — the left end, which has undergone significant
deformations (Figs. 1 and 2); 87-046 — ordinary; 87-
048/ 71 — the right end.

In structural terms, the building is a structure with
longitudinal bearing walls. The height of the floors is
2.8 m, and the basement (from the floor to the bottom
of the slab panel) is 2.1 — 2.2 m. The walls are made of
solid one and a half silicate brick on a cement-sand
mixture. The thickness of the outer longitudinal bearing
and end walls without facing is 510 mm. The thickness
of the inner longitudinal load-bearing walls with the
plaster layer is 400 mm. The load-bearing walls in the
basement of the house from the -2.800 to -1.600 mark
are made of 2 rows of FBS 24.5.6-T blocks, and of
brick masonry higher. Spatial rigidity is provided by
the transverse staircase walls and inter flooring discs.
The building's structural design can't be considered
rigid. The class of consequences of the building — SS-
2. The main thermal network with a diameter of 2x150,
125, 100 mm laid through the basement. Its inlet to the
basement is located below the left block section (axis
1-2) from the side of the staircase wall. Below the
section, there is a 90° rotation of the pipeline that passes
through the entire basement and comes out on the
opposite end of the house.

There were defects and damages during the
construction and operation of the building affecting the

load-bearing capacity and durability of individual
elements and the building as a whole, such as:

— vertical cracks with opening width up to 20 mm in
the outer and inner walls;

— pile's destruction due to deviation from the design
position;

— cracks in precast spandrel beam in the basement;

— wetting of the basement structures of the building at
the exit point of the main thermal pipeline due to its
rupture;

— destruction of paving on the perimeter of the
building;

— break of pre-stressed tension bars.

Thus, vertical cracks (Fig. 3) were detected at the
entire height in the outer load-bearing walls, mainly at
the places of the spandrel beam supporting and over
(under) the openings.

Cracks are typical for buildings with reinforced
concrete spandrel beams that cause deformation of the
window unit by turning it as a single rigid element.
Cracks indicate significant deformation of the
foundations' base of the left end section in the direction
of separation from the main part of the building. The
cracks propagation significantly reduces the spatial
rigidity of the section because, for separated parts of the
outer and inner walls, the spatial rigidity is no longer
provided by the transverse walls of the stairwell. There
are no cracks on the outer and inner walls of the
staircase, which confirms the previous statements.

Figure 1 — Fragment of the left block section
on the axis B

Figure 2 — View of the left side block section
in the axes A-B and on the axis A
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Figure 3 — Vertical cracks with opening width:
a—7mm;b—-15mm;c—-12mm;d -4 mm

Minor cracks in the walls and between the floor slabs
occurred immediately after the house was occupied in
1977, but it suffered the greatest deformations in 1993
under the left block section I-11, in the axes 1 — 2 after
the rapture of thermal pipeline in the spot of 90° turn.
At the same time, to reduce deformations, the pre-
stressed tension bars (Figs. 1, 2) of 36 mm diameter
reinforcing bars were arranged with struts to create
tension in it. Horizontal beams of the rectangular cross-
section of two welded channels No. 24 are installed
along the end walls, and the attachment of the weights
to the beams is through an equal angle 140x10, which
is installed in the corners of the building. Given the fact,
that the free length between the points of attachment
should not exceed 15 — 20 m (in our case it was 67.2
m), the cracks were opened in the future, since at
considerable length the elastic absolute deformations in
the steel of tension bars are very large. At the level of
overlapping of the third and fifth floors, there was a
break in the metal tension bar (Fig. 4), indicating a poor
design of the reinforcement. Gypsum tell-tales were
placed on the inner load-bearing wall, starting from the
third floor, in the area of the stairwell. Cracks in it
indicate the further development of deformations (Fig.
5). On the end wall of the left block section cracks are
missing.

Therefore, the technical condition of the outer and
inner bearing walls is classified as unsatisfactory.

Figure 4 — Break of the upper tension bar
along axis A at the level of the fifth floor overlap

Figure 5 — Crack in the tell-tale (fifth floor)

Overlappings are the precast concrete void slabs 5.4
m long. There were cracks in the joints between the
slabs in the basement and on the fifth floor, some joints
unfilled with the mixture, which reduces the spatial
rigidity of the building. The technical condition of the
overlaps is classified as satisfactory.
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The foundations are driven prismatic piles
SNIP 9-35 (9 m length, 350x350 mm section),
combined by a strip grid of 400 mm height. Under the
inner load-bearing wall, the grid width is 400 mm, and
under the outer wall, it is 500 mm. The increment of
the piles under the inner wall is 1100 mm, under the
outer wall is 1360 — 1530 mm, and under the end walls
—1590 — 1610 mm.

Lithologically, within the boundary of the site under
the bulk layer (EGE-1a) and fine sands (EGE-2c and
EGE-2p, respectively, of medium density and dense
with modulus of deformation, respectively, E = 19.5
and 35 MPa) with a total depth of about 7 m, there is a
layer of buried soils (EGE-3) - layered sandy loams,
with layers of silt and clay, fluxional (E = 6.5 MPa,
organic matter content — 8%), which are underlined by
medium-sized alluvial sands of 9 — 10 m deep (EGE-4,
E =45 MPa, and from a depth of about 18 m -- by the
clay of the Kharkiv formation. A sand wash on the site
for construction was carried out in the the 1970 — 1973
period. From the graphs of static probing, it is possible
to conclude that these sands have stabilized and self-
compacted by the time of the investigation.
Groundwater level (WL) at the time of the survey was
6.8 — 7.3 m from the earth's surface. Its annual and
seasonal fluctuations reach 1.5 m from this level.

Unfavorable engineering-geological processes have
been identified within site: dynamic impact on sandy
soils from career explosions, which can lead to their
dynamic liquefaction; mechanical suffusion during the
operation of water-bearing communications; rather
thick (up to 2.3 m) soil with impurities of organic
matter.

The project provided for penetrating the buried soil
with CHmp 9 — 35 piles, that reached IGE-4. In this
case, the calculation revealed that: the load on the pile
under the inner and outer bearing wall is 404.5 and
390.6 kN, respectively; pile's bearing capacity is
Fd = 1334.8 kN; allowable design load N = 953.4 kN;
the subsidence of the base of such foundation is
S=144cm.

Considering the above and the worst possible
scenario, under which accompanied by the rapture of
the thermal pipeline could have the effect of “negative
friction” on the lateral surface of the pile, the magnitude
of which can reach 317 kN (soil layers EGE-2¢ and
EGE-2p), allowable calculated load on the pile N =
499.5 kN which still exceeds the pile load from the
structures 404.5 kKN. Therefore, the actual length of the
piles in the foundation was checked. It should be added
that during static probing, the probe was not always
able to pass the thickness of the washed sands, in
particular EGE-2p, which is dense. It is problematic to
penetrate these layers with the hammering with a
diesel-hammer pile with a cross-section of 350x350
mm.

Thus, continuity and length control of the piles was
performed acoustically using the software package Pile
Integrity Tester PIT — W (Pile Dynamics in the USA).
The PIT complex — W (US production) has a marginal
relative error in determining the linear dimensions of
structures of + 5%. The relative error of determining the

propagation time of the signal in the frequency range is
f =19 kHz is £ 1%. The complex underwent
metrological  verification in the center of
standardization,  metrology, and certification.
The RIT™ Solestog is based on the Pulse Reflection
Method (PRM). Initially, it sends an impulse that
strikes lightly on the surface of the pile. To do this, a
special hand hammer is utilized. The impulse-induced
acoustic wave propagates along the pile. The pile's
shape and its material's quality affect the reflected
waves, which are recorded as they return to the surface.
All surface vibrations are recorded to obtain
information on all major reflected signals. Next, to
judge the integrity of the pile, the reflected waves are
analyzed, accounting for its nature and intensity.

6 exploratory shafts were made for these tests, and the
pile body was cleared by 20 cm, 3 of them located in
the damaged left block section (axis | — 1I), 2 — in the
row block section (axis 1l — I1l) and 1 — in the right
block sections (axis Il — 1V in Fig. 6). The pile length
control process is shown in Figure 7.

To confirm the results of visual and instrumental
control of the pile's integrity and its length, the pile
heads “cutting” possibility was checked. For this
purpose, the pile head's reinforcement design was
compared with the actual one (the first 300 mm of the
head were reinforced with 50 mm grids, and then a 700
mm spiral began with a 100 mm shear increments,
going into a 200 mm shear cross spiral). The concrete
protective layer was previously removed.

Figure 6 — The piles view as a part of the grid: a—
Nel (pile Ne119); b — Ne2 (pile Ne105)
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Figure 7 — Performing pile length control work

Compared to the nondestructive testing stage, during
the investigation of the pile's reinforcement, the
exploration shaft was deepened, revealing cracks in the
pile body (Fig. 8). The pile was destroyed since the
protective layer of concrete was split in a stretched
zone. The concrete in the compressed area split and
crumbled. The increment of the transverse reinfor-
cement was 200 mm. It shows that the pile was not
driven to the designed mark, it was ‘“cut down”.
The minimum length of the “cut” part was 600 mm.
In this state, the pile does not withstand vertical com-
pressive loads. The results of the instrumental control
analysis of the pile's length and visual assessment of
their integrity are summarized in Table 1.

Table 1 — Instrumental control results
of piles’ length and integrity

Actual
inae% pile Notes
" |length, m
The pile damage due to deviation
from the design position while
driving. The pile operates on
Pile de- [eccentric compression due to the
1/119* - -~
stroyed [considerable eccentricity of
loading and pile's body deflection
from vertical. The crack opening
in the pile - 40 mm.
2/105* B.5 -
3/9* 45 -
4/77 BS5 -
5/171 B.0 -
6/33 1.5 -

* the selected shafts and piles in it, located in the left end block
section, which was most deformed

The pile reinforcement check confirms the
assumption that part of the pile failed to be driven to the
design mark. The piles' lengths discovered in the
instrumental survey are true. To establish the possible
difference in settlement, a test calculation was
performed for pile # 119 (shaft # 1) of a 4.5 m length
with a cross-section of 350x350 mm. A vertical tie of
this pile to the geotechnical column is shown in Fig. 9.

Figure 8 — The piles’ view as grid component
in pile reinforcement investigation:
a— pile Ne119 in shaft Nel;
b — pile Ne105 in shaft Ne2 (the reinforcement
increment in the survey was 100 mm, therefore, the
pile's tip reached the design mark)

The following results were obtained in the
calculation. Settlement of the pile is S = 2.2 — 2.5 cm
based on the calculation method. Thus, the difference
between the settlement of piles with a length of 9 m and
4.5 m is about 1 cm, which could not cause actual over-
deformation.

However, given the occurrence of “negative friction”
effect due to self-compacting and mechanical suffusion
in the upper layers of the bulk sands after rupture of the
main thermal pipeline, which was intensified by inertial
forces from the explosions in the quarry, the bearing
capacity of the pile decreased to Fd = 375.7 kN, it is up
to N = 268.0 kN, which is less than the vertical force
from the structures of the building 404.5 kN.

When the permissible load on the pile was exceeded,
the pile's foundation base settlement was already in the
nonlinear stage, which led to the appearance and
development of existing deformations of the building.
Provided that if all the piles' tips reached the design
mark, then, of course, such deformation would not
occur.
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Figure 9 — The vertical tie of the pile to
geotechnical column according to SNIP 4.5 — 35

Therefore, the technical condition of the pile
foundations of the building was classified as
unsatisfactory.

As the survey found that some piles were
significantly damaged, the length of others did not
correspond to the design, it is not possible to guarantee
the absence of water-bearing communications for the
future and to eliminate the negative impact of the
explosions in the quarry on the wash sands, it was
decided to develop a project to strengthen the pile
foundations.

It's worth noting that if similar sections of the water
supply network crashed in other sections of the
building, it would get comparable damage. Therefore,
to ensure the prolonged operation of the building for the
period of reconstruction and afterward, the decision
was made to develop an appropriate project, which
would include a set of measures, that would include:

—reinforcement of the pile foundations of the left face
block section in the I-11 axes by underlaying at least 400
mm thickness of monolithic reinforced concrete slab
under the existing grids. The underlaying of the slab
must be done in four stages, starting from axis II,
moving to axis I. To put the plate into operation as soon
as it is performed, the base under the slab should be
compacted by gravel and pounded with vibrating
plates;

— strengthen the outer and inner bearing longitudinal
walls to prevent the reduction of its spatial rigidity by
dividing them into separate blocks (columns) by cracks.
For this purpose it is possible to use already existing
inefficient metal structures of reinforcement or to
execute reinforcement with outer metal linings from
rolling profiles;

— to chipper and rip cracks open with M 100 cement
sand mixture (alternatively, injection of these cracks
with M 100 solution);

— eliminate depressurization of the main thermal
pipeline at the exit from the right end block section in
axes HI-1V;

— replace the metal of main thermal pipelines, which
have been in operation for 37 years, since its standard
service term is only 30 years and it is not possible to
guarantee its hermiticity or to move the pipeline from
the basement of the house;

— strengthen reinforced concrete spandrel beam in the
inner bearing wall of the basement in axes I-11 on axis
B;

— restore the protective layer of concrete piles in
which their reinforcement was investigated,;

— to restore the design perimeter walk along the
building and to organize vertical planning of the
territory for surface water abstraction.

Finally, it should be noted that such a project was
completed and successfully implemented. Now the
building is operated normally.

Conclusions

Thus, according to the results of geotechnical
monitoring of the technical condition of a considerably
distinctive deformed five-storeyed three-section brick
residential house erected over 40 years ago on driven
prismatic piles combined by a strip grid foundation by
a standardized project, the following conclusions are
made.

1. In structural terms, the building is a structure with
longitudinal bearing brick walls. Its spatial rigidity is
provided by the transverse walls of the staircase, as well
as the inter-floor disks. The structural design of the
building cannot be considered rigid. The main thermal
network passes through the basement of the building.

2. During the erection and operation years, defects
and damages occurred in the building's structures
affecting both the bearing capacity and the durability of
the individual structural units and the whole building,
that can be classified as follows:

— vertical cracks with opening widths up to 20 mm in
the outer and inner walls;

— vertical cracks with opening widths up to 20 mm in
the outer and inner walls
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— destruction of the pile due to deviation from the
design position;

— cracks in precast spandrel beams in the basement;

— wetting of the building's basement structures at the
exit point of the main thermal pipeline due to its
rupture;

— the destruction of the building's perimeter paving ;

— pre-stressed tension bars' breakoff.

3. The causes of the occurrence and development of
excessive deformations in load-bearing units of the
structure are a complex of factors, that includes:

— the inability to reach the design mark by the piles'
tips during the construction, which led to a significant
reduction of its bearing capacity;

— the destruction of piles during its driving in dense
wash sands;

— rupture of the main thermal pipeline, which led to
the occurrence of the “negative friction” effect (pile
overloading due to the settlement of the surrounding
soil, causing forces to act downwards on the pile) along
the lateral surface of the piles;

— the impact of inertial forces from career explosions.

4. The technical condition of the pile foundations was
estimated as unsatisfactory, and therefore, to ensure the
further operation of the building, an appropriate project
was developed to provide a set of measures, the main
of which is the pile foundations' strengthening under
the left end block section by extending at least 400 mm
thick monolith reinforced concrete plate under the
existing grids, by the divisions, and in stages. To
incorporate the plate “into the framework” it is
necessary to compact the base under the plate
immediately after its completion.
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The method of forecasting the size and timing of sedimentation of structures on soils with silt layers, based on the results of
field observations, has been developed. It is suggested to use a set of exponential dependencies with a constant component.
The algorithm and software for calculation of the envelope by experimental data by a stepwise approximation are developed.
The process of consolidation of soils is considered as a combination of simultaneous and independent flow of phases of
primary filtration consolidation and secondary consolidation of creep. According to the results of data processing of obser-
vations by direct iterative calculations by finding the minimum nonconnectedness by the method of least squares.
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METO/IUKA NTPOI'HO3YBAHHSA TEPMIHIB OCIJAHHSA CIIOPY {
HA IPYHTAX 3 IIAPAMUA MVYJIY
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1 JIT1 «HaykoBo-m0oCTiAHMI iHCTHTYT OyiBeIbHAX KOHCTPYKIIi»
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Po3po06iieHo MeTo[; MPOrHO3YBAaHHS BEIMYMHH Ta TEPMIHIB OCIJaHHS CIOPYA Ha IPYHTAX 3 LIapaMH MYIy, 3aCHOBaHUH Ha
pe3yJIbTaTax HaTYpHUX criocTepeskeHb. CopMyIbOBaHi BUMOTH J10 3aJISKHOCTEH alpoKCUMallil IpoLecy KOHCOi qarii My-
JIiB. 3aIpOTIOHOBAHO 3aCTOCOBYBATH ISl HAONMKEHHSI CYKYITHICTh EKCTIOHEHIIITHMX 3aJIEKHOCTEH 3 MOCTIIHOIO CKIIAI0BOIO.
P03po06iieHO aaropuT™ Ta nporpaMHe 3abe3nedeHHs Ul pO3paxyHKy OIHHAI0YOT 10 eKCIIEpHMEHTAIBHUX JaHuX. [Ipomnec
KOHCOJTI A1 IPYHTIB PO3IIITHYTO SIK CYKYIHICTh OTHOYACHOTO 1 HE3aJIeKHOTO MPOTiKaHHA (ha3 IepBUHHOI (LIBTpaIiifHOL
KOHCOJTIAAIi1 i BTOpHHHOI KOHCOMiamii MMoB3y4ocTi. AnpoOartis po3po0ieHoi MEeTomoIIOoril 3iiiCHeHO il Yac crocTepe-
JKEHHS 32 OCIIaHHsAM MacuBiB-TiranTiB xBuienoMy KapantuaHoi 6yxtu Oniecbkoro MOpchKoro nopry. BumiproBanHs mo-
TOYHHX 3HAYCHb BHCOTH MapOK, B SIKOCTI SIKUX OyJIM MPU3HAYEHI TOYKH B YOTUPHOX KyTaX BEpXHBOI IIOBEPXHI KOYKHOTO 3
MAacHBIB-Tir'aHTiB, 3/1ilICHIOBAIIOCH TaXEOMETPOM BiJl IO JKK KOHTEHHEPHOTO TepPMiHALYy 3 IMIPUBEJCHHSIM JI0 BHCOTH Pi-
BHsI MOps B akBaTopil OznecbKoro nopty. 3a pe3ynbTaTaMu 00poOKH JaHNUX CHOCTEPEKEHHs MPSMUMH iTepaliiiHUMU po3-
paxyHKaMH IUIIXOM MOUIYKY MiHIMaJIbHOI HE3B'sI3aHOCTI METOZIOM HailMEHIINX KBaJpaTiB OTPUMaHi 3HAUSHHs apaMeTpiB
HaOJIIMKECHHS OCiTaHHS PETePHUX TOUOK, SKi BiIOBIZaIOTh MOTpebaM MPaKTHYHOTO 3aCTOCyBaHHs. B siKOCTi KpHTepito 3a-
BEpIICHHS MPOIIeCy KOHCOMIIaIlii 3aIpOIIOHOBaHO MPUHMATH MOMEHT CTa01Ti3alil 3HaueHb OCiIaHb 3 MUJIIMETPOBOIO TOY-
HICTIO 3 ypaxyBaHHAIM OTPUMaHUX BigxwieHb. OTprMaHi eKCIIepIMEHTAIbHI 3aJISKHOCTI IS pO3paxyHKIB HIBUIKOCTI OCi-
JTAHHS TOYOK MAaCHUBIB-TiraHTiB. HaBeeHO mpukiamy po3paxyHKy MPOTHO3iB BETMYHHH Ta TEPMiHIB OCiTaHHS OTOPOIKYBa-
JIBHOTO XBHJIENIOMY KOHTEeHHEpHOro TepMiHany KapaHTHHHOT OyxTu. BcTaHOBNIEHI TepMiHM 3aBEpIIEHHS MPOLIECiB KOHCO-
niganii MynonoxiOHUX IPYHTIB OCHOBH BOJIHOJIOMY B MiCLi PO3TalllyBaHHS MacCHBIB-TiraHTIB i OCTaTOYHE MOJIOKEHHS 110-
BEPXOHb MacHUBiB-TiraHTiB. [IpeacTaBieHa METOI0MIOTs IPOTHO3Y OCIJaHHSA OCHOB 3 MYJIOIOJIOHUMH IPYHTaMH PEKOMEH-
JYEThCS TS OL[IHIOBaHHSI BIUTMBY KOHCOJIiTalii MyJIiB Ha OCIJIKH €JIEeMEHTIB KOHCTPYKIT py OyAiBHULITBI Ta MiJ 4ac eKc-
utyaranii CropyJ.

Kuio4oBi ciioBa: ocHOBa, MyJ1, CIOpy/ia, OCiIaHHs, IPOTHO3, BEJIMYNHA, TEPMiH, METOI, PO3PaXyHOK
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Introduction

Artificial and natural soil deposits, as a rule, represent
a combination of several materials, such as sand, silt,
clay, gravel or mixtures of different proportions. In this
case, the occurrence of individual geological layers of
the soil is characterized by a variety of forms and vari-
ability of thickness, which is especially manifested for
structures of significant size, such as dams and wave
breams. Design and construction on soils containing
layers of silt of a considerable thickness requires an ad-
ditional increase in the height of the buildings by the
size of the construction lift. At the same time, calcula-
tions of settling elements of structures, which will be
based on such complex foundations, at the design stage
are extremely complicated and are preliminary. Current
construction norms [1-3] require their refinement on
the basis of field observations of the state of the build-
ings both at the stages of construction and operation.

Review of research sources and publications

At present, the basic method for calculating the set-
tling of layered bases is a layer-summing method
[1, 4-10]. The method is based on the summation of
sedimentation of elementary layers of the base within
the compressed layer arising from the loads transferred
by the structure. In order to take into account the influ-
ence of the geometrical features of the construction, the
flat and spatial simulation of deformation processes in
soils using PLAXIS, ANSYS, LS-DYNA, Midas, Z-
Soil, Phase2 and others [11-15] is also used. In this
case, the classical models of deformed solid media are
accepted for calculations as well as the mechanical
properties of materials of separate layers according to
the results of laboratory or field tests [16-18] within the
framework of accepted models.

Definition of unsolved aspects of the problem

Difficulties in taking into account parameters of de-
formation and viscosity of real soils, such as water-
logged sands, mules, complexity of designation in cal-
culations of the depth of the compressive layer of the
base in some cases do not allow to obtain with the nec-
essary accuracy the value of complete settling of the
structure and to estimate the development of precipita-
tion in time. Thus, the deformation of the mules, ac-
companied by the consolidation with the extrusion of
the liquid and gaseous phases and the plastic defor-
mation of the solid residue, has so far no analytical de-
scription and model representation. Therefore, the de-
velopment of methods for controlling sedimentation of
building elements in the course of construction and
methods for forecasting their development in time is an
actual scientific task for the construction industry.

Problem statement

The purpose of the work is to develop a method for
forecasting the size and terms of settling of structures
on soils with mud layers on the basis of field observa-
tions at the stages of construction and operation.

Basic material and results

1. Characteristics of the consolidation of mulch-like
soils

According to DSTU B B.2.1-2-96, multidimensional
soils or muds include water-saturated modern sedi-
ments mainly in marine waters containing organic mat-
ter in the form of plant residues and humus.
Usually in a mule, the content of particles less than 0.01
mm is 30-50% by weight. Upper layers of sludge have
a fairly high value of the coefficient of porosity (more
than 0.9) and flowing consistency. When compressed
in muddy soils, water filtration takes place, and this
consequently leads to filtration consolidation. How-
ever, accumulation of muddy soils (sealing) does not
stop even after the process of filtration consolidation
(when the water pressure is near zero), but continues
for a long time due to the creep of the skeleton of the
soil.

Consolidation is a process of development in time of
fading deformation of the seal in compression condi-
tions. Consolidation of soils refers to rheological prop-
erties, more precisely to voluminous creep.
Bulk creep characterizes the process of time develop-
ment of volumetric deformations of the soil, which
arise in the general case under the influence of average
effective stresses on the main axes.

Deformations of volumetric creep developing in the
soil in time are:

— fading ones;

— nonlinear ones

as a result of viscous resistance of interbranch con-
nections.

The term «fading deformations» characterizes the
presence of the limit of the value of deformation for
each value of the existing stresses. Compatible with the
term «nonlinear» and «fading deformations» indicate
that, for fixed load conditions, the deformation curve of
the mules in time has the character of asymptotic ap-
proximation to the horizontal line, which is the strain
point for a specific base containing layers of mules.

Load conditions are given:

— mode — the time of transfer of the load on the ele-
ment of the soil and the time of its holding;

— conditions for squeezing porous water from the soil
element — with the ability to squeeze porous water
(open circuit) and with the conditions under which
spin-off porous water is excluded (closed circuit).

During volumetric creep, due to the seal of the soil
element, the volume of the soil particle itself decreases
by squeezing out pores as liquids and displacement of
porous air. Therefore, in general, volumetric creep can
develop in both dry and wet soils, in lime and frozen,
in rocky and dispersed soils. When compressing muddy
soils there is a coherent flow of the following processes:

— filtration consolidation;

— formation of solid precipitation in time;

— creep of the skeleton of the mineral component;

— mineralization of organic impurities of mules,

— the manifestation of which must be considered to-
gether.

Consolidation is a partial type of volumetric creep of
soil and it may be natural when soils are compacted un-
der the weight of the layers located above as a result of
natural accumulation during a certain geological time.
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During the construction work to improve bearing ca-
pacity in the bases, form the conditions for the for-
mation of artificial consolidation of the mules, which in
the term proceeds much faster than natural (but signifi-
cantly slower than in laboratory tests of samples).

Consolidation of muds as multiphase soils (Fig. 1) is
related to the interaction of solid 1, liquid 2 and gaseous
3 soil constituents, changes in their ratio in space and
time as a result of the course of a complex of physico-
chemical processes (thixotropic hardening, aging, etc.).

In the general case [19-22], the consolidation process
can consist of four phases (Figure 2):

— phase AB - prefiltration consolidation, during
which the pressure of the fluid begins to exceed the in-
itial value. The phase ends with the formation of closed
pores from liquid and gas (see Fig. 1);

— phase BC — primary filtration consolidation, which
is carried out by pushing out the pores of liquid and gas
from the deformed volumes (Fig. 3);

—phase CD - secondary filtration consolidation,
which is carried out by squeezing the bound fluid;

—phase DE - consolidation of volumetric creep,
which is carried out due to plastic deformations of the
soil skeleton (silt).

a)

Figure 1 — The scheme of consolidation
of mules at the micro level:
a — the components of mudlike soils:
1 - solid; 2 — liquid; 3 — gaseous;
b — the consolidation scheme at the micro level

When conducting laboratory tests of samples of
moles for determining bearing capacity, the process of
consolidation of soils is sometimes characterized by in-
dicators of only two phases [22]:

— primary filtering consolidation — coefficient of fil-
tration (primary) consolidation cy;

— secondary consolidation of creep — coefficient of
bulk (secondary) consolidation c,.

Taking into account the simultaneous phases of the
process, the description of the consolidation process is
sufficiently fully disclosed by the application of two co-
efficients of consolidation — ¢, and c,.

0,15 1 %_‘g_____
0,10 ///f
/1
0,05 e
____.7%———"‘
—
1 10 100 log(t) 1000

Figure 2 — Phases of consolidation of muds

For presentation of the results of the analysis of the
process of consolidation (see Fig. 3), as laboratory sam-
ples of mules and structures of bases containing layers
of mules, two forms of diagrams are used:

— diagrams of the deformation of the sample (design)
in time

Ah = fy(t), 1)

where 4h — deformation of the sample (design), m;
t - time of observation (during laboratory tests time is
measured in minutes, with observation of structures —
in days);

— diagrams of change in height (length